
Kroon, D., Zachos, J.C., and Richter, C. (Eds.)
Proceedings of the Ocean Drilling Program, Scientific Results Volume 208

1. LEG 208 SYNTHESIS: CENOZOIC 
CLIMATE CYCLES AND EXCURSIONS1

Dick Kroon,2 James C. Zachos,3 and Leg 208 Scientific Party4

ABSTRACT

During Ocean Drilling Program Leg 208, six sites were drilled at wa-
ter depths between 2500 and 4770 m to recover Cenozoic sediments on
the northeastern flank of Walvis Ridge. Previous drilling in this region
(Deep Sea Drilling Project [DSDP] Leg 74) recovered pelagic oozes and
chalk spanning the Cretaceous/Paleogene (K/Pg), Paleocene/Eocene,
and Eocene/Oligocene boundaries. The composite sections, recovered
via double and triple coring, provide a detailed history of paleoceano-
graphic variation associated with several prominent episodes of early
Cenozoic climate change, including the K/Pg boundary, Paleocene/
Eocene Thermal Maximum (PETM), early Eocene Climatic Optimum,
and early Oligocene Glacial Maximum. The PETM interval, the main
target of Leg 208, was recovered at five sites along a depth transect of
2.2 km. A prominent red clay layer marks the boundary sequence at all
sites. Additionally, two as-yet undocumented early Eocene hyperther-
mal events were recovered: Elmo and X, dated at ~53.5 and ~52 Ma,
respectively.

A number of postcruise investigations were undertaken on these criti-
cal intervals, principally to improve stratigraphic control and the resolu-
tion of proxy records of climate and ocean chemistry, and to better
understand the regional impacts of these events on biota. The major con-
tributions of Leg 208 include (1) development of new orbitally tuned
chronologies for the Paleocene and lower Eocene, (2) high-resolution
characterization of Paleocene/Eocene boundary carbonate dissolution
horizons and correlation to the carbon isotope excursion and PETM,
(3) development of the first marine-based carbon isotope record of terres-
trial n-alkanes for the PETM, (4) documentation of the ecological impacts
of the PETM on calcareous algae, (5) resolving the full magnitude of the
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carbonate compensation depth shift as well as its timing relative to the
onset of Antarctic glaciation in the earliest Oligocene, (6) coupling the
middle Miocene high abundances of biserial planktonic foraminifers to
changes in regional ocean circulation, (7) constraining the timing of ini-
tiation and intensification of North Atlantic Deep Water formation in the
Oligocene, (8) increasing the resolution of the Li isotope record for the
Neogene, and (9) increasing the resolution of the seawater Sr isotope
record for the upper Paleocene and lower Eocene.

INTRODUCTION

The Paleogene was a climatically dynamic period. Various climate
proxies reveal a complex history of warming and cooling, characterized
by periods of both gradual and rapid change (Miller et al., 1987; Miller
and Katz, 1987; Stott et al., 1990; Zachos et al., 1994, 2001). Major
events include a 1-m.y.-long global warming trend that began in the
late Paleocene and climaxed in the early Eocene in a 1- to 2-m.y.-long
climatic optimum (early Eocene Climatic Optimum [EECO]) and a 12-
m.y.-long stepped cooling trend that began in the early middle Eocene
and culminated in the earliest Oligocene with the appearance of conti-
nental-scale ice sheets (Hambrey et al., 1991; Zachos et al., 1992). One
of the more prominent events is a transient but extreme greenhouse in-
terval known as the Paleocene/Eocene Thermal Maximum (PETM) at
~55.0 Ma. Major changes in ocean chemistry, as inferred from carbon
isotope anomalies, and changes in the distribution and preservation
patterns of terrigenous and biogenic sediments on the seafloor (e.g.,
Bralower et al., 1995; Kennett and Stott, 1991; Robert and Kennett,
1997) characterize the PETM. In addition, distinct shifts in the distribu-
tion of key groups of fauna and flora occurred in the oceans and on
land (e.g., Kelly et al., 1998; Koch et al., 1992, 1995; Thomas and Shack-
leton, 1996; Thomas, 1998; Wing, 1998). Another notable event is the
earliest Oligocene Glacial Maximum (EOGM, or Oi-1), a brief but ex-
treme glacial interval that occurred at ~33.4 Ma and marks the transi-
tion to permanent glacial conditions on Antarctica (e.g., Miller et al.,
1987, 1991; Zachos et al., 1996; Coxall et al., 2005). This event, like the
PETM, caused large-scale perturbations in ocean chemistry and paleo-
ecology (Barrera and Huber, 1991, 1993; Salamy and Zachos, 1999; Tho-
mas and Gooday, 1996; Thunell and Corliss, 1986). Multiple
hypotheses exist to explain the large-scale, long-term changes in Paleo-
gene climate, although none have yet gained universal acceptance. In
general, among many factors, the role of ocean gateways (continental
geography) and greenhouse gas levels are considered key variables. The-
oretical models invoke either the absence of a circum-Antarctic current
or higher greenhouse levels or some combination of both to account
for the EECO (Barron, 1985; Bice et al., 2000; Sloan and Barron, 1992;
Sloan and Rea, 1996; Sloan et al., 1992, 1995). Similarly, Oligocene gla-
ciation has been attributed to both the initiation of the Antarctic Cir-
cumpolar Current (ACC) and a reduction in greenhouse gas levels (e.g.,
Kennett and Shackleton, 1976; Mikolajewicz et al., 1993; Oglesby, 1991;
Raymo et al., 1990; Rind and Chandler, 1991; DeConto and Pollard,
2003). Some of the more abrupt transient excursions are more likely to
have been forced by rapid changes in greenhouse gas levels because
they occur over short timescales (e.g., 103–104 yr) and, most impor-
tantly, are accompanied by geochemical and isotopic anomalies sugges-
tive of major perturbations in the carbon and sulfur cycles (Dickens et
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al., 1995, 1997; Paytan et al., 1998; Pearson and Palmer, 2000; Schmitz
et al., 1997; Stott et al., 1990; Zachos et al., 1993).

Further progress in characterizing Paleogene oceanography and cli-
mate history, particularly the transient events and rapid shifts, was
slowed by the lack of high-quality, high-resolution, multicored se-
quences. Most sites cored prior to Leg 198 suffer from poor recovery
and drilling disturbance, and few were multicored or drilled as part of
depth transects. The few exceptions are sites recovered during recent
Ocean Drilling Program (ODP) legs including Sites 865, 999, 1001,
1051, and Bass River core hole in New Jersey (Bralower et al., 1995,
1997; Miller et al., 1998; Norris and Röhl, 1999; Röhl et al., 2000, 2001,
2003). High-resolution records produced from these sites have yielded a
wealth of exciting, important evidence of climate change to be more
fully explored with additional data. The ODP extreme climate advisory
panel (Program Planning Group [PPG]) recognized the dearth of high-
resolution records across climate transients, and the panel formulated
new questions concerning extreme climates (Kroon et al., 2000) and po-
tential drilling targets, among which was the Walvis Ridge area. Leg 208
was designed specifically to address this deficiency with a major goal of
developing the high-fidelity records necessary to characterize short-
term events, including the changes in ocean chemistry and circulation
and biota that theoretically should have accompanied these climatic
extremes. Walvis Ridge, located in the eastern South Atlantic Ocean
(Fig. F1), was one of the few known locations where previous drilling
recovered the PETM and EOGM over a broad depth range. The ridge
was the target of drilling by Deep Sea Drilling Project (DSDP) Leg 74,
which occupied Sites 525–529 on the northern flank of the ridge at wa-
ter depths between 2.5 and 4.2 km (Moore, Rabinowitz, et al., 1984).
Paleogene pelagic sediments characterized by moderate sedimentation
rates (~6–15 m/m.y.) and good magnetic stratigraphy were recovered at
each site. However, because of poor recovery (~50%–75%) and coring
disturbance, especially with the rotary core barrel in unlithified sedi-
ments, only short segments of the sequences were recovered fully intact
and none of the sequences were double cored. Technical problems com-
bined with the lack of high-resolution shipboard core logs limited high-
resolution cyclostratigraphic investigations to a few short segments of
the Cretaceous/Paleogene (K/Pg) boundary interval (Herbert and
D’Hondt, 1990). Nevertheless, subsequent shore-based studies of low-
resolution samples collected from these cores were instrumental in add-
ing to our understanding of long-term Maastrichtian and Paleogene
paleoceanography of the South Atlantic Ocean (e.g., calcite compensa-
tion depth [CCD], carbon isotope stratigraphy, and deep-sea tempera-
ture/ice volume) (e.g., Moore, Rabinowitz, et al., 1984; Hsü, Labrecque,
et al., 1984; Shackleton, 1987). Nearly complete PETM intervals were re-
covered at the shallowest and deepest Sites 525 and 527, respectively.
Stable isotope analysis of foraminifers recovered from these sites helped
constrain the magnitude of the deep Atlantic biogeochemical and envi-
ronmental changes during this event (Thomas et al., 1999; Thomas and
Shackleton, 1996). At the remaining sites, the PETM was not recovered
because of core gaps.

During the winter of 2000, a seismic survey of southeastern Walvis
Ridge was carried out by the Meteor (Cruise M49/1; Speiss et al., 2003)
(Fig. F2). The survey extended coverage of the Leg 74 sites to the north
and northeast, where more continuous and slightly thicker sediment
sequences were discovered. The higher-fidelity multichannel seismic
(MCS) data generated during the survey allowed identification of sev-
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eral areas where the PETM and other critical intervals could be recov-
ered by advanced piston corer/extended core barrel (APC/XCB) drilling.

Utilizing data from Leg 74 and the new high-resolution MCS profiles
of Meteor Cruise M49/1 (Spiess et al., 2003), Leg 208 successfully recov-
ered fully intact, stratigraphically continuous sections of upper Creta-
ceous and Cenozoic strata at six sites on Walvis Ridge over a depth
range of 2.2 km (Fig. F3), sufficient to constrain depth-dependent
changes in the chemistry of deep and intermediate waters. Further-
more, offset drilling in multiple holes at each site allowed 100% recov-
ery of sequences that were only partially recovered during Leg 74.
Finally, recent advances in data acquisition and cyclostratigraphy en-
abled high-precision correlation and dating of these sediments and the
assembly of composite sections.

Scientific Objectives

The scientific objectives for Leg 208 are detailed in the Leg 208 Initial
Reports volume (Zachos, Kroon, Blum, et al., 2004). The major objec-
tives include the following:

1. Characterize the timing and magnitude of late Paleocene and
early Eocene hyperthermal events and associated depth-depen-
dent changes in bottom water temperatures and carbonate
chemistry; this includes developing detailed records across the
Paleocene/Eocene boundary in order to test the methane hy-
drate dissociation hypothesis (e.g., Dickens et al., 1995, 1997). 

2. Characterize middle Eocene to early Oligocene changes in the re-
gional climate and ocean carbonate chemistry; this includes the
early Oligocene Oi-1 glaciation which is associated with a major
deepening of the CCD (e.g., Coxall et al., 2005). 

3. Develop high-fidelity records of the biotic recovery from the
Cretaceous/Paleogene mass extinction with a focus on the rates
of foraminifer and calcareous algal speciation and associated
changes in biogenic sediment accumulation rates (e.g., D’Hondt
et al., 1998). 

4. Reconstruct Cenozoic patterns of regional deepwater circulation
and chemical gradients utilizing new tracers of water mass distri-
bution (e.g., Thomas et al., 2003).

5. Develop the first high-resolution record of regional Neogene
paleoceanography.

6. Develop the first orbitally tuned chronology for the entire Paleo-
cene and lower Eocene.

SYNTHESIS OF PRIMARY FINDINGS

The sediments recovered during Leg 208 have shed new light on the
nature of short-term paleoceanographic events of the last 70 m.y., while
also improving our understanding of the general long-term trends as es-
tablished by earlier cruises. Because of the exceptional core recovery in
multiple holes and high-resolution core logging, we were able to resolve
the complete spectrum of lithologic variability down to the centimeter
scale, including orbitally paced oscillations. As a consequence, Leg 208,
with the depth transect approach, was also able to establish the charac-
ter of both the long- and short-term changes in sediment deposition in
the vertical dimension, a constraint that is essential to understanding
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both the causes and consequences of paleoceanographic change. In the
following section, we summarize the major findings of this leg to date,
focusing primarily on those contributions that are novel or represent a
significant improvement upon previous investigations.

Seismic Stratigraphy

Seismic profiles collected during the site survey cruise were used
along with Leg 208 downhole logging and stratigraphic data to develop
a three-dimensional reconstruction of sediment distribution on the
northeastern flank of Walvis Ridge (Bartels et al., this volume). The
multifrequency seismic data were collected using three seismic sources,
two generator-injector (GI) guns (0.4 L; 100–500 Hz and 1.7 L; 30–200
Hz) and one water gun (0.16 L; 200–1600 Hz), in a quasi simultaneous
mode in order to obtain the highest possible penetration and resolution
of subsurface structures. Figure F4 shows a comparison between the GI
gun data (spectrum 100–500 Hz) and the higher-resolution water gun
data (spectrum 200–1600 Hz). Both data sets show the same seismic
profile (GeoB01-035) crossing Site 1262. For comparison both profiles
are plotted at the same scale. The images principally show the same sed-
iment features in the vicinity of Site 1262 (i.e., parallel to subparallel
layering of undisturbed pelagic sediments, a transparent, irregularly
shaped body representing a debris flow or slump deposit within the up-
permost 100 ms, and a sharp boundary at 6.45 s two-way traveltime
representing the Eocene/Oligocene boundary). Closer examination,
however, shows differences between these two data sets in terms of seis-
mic facies. The water gun data show three distinct reflectors or reflector
packages of sediments with higher amplitude beneath the sharp bound-
ary at 6.45 ms. In contrast, the GI gun data suggest a gradual transition
of physical properties. These sharp interfaces identified in the water
gun data represent the Elmo horizon and the PETM and late Paleocene
biotic event horizons (Röhl et al., 2004; Petrizzo, 2005), which are char-
acterized by a density contrast of 10% in comparison to the Eocene and
Paleocene sediments. This capability to image sediment layers on a me-
ter to submeter scale was used to identify and correlate critical Cenozoic
horizons in all of the Leg 208 cores.

Synthetic seismograms constructed using gamma ray attenuation
(GRA) density data from downhole logs along with the shipboard strati-
graphic data were used to identify, correlate, and date prominent seis-
mic reflectors. The prominent reflectors all appear to correlate with
major event horizons. Gridding of these reflectors or horizons was used
to develop a paleoseafloor model that simulates sediment accumulation
over the entire seismic grid for the last 65 m.y. (Bartels et al., this vol-
ume). This includes the response of sediment accumulation to changes
in sediment fluxes in response to various processes such as scouring by
bottom water currents. For example, the model shows evidence of a dis-
tinct change in bottom water current activity in the southeast sector of
the study area between 28° and 30°S. Clearly visible is the development
of a channel structure across Walvis Ridge, which is likely related to
transport of North Atlantic Deep Water (NADW) and Antarctic Bottom
Water between the Angola and Cape Basins (Fig. F5). Development of
this channel indicates that the current strength increased toward the
end of the middle Miocene, a phenomenon that is most likely related
to key tectonic and climatic events during that period (e.g., Antarctic
ice sheet expansion and closure of the Central American Seaway) (Ni-
sancioglu et al., 2003).
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Chronostratigraphy

The chronostratigraphy of the Leg 208 cores is based on bio-, magneto-,
and cyclostratigraphic data. The biostratigraphic work carried out ship-
board is reported in the Leg 208 Initial Reports volume (Zachos, Kroon,
Blum, et al., 2004). Postcruise refinement of the biostratigraphy is still
not completed and thus will not be discussed here.

Magnetostratigraphy

The soft, weakly magnetized carbonate sediments recovered during
Leg 208 frequently produced erratic or seemingly biased directional
records, at least in part resulting from coring-related deformation
(Bowles, this volume). As a result, shipboard magnetostratigraphic in-
terpretations were difficult or impossible to make over many intervals.
Postcruise analysis of discrete samples allowed minor revision of several
Paleocene to Upper Cretaceous reversal boundaries but unfortunately
did little to refine most of the magnetostratigraphy.

Despite difficulty with the data, several polarity sequences were iden-
tifiable, including most of the major boundaries in the Pliocene–Pleis-
tocene, an upper Miocene through Oligocene sequence at Sites 1265
and 1266, and an excellent Paleocene through Upper Cretaceous se-
quence at Sites 1262 and 1267. Although the inclination records from
the Pliocene–Pleistocene are not very clean at most sites, we were fre-
quently able to identify major reversal boundaries. However, assign-
ment to a particular boundary was often aided in this interval by
biostratigraphic datums or cyclostratigraphy. Of particular note, Chron
C2n, close to the Pliocene/Pleistocene boundary, was identified at all
sites except Site 1263. Sites 1265 and 1266 were combined to produce
an interpretable upper Miocene through Oligocene sequence. In partic-
ular, this includes the excellent expression of Chron C6Cn at Site 1265
across the Oligocene/Miocene (O/M) boundary. This chron consists of
three very distinctive short normal events which, combined with the
biostratigraphic data and cyclostratigraphy, should allow refinement of
the timescale across the O/M boundary. The Eocene was generally not
well resolved at any of the sites, but an excellent Paleocene to Upper
Cretaceous polarity sequence was recovered at Sites 1262 and 1267 (Fig.
F6). At these two sites, the Paleocene cores were recovered either by
APC or XCB systems in relatively indurated sediments with a higher
clay content, which contributed to a lower degree of deformation over
this interval. Identification of the upper and lower boundaries of Chron
C24r is important for constraining the position of the Paleocene/
Eocene (P/E) boundary within this chron. Whereas the lower boundary
was identified shipboard, discrete sample analysis allowed placement of
the upper boundary of Chron C24r at Sites 1262 and 1267; this consti-
tutes a significant revision to the shipboard magnetostratigraphy at Site
1262. All remaining Paleocene and Upper Cretaceous reversal bound-
aries were identified at Sites 1262 and 1267, most to within ~10–30 cm.

Cycle Stratigraphy and Orbital Rhythms

Cyclic variations are present in core logging and core scanning data
throughout the Maastrichtian–Holocene section at all sites. These varia-
tions are expressed by lithologic changes at a decimeter to meter scale.
Cyclic variability was used during the cruise to correlate between paral-
lel holes and to define a composite section for each site. At that time
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~300 characteristic features (peaks or troughs) in magnetic susceptibil-
ity were identified and used to correlate between Leg 208 sites (Zachos,
Kroon, Blum, et al., 2004). These tie points were dated using the age
models of the individual sites. By adopting the average age of each tie
point, a refined age model was constructed for the complete Leg 208
~74-m.y. record. The distinct record of cyclic alternations in sediment
physical properties provides high potential for refining the Neogene as-
tronomical timescale and developing an astronomically tuned time-
scale of the Paleogene as far back as the Late Cretaceous (Westerhold et
al., submitted [N1]). Detailed investigation of the sedimentary cycles
and their relation to orbital forcing is an important objective of both al-
ready accomplished and ongoing postcruise studies. A definite tuning
of the middle Eocene and older timescale faces fundamental issues be-
cause the precision of the orbital solutions (Laskar et al, 2004; Varadi et
al., 2003) is limited, and there are also relatively large uncertainties in
radiometric age constraints. However, a floating tuning and timescale
may still be developed. Laskar et al. (2004) recommended that for con-
struction of an astronomically calibrated timescale in the Paleogene
only the very stable 405-k.y.-long eccentricity period should be utilized.
Using filtering of various high-resolution core logs, including magnetic
susceptibility and Fe intensity from X-ray diffraction (XRF), it was possi-
ble to identify primary cycles associated with eccentricity, both the 405-
and 100-k.y. cycles. Within those cycles, the precession cycles could be
easily identified and counted (Fig. F7) (e.g., Röhl et al., 2003, 2004;
Westerhold et al., in press, submitted [N1]). Given the stability of the
405-k.y. eccentricity cycle, it was possible to obtain a best fit and thus
derive numerical ages for the magnetochron boundaries and early
Eocene warming events (Fig. F8) (Westerhold et al., in press, submitted
[N1]; Röhl et al., 2006).

Critical Events

A major achievement of Leg 208 was the recovery of continuous un-
disturbed cores spanning several critical intervals or events. All events
were recovered from at least two sites, and at least three of the early
Cenozoic events were recovered at five sites. The composite sections
along with the pronounced lithologic cycles allow each event to be ob-
served in the context of orbitally paced oscillations in climate and
ocean chemistry. The most prominent are the P/E and K/Pg boundaries,
characterized by relatively rapid and extreme change. The other events,
although less extreme, show characteristics that indicate brief extremes
in climate and/or ocean carbonate chemistry. This includes the mid-
Paleocene biotic event at 58.2 Ma (close to the lowermost occurrence of
Heliolithus kleinpellii) (Bralower et al., 2002; Röhl et al., 2004; Petrizzo,
2005), the EOGM at 33.5 Ma, the early Oligocene Braarudosphaera layers
at 28.5–30 Ma, and the early Miocene Bolivina acme of biserial foramin-
ifers at ~18 Ma. In addition, several previously unrecognized events,
characterized by clay layers similar to the P/E boundary but of a smaller
scale, were identified in the upper Paleocene and lower Eocene of all
sites (Zachos, Kroon, Blum, et al., 2004; Lourens et al., 2005; Röhl et al.,
2005). The most distinct of these smaller events are two clay layers in
the lower Eocene referred to as the Elmo and X events (Lourens et al.,
2005; Röhl et al., 2005) events. The Elmo event occurs in uppermost
Chron C24r, close to the uppermost occurrence of Discoaster multiradia-
tus. The assertion that these dissolution layers are linked to global
events, rather than regional, is based on their presence in other ocean
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basins, primarily the Pacific, where they are documented in cores recov-
ered from Shatsky Rise (Bralower, Premoli Silva, Malone, et al., 2002).
The documentation of such events is of importance, as their occurrence
was predicted on the basis of, for example, anomalous excursions in
benthic foraminiferal assemblages (Thomas et al., 2000).

Cretaceous/Paleogene Boundary

The K/Pg boundary mass extinction reset the state of the global eco-
system. Marine K/Pg boundary sections thus provide an ideal opportu-
nity for testing the recovery of global environment to biological disaster
induced by a meteorite impact. Reduced surface ocean carbonate and or-
ganic matter production at the K/Pg boundary must have led to changes
in chemical properties of the ocean and sedimentation patterns. The
biogeochemical changes and associated sedimentation include (1) a
drastic decrease in deep-sea carbonate sedimentation (Zachos and
Arthur, 1986; D’Hondt and Keller, 1991), (2) a rapid decrease in export
production, which should have led to decreased pelagic to benthic car-
bon isotopic gradients (Hsü et al., 1982; Stott and Kennett, 1989; Zachos
et al., 1989; D’Hondt et al., 1998), and (3) migration of the lysocline or
CCD. Note, however, that models evocating a collapse of primary pro-
ductivity and/or the biotic pump are in disagreement with the lack of
extinction of deep-sea benthic foraminifers (e.g., Culver, 2003; Thomas,
in press).

Few completely recovered, well-dated marine K/Pg records are avail-
able to document the effects of biological disaster on sedimentation
patterns. For example, although Zachos and Arthur (1986) showed that
deep-sea carbonate accumulation did not recover for >2 m.y. after the
mass extinction, a long-term, continuous record of deep-sea carbonate
accumulation has only been generated for a single site (ODP Site 1001),
where carbonate accumulation rates did not recover until 4 m.y. into
the Paleogene (D’Hondt et al., 1998). Another example from drill holes
(DSDP Leg 74) in the South Atlantic Ocean, Walvis Ridge, shows that
carbonate accumulation and carbon isotope gradient recovery took mil-
lions of years (D’Hondt et al., 1996; Coxall et al., 2006). However, these
records offer limited temporal resolution because of coring gaps and
low-resolution chronologic control. With the benefit of the APC and
employing a multiple-hole coring strategy, we were able to acquire a
complete K/Pg section with the APC in two holes at Site 1262 (Walvis
Ridge, Leg 208).

The boundary was cored at Sites 1262 and 1267. Double coring at
these sites resulted in a total of four K/Pg records. The lithologic se-
quence in the K/Pg boundary interval is similar at both sites, as they
differ in water depth by only 400 m. At both Sites 1262 and 1267, the
K/Pg boundary records an abrupt transition from highly cyclic Maas-
trichtian clay-bearing nannofossil ooze with foraminifers (nannofossil
Zone CC26) to overlying Paleocene dark reddish brown clay-rich
foraminifer-bearing nannofossil ooze and nannofossil clay. This bound-
ary coincides with a distinctive increase in magnetic susceptibility and
a decrease in sediment lightness (Fig. F9), corresponding to an overall
increase in the abundance of clays, oxides, and ash in the lowermost
Paleocene. At Site 1262, microtectites are present at the boundary and
overlying sediments grade upward into moderately bioturbated brown
nannofossil- and foraminifer-bearing clay (foraminiferal Zones Pα and
P1a). Preliminary biostratigraphy shows the well-established abrupt
change in plankton assemblages across the boundary at both sites
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(Luterbacher and Premoli Silva, 1964; Thierstein, 1982; Monechi,
1985). The white nannofossil ooze below the boundary yields diverse
assemblages of the uppermost Maastrichtian Abathomphalus mayaroen-
sis planktonic foraminiferal zone and nannofossil Zone CC26. The
brown nannofossil- and foraminifer-bearing clay contains a high abun-
dance of Woodringina hornerstownensis, Chiloguembelina midwayensis,
and Chiloguembelina morsei as well as increasing abundance of Parvu-
larugoglobigerina eugubina through the basal Paleocene (Pα). Based on
this preliminary analysis, Zone P0 is not present at Walvis Ridge. How-
ever, this zone is absent at many deep-sea locations, and its absence
may be ecologically determined rather than indicative of an unconfor-
mity (Norris et al., 1999). The substantial thicknesses of the uppermost
Maastrichtian Micula prinsii Zone and the lowermost Danian P. eugubina
Zone indicate that the K/Pg boundary is paleontologically complete.
Moreover, the cycle stratigraphy is very robust with distinct spectral
peaks in the precession and eccentricity bands. Thus, the Walvis Ridge
sections provide a well-preserved and relatively detailed record of this
major extinction event and the subsequent biotic recovery.

Preliminary results of postcruise work on the K/Pg boundary are
shown in Figures F10 and F11 (Kroon et al., unpubl. data). High-resolution
carbonate content and bulk carbon and oxygen isotope profiles show
an abrupt change of dominant late Maastrichtian precessional cycles to
marked early Paleocene short- and long-term eccentricity cycles (e.g.,
D’Hondt et al., 1996) at the K/Pg boundary (Fig. F10). The reason for
the pronounced increase in the amplitude of the short- and long-term
eccentricity frequencies at the K/Pg boundary is certainly related to the
meteorite impact, although it is not yet clear which oceanic feedback
processes responded to eccentricity forcing (D’Hondt et al., 1996). Car-
bonate accumulation shows that carbonate production at the K/Pg
boundary ceased almost completely (Fig. F12). The bulk carbon isotope
stratigraphy shows a large, abrupt shift toward negative values synchro-
nous with the boundary and a more gradual change also toward negative
values above the abrupt shift. The abrupt fall in values of ~1‰–1.5‰
at the boundary would represent eradication of the carbon isotope gra-
dient in the water column in response to biological disaster in the pe-
lagic realm (Kump, 1991; Zachos et al., 1989) in keeping with the large
loss in carbonate production. The following gradual reduction in car-
bon isotope values is not observed in all carbon isotope records and
thus difficult to reconcile.

Bulk oxygen isotope stratigraphy shows the highest values of the en-
tire late Maastrichtian–early Paleocene record just above the K/Pg
boundary. This implies that surface waters of the South Atlantic cooled
substantially, several degrees, for a period of several thousand years, al-
though this phenomenon needs to be confirmed by oxygen isotope
analysis of individual species of planktonic foraminifers.

The global CCD is thought to have deepened immediately following
the extinction event (Zachos et al., 1989), in response to the sudden
loss of carbonate production (Caldeira et al., 1990). Although various
methods of documenting CCD change are available, we used the vari-
ability of the weight of the residue in the >63-µm fraction relative to
the total weight (weight percent) as a proxy coupled with variability in
carbonate content. The preservation state of the foraminifers in relation
to this proxy was examined by using scanning electronic microscopy.
Well-preserved foraminifers occurred synchronously with high weight
percent of the residue in the >63-µm fraction. The profile of the weight
percent of the residue in the >63-µm fraction shows that high weights
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are synchronous with relatively high percentage carbonate contents of
the sedimentary record. Abrupt improvement of planktonic foraminif-
eral preservation was found uniquely at the K/Pg boundary, after which
most of the variability oscillates at the frequencies of the short- and
long-term eccentricity cycles.

Deep-sea benthic foraminifers at Site 1262 (as at other locations
worldwide) did not undergo significant extinction. In contrast with
some other locations, however (e.g., Alegret and Thomas, 2004, 2005),
the Site 1262 record also shows no strong decrease in food delivery to
the seafloor after the K/Pg boundary, with benthic foraminiferal accu-
mulation rates indicative of a strongly fluctuating, at times very high,
food supply (Alegret and Thomas, in press).

Mid-Paleocene Biotic Event

A prominent 10- to 30-cm-thick dark brown clay-rich calcareous
nannofossil ooze was found at Sites 1262 and 1267, and a 10-cm-thick
brown nannofossil chalk was found at Site 1266 (Röhl et al., 2004).
These layers show a pronounced peak in magnetic susceptibility and
XRF Fe data (Westerhold et al., submitted [N1]) that reflects an increase
in clay content. Preliminary micropaleontological investigations sug-
gest that this interval represents a short-lived event of considerable evo-
lutionary significance. This interval corresponds to the P4
Globanomalina pseudomenardii planktonic foraminiferal zone and coin-
cides with the evolutionary first occurrence of the nannofossil Heli-
olithes kleinpellii, an important component of upper Paleocene
assemblages and a marker for the base of Zone CP5 (NP6) (lower upper
Paleocene; ~58.2 Ma).

The event was also identified at Leg 113 Sites 689 and 690 (Thomas,
1990) and at Leg 198 Sites 1209–1212 (Bralower, Premoli Silva, Malone,
et al., 2002; Petrizzo, 2005). Fundamental changes in faunal popula-
tions occur before, during, and after deposition of the clay-rich ooze.
Planktonic foraminifers in the clay-rich layer are characterized by a
largely dissolved low-diversity assemblage dominated by representa-
tives of the genus Igorina (mainly Igorina tadjikistanensis) (Petrizzo,
2005). This low-diversity assemblage suggests some kind of oceanic per-
turbation of unknown origin. Together with the documented severe
dissolution in this interval, the observed lithologic changes are likely to
represent a response to increased seafloor carbonate dissolution caused
by a transient shoaling of the lysocline and CCD. Regardless of origin, it
is now clear from the high-resolution stratigraphy of the Leg 208 sites
that this is a global event. Ongoing isotopic investigations should shed
light on the nature of this extreme dissolution event (Röhl et al., 2004).

Paleocene/Eocene Thermal Maximum

The Paleocene/Eocene boundary was successfully recovered in multi-
ple holes at five sites (e.g., Sites 1262, 1263, 1265, 1266, and 1267),
spanning an estimated paleodepth range of ~1500 to ~3500 m. Ship-
board physical property, lithologic, and biostratigraphic data indicate
complete recovery of the Paleocene–Eocene transition interval at all
sites except Site 1265 (see the Leg 208 Initial Reports volume; Zachos,
Kroon, Blum, et al., 2004). Each boundary section is marked by a dis-
tinct clay layer. At the onset of the PETM, carbonate content plummets
to ~0 wt%, producing a pronounced lithologic shift from nannofossil
ooze to a clay interval that roughly doubles in thickness from ~20 to
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~50 cm down the depth transect (Fig. F13). This general pattern of de-
creased carbonate content is present in all marine PETM records (e.g.,
Bralower et al., 1997; Thomas and Shackleton, 1996; Thomas, 1998;
Thomas et al., 2000) and has been attributed to a massive methane flux
to the ocean-atmosphere.carbon reservoir that elevated pCO2 levels, de-
creased carbonate ion concentrations, and shoaled the carbonate satu-
ration profile (Dickens et al., 1995, 1997). Leg 208 records, however,
clearly demonstrate that the South Atlantic paleo-CCD shoaled much
more (>2000 m) than predicted by current models (~400 m) (Dickens et
al., 1997), suggesting release of a much larger volume of carbon.

Biostratigraphically, the onset of clay deposition coincides with the
highest occurrence of the benthic foraminifer Stensioeina beccariiformis
and other typical upper Paleocene taxa (Fig. F13). Calcareous microfos-
sils are absent to extremely rare and generally poorly preserved in the
lowermost clay, reflecting some combination of deleterious benthic
conditions, decreased carbonate export production, and intensified car-
bonate dissolution. Lowermost Eocene benthic foraminifers near the
base of the clay layer (Fig. F13) are extremely low in abundance and di-
versity and minute in size. Aragonia aragonensis, Tappanina selmensis,
Oridorsalis umbonatus, and Bulimina spp. dominate at shallower Sites
1263, 1265, and 1266, whereas abyssaminids and clinapertinids are
common at these sites but dominate at deeper Sites 1262 and 1267 and
in the lowermost sample at the shallower sites. In general, assemblage
composition in the clayey intervals is strongly variable. Nannofossils
are common and show only slight dissolution. The last appearance of
the planktonic foraminifer Morozovella velascoensis roughly coincides
with the onset of the PETM, and no related “excursion” taxa (e.g., Moro-
zovella allisonensis, Acarinina sibaiyaensis, and Acarinina africana) occur
within the PETM—a biogeographic pattern that stands in stark contrast
to those documented at lower and higher paleolatitudes (Kelly et al.,
1998; Kelly, 2002). Planktonic foraminifers within the clay layer prima-
rily consist of extremely rare and poorly preserved specimens of Acarin-
ina soldadoensis. Nannofossil assemblages within the PETM clay are
markedly poorer in preservation, lower in abundance and richness, and
dominated by discoasters.

The base of the PETM recovery interval may be defined as the onset
of increasing carbonate content, which produced a gradational upsec-
tion lithologic sequence at each site of nannofossil-bearing clay, nanno-
fossil clay, clay-bearing nannofossil ooze, and, finally, nannofossil ooze.
Recovery intervals are thicker at shallower sites, likely reflecting higher
overall mass accumulation rates coupled with the time-transgressive
deepening of the carbonate saturation profile. Magnetic susceptibility
values are consistent with this scenario, with shallower sites showing
more oscillations within the generally decreasing trends. As carbonate
content increased through the PETM recovery interval, planktonic fora-
miniferal preservation improved and faunal abundance and richness
increased to include morozovellids, acarininids, subbotinids, and rare
globanomalinids. The first occurrences of the nannofossils Rhomboaster
cuspis and Rhomboaster calcitrapa, basal members of the Rhomboaster-
Tribrachiatus lineage, are within the recovery interval and provide po-
tentially isochronous biomarkers for intersite correlation. Above these
nannofossil first occurrences, three prominent bioevents occur in vary-
ing stratigraphic order at all five sites: (1) benthic foraminiferal compo-
sitions shift from lowermost Eocene low-diversity diminutive
assemblages to lower Eocene moderate-diversity assemblages, (2) nan-
nofossil assemblages show a marked relative decrease in Fasciculithus
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spp., and (3) nannofossil assemblages also show a marked relative in-
crease in Zygrhablithus bijugatus. This relative increase in Z. bijugatus
typically coincides with the benthic foraminiferal extinction event
(BEE) in other regions (e.g., Shatsky Rise and central Pacific) but occurs
later at Walvis Ridge and may be correlative with the Fasciculithus–
Rhomboaster abundance reversal reported at equatorial Pacific Sites 1220
and 1221 (Lyle, Wilson, Janecek, et al., 2002). These intersite differences
in bioevent ordination may represent incomplete sampling coverage or
real paleoenvironmental diachroneity between sites.

A number of postcruise investigations were undertaken to identify
the impacts of the PETM on regional climate, ocean chemistry and ecol-
ogy, and sediment accumulation. These investigations include (1) estab-
lishing high-resolution isotope and geochemical stratigraphies for
improving site to site correlations and computing carbonate accumula-
tion rates (Zachos et al., 2005; Röhl et al., submitted [N2]), (2) develop-
ing an organic compound–specific carbon isotope record (Hasegawa et
al., this volume), (3) establishing changes in the general mineralogy
and grain size distribution of the nonsoluble sediment fraction (Nicolo
and Dickens, this volume), and (4) evaluating the local ecological im-
pacts on phytoplankton and benthic foraminifers.

High-Resolution Stable Isotope Stratigraphies

Bulk carbon isotope records have proved to be useful for first-order
correlation of marine P/E boundary sections. Each of the boundary sec-
tions in the Leg 208 sites was sampled at 1- to 5-cm intervals for the
purpose of developing high-resolution isotope stratigraphies across the
clay layers. These samples were supplemented with continuous channel
samples (quarter and half-rounds) collected postcruise. The stable iso-
tope analyses were carried out in four different laboratories (University
of California, Santa Cruz, University of Florida, Bremen University, and
Frjei University) (Zachos et al., 2005).

Each of the five bulk isotope records show nearly identical patterns
over a 3- to 4-m interval spanning the boundary, with a prominent neg-
ative carbonate isotope excursion (CIE) coeval with the clay layers (Fig.
F14). The thickness of the excursion layers and magnitudes of the CIE,
however, systematically decrease with depth, implying a preservation
bias. Site 1263 shows the largest CIE of about –3.0‰, whereas Site 1262
has a –2.0‰ excursion. This pattern is attributed to the combined ef-
fects of dissolution and mixing of preexcursion carbonate in the clay
layers. Excluding these low-carbonate intervals, the carbon isotope
stratigraphies were used to correlate the five sites to each other as well
as to ODP Site 690 (Zachos et al., 2005). This correlation provided the
primary basis for determining the duration of deposition of the clay
layer, ~40 k.y., and the duration of the time lag for carbonate deposi-
tion to resume at the deepest site relative to the shallowest, and hence,
the recovery time for the CCD.

The timescale for recovery of the CCD recorded in the Leg 208 cores
is consistent with general carbon cycle theory. In simulations of the
ocean carbon system response to a rapid (~300 yr) anthropogenic CO2

pulse, a release of 4500 Gt C results in severe carbonate undersaturation
over most of the deep sea for a period exceeding 10 k.y. (Archer et al.,
1997). Saturation levels did not recover for 40 k.y., and it took more
than 100 k.y. for most of the excess carbon to be sequestered. Moreover,
the restabilization of carbonate content and magnetic susceptibility val-
ues slightly higher and lower, respectively, than their pre-PETM values,
are also consistent with theory. This pattern, which is present at other
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PETM sites (e.g., Southern Ocean Site 690), occurs in model simulations
as a transient lysocline overdeepening in response to oceanic mass bal-
ancing of increased bicarbonate, carbonate, and Ca2+ concentrations
(by way of enhanced chemical weathering and runoff) (Dickens et al.,
1997).

Compound-Specific Carbon Isotope Stratigraphies

Another precruise objective was to determine whether the Paleocene
and Eocene sediments on Walvis Ridge contained sufficient quantities
of marine organic matter to isolate specific organic compounds, such as
alkenones, for stable carbon isotope analysis. Such a record could po-
tentially be used to reconstruct changes in pCO2 through the PETM.
Shipboard gas chromatographic (GC) analyses of 5-cm quarter-round
samples collected from sediments spanning the clay layer revealed the
near-complete absence of alkenones and instead the presence of terres-
trially derived n-alkanes. Based on these results, a decision was made to
generate a detailed compound-specific carbon isotope record across the
P/E boundary. Quarter-round samples, 5 cm in length, were collected
from the shallowest Site 1263 during the postcruise sampling party. For
GC-mass spectrometry (MS) analysis, the samples were prepared follow-
ing standard techniques to isolate insoluble organic residues (Haseg-
awa et al., this volume). Three heavy n-alkanes, nonacosane (n-C29),
hentriacontane (n-C31), and tritriacontane (n-C33), were isolated in suffi-
cient quantities for carbon isotope analysis. The δ13C values range from
–26‰ to –33‰ (Fig. F15). The record shows a prominent ~5‰ nega-
tive excursion coincident with the base of the clay layer. The isotope
profiles of the three normal alkanes are similar to that of carbonate car-
bon, though the magnitude of the excursion is larger, roughly 4‰–
5‰. In addition, the n-alkane records show an inflection at 334.70
meters composite depth (mcd), which is roughly equivalent to the CIE
in the bulk carbonate record.

These long-chain n-alkanes are a common component of terrestrial
vegetation. The low carbon isotope values are consistent with this inter-
pretation, indicating they were derived from C-3 plants, most likely in
South Africa. The heavy n-alkanes are a common component of leaf
waxes, which tend to be highly resistant to degradation, a possible rea-
son for the high abundances in the Leg 208 sediments relative to com-
pounds from marine organic matter. The magnitude of the excursion is
considerably larger than that recorded in carbonates from these same
cores. This particular finding is significant, as it is consistent with obser-
vations of other terrestrial carbon isotope records which typically show
large excursions, on the order of 5‰–6‰, or nearly twice that of ma-
rine records (Koch et al., 1992; Bowen et al., 2004; Pagani et al., 2006).
Several models have been proposed to explain the differing magnitudes
of the marine and terrestrial CIEs including (1) truncation of the ma-
rine carbonate records by dissolution and bioturbation (Zachos et al.,
2005), (2) damping of the marine signal by lower pH and CO3 content,
and (3) amplification of terrestrial vegetation signal because of higher
pCO2 and/or humidity (i.e., Bowen et al., 2004). It is also possible that
the source of n-alkanes (i.e., type of plants) changed during the PETM.
Because this is the first time that both the marine and terrestrial signals
were reconstructed from the same core, we can eliminate bioturbation
as the primary source of the reduced amplitude of the marine records.

Another important feature of this record is the relative δ13C offsets
between the three groups of analyzed n-alkanes. In general, the heavier
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n-alkanes (n-C33) tend to have consistently lower δ13C values than the
lighter, similar to the pattern in modern plants. This intercompound
fractionation offset, however, decreases during the PETM, implying
some change in plant metabolism/physiology. Whether this change in
fractionation was caused by the effects of higher pCO2, humidity, spe-
cies composition, or metabolic rates is unknown.

Calcareous Algae

Large shifts in the relative abundances of calcareous algae have been
recorded in all marine P/E boundary sections studied to date (e.g., Mon-
echi et al., 2000; Bralower, 2002; Tremolada and Bralower, 2004; Raffi et
al., 2005; Gibbs et al., 2006). Similarly, large shifts occur in the Leg 208
sites. Some of the changes are clearly related to dissolution, whereas
other shifts appear to reflect actual paleoecological responses. Given the
recent interest in the potential impacts of ocean acidification on ma-
rine calcifiers, particularly phytoplankton, several postcruise studies
were undertaken to ascertain changes in nannofossil assemblages
through this event.

Initial results reveal several important patterns involving several ma-
jor groups of nannofossils including genera Fasciculithus, Rhomboaster,
Tribrachiatus, and Discoaster (Monechi and Angori, this volume; Agnini
et al., submitted [N3]). At the deeper Sites 1262 and 1266, it is clear that
dissolution strongly influenced abundance patterns. In particular, the
abundances of dissolution-resistant taxa such as Rhomboaster are much
higher than at the shallowest site. As such, we will only discuss patterns
observed at the shallowest Site 1263 where preservation is moderate to
good throughout. Only in a 6-cm interval (between 335.68 and 335.62
mcd), corresponding to an earlier stage of the CIE onset, do assemblages
show the effect of dissolution that, nevertheless, does not significantly
alter the assemblages in terms of taxonomic composition. The recorded
biostratigraphic signals are diverse and involve different components of
the nannofossil assemblages. The changes can be divided into succes-
sive biohorizons, marked by increased/decreased abundances of taxo-
nomic groups, sudden appearances, or ranges of individual taxa, all of
which are described below and labeled as Biohorizons N1–N5 in Figure
F16.

The N1 biohorizon is coincident with the onset of the CIE and is
defined by a drastic decrease in diversity and abundance of the genus
Fasciculithus. The turnover involved the characteristic large species in
fasciculith assemblages of the uppermost Paleocene, like Fasciculithus
richardii, F. schaubii, F. hayi, F. toni, and F. mitreus, that suddenly disap-
peared. This event is recorded in Paleocene/Eocene boundary sections
across the globe (Backman, 1986; Monechi et al., 2000; Raffi et al.,
2005). At Site 1263, the N2 biohorizon coincides with the second step
in the onset of the CIE, where survivor species of fasciculiths, Fascicu-
lithus alanii, F. tympaniformis, and F. involutus, peak in abundance, with
the interval of peak abundance in Fasciculithus correlated to the lowest
diversity of benthic foraminifers. Also, the first occurrence of F. thomasii
is recorded, closely followed by the appearance of the peculiar forms of
asymmetrical and deformed discoasterids. These discoasterids show an
asymmetrical radial structure with a prominent irregular central knob.
The first occurrence of rare, small specimens of Discoaster salisburgensis
further characterizes this interval. The occurrences of the two short-
lived and deformed discoasterids further delimit the N2 biohorizon.
The N3 biohorizon is marked by the base of the Rhomboaster calcitrapa
group. Within the CIE, Rhomboaster morphotypes belonging to the
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spined R. calcitrapa group and R. cuspis have the lowermost occurrence.
R. calcitrapa group specimens have been observed in most of the known
P/E sections and appear to represent a globally distributed evolutionary
event. In the upper part of the CIE, at the beginning of the “recovery
interval” where bulk δ13C values start to increase and weight percent
CaCO3 content further increases (exceeding 60 wt% at Site 1263), we
record a sharp decrease of genus Fasciculithus and an increase in the ge-
nus Zygrhablithus. This crossover in abundance Fasciculithus vs. Zygrhab-
lithus defines biohorizon N4. Because this event is consistently recorded
close to the P/E boundary in different oceanic settings (Bralower, 2002;
Tremolada and Bralower, 2004; Gibbs et al., 2006), it is clearly related to
PETM environmental changes. Zygrhablithus is likely occupying the ec-
ological niche vacated by the permanent global decline of Fasciculithus
(Bralower, 2002). The interval between Biohorizons N4 and N5 coin-
cides with the recovery phase in bulk δ13C, and it is also characterized
by increases in the relative abundances of Discoaster and Sphenolithus.
Biohorizon N5 is delineated by the uppermost occurrence of the spined
Rhomboaster spp. An increase in abundance of Tribrachiatus bramlettei is
recorded at the last occurrence of spined Rhomboaster. Biohorizon N5 is
correlative with the full recovery of carbonate content at all sites, when
CaCO3

 percentage stabilized at ~90 wt% (Zachos et al., 2005) (Figs. F14,
F16). The high abundances of this particular group may be a conse-
quence of the highly oversaturated state of the ocean.

Terrigeneous Sediment Flux

The terrigenous fraction of lower lower Paleogene sediments is likely
composed of both hemipelagic and eolian material at all Leg 208 sites.
Terrigenous component-specific grain-size distributions (Fig. F17) indi-
cate that Site 1267, positioned on a deeper flank of Walvis Ridge, re-
ceived a greater flux of hemipelagic sediment than did the relatively
shallow near-crest Site 1263 during this interval (Nicolo and Dickens,
this volume). This observation is only possible because of the unique
geologic setting of Walvis Ridge and the depth transect strategy of Leg
208 and is consistent with both previous work at DSDP Site 527 (Rea
and Hovan, 1995) and general views of open-ocean terrigenous deposi-
tion (e.g., Rea, 1994). These results imply that an early Paleogene eolian
grain-size record may be gleaned from Site 1263 samples (Nicolo and
Dickens, this volume).

Elmo (Eocene Thermal Maximum-2)

At ~20–35 m above the P/E boundary, a red-colored 5- to 15-cm
carbonate-depleted layer was found at all sites with lower Eocene strata
(Fig. F18). During the cruise this layer was tentatively placed in Chron
C24n and called the Chron C24n event. Subsequent postcruise work
suggests the layer may lie just below Chron C24n (Bowles, this vol-
ume). Moreover, a second name, Elmo, was applied to the event. The
Elmo shows similar color characteristics to the P/E boundary layer as
well as a drop in calcium carbonate content and an increase in mag-
netic susceptibility and natural gamma radiation (NGR) values, but
these changes are not as significant. The Elmo is characterized by a dou-
ble peak in the 1-cm sampled point magnetic susceptibility records of
all sites, which are marked by events a and b in Figure F18. At the shal-
lowest sites (Sites 1263–1266), events a and b are most distinctly devel-
oped, whereas at the deepest sites (Sites 1267 and 1262) they are
merged. At the latter sites, an additional peak in magnetic susceptibility
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values is observed slightly above the main clay layer. At middepth Site
1266, a thin white-colored layer is found immediately above the red-
colored horizon. The uppermost occurrence of nannofossil D. multiradi-
atus is recorded close to the Elmo. This layer, which appears to be
present in the magnetic susceptibility records of sites drilled on Shatsky
Rise, is associated with benthic foraminiferal assemblages similar in
character to those of the PETM. This implies a transient shift of paleo-
environmental conditions toward those documented for the PETM.

Postcruise studies of the Elmo include stable isotope analyses of bulk
sediment and foraminifers collected from samples taken at 1-cm spac-
ing across the event. This work reveals negative carbon and oxygen iso-
tope excursions in both bulk and planktonic and benthic foraminifer
samples coeval with the low-carbonate layer (Fig. F19) (Lourens et al.,
2005). The magnitude of the carbon isotope excursion, 1.5‰–2.0‰, is
roughly half that of the PETM. In addition, the onset seems more grad-
ual. The oxygen isotope excursion in benthic foraminifers is on the or-
der of 0.8‰, suggesting 2°–3°C warming, again about 30%–40% of that
observed for the PETM. As discussed above, initial cycle stratigraphic
analysis of the magnetic susceptibility data suggest that this event lies
within five 400-k.y. eccentricity cycles of the PETM, or about 2 m.y.
younger (Lourens et al., 2005), though subsequent work involving core
scanned XRF data suggests a slightly shorter duration (Westerhold et al.,
in press). Given the similarity of key attributes of these hyperthermals
(e.g., transient warming, benthic foraminiferal assemblage changes, and
CIE), we designate the PETM as Eocene Thermal Maximum 1 (ETM-1),
and the Elmo as Eocene Thermal Maximum 2 (ETM-2).

X Event (Eocene Thermal Maximum-3)

We document a third thermal maximum in lower Eocene (~52 Ma)
sediments. The prominent clay layer, named the “X” event, occurs in
planktonic foraminifer Zone P7 and calcareous nannofossil Zone CP10
at four sites. Benthic foraminifers have low diversity and high domi-
nance and are dominated by small individuals of Nuttallides truempyi
and various abyssaminids, resembling the post-PETM extinction assem-
blages, with more severe effects at deeper sites. Calcareous nannofossil
assemblages show similar trends to the PETM, with major changes in
the genera Discoaster and Zygrhablithus, but with differences in magni-
tudes and fluctuations. High-resolution bulk carbonate stable isotope
values at relatively shallow Site 1265 show a rapid, 0.6‰ drop in 13C
and 18O, followed by an exponential recovery to preexcursion values
(Röhl et al., 2005; Röhl et al., submitted [N2]), a pattern similar to that
of the PETM and Elmo. Planktonic foraminiferal 13C values (Morozovella
subbotina and Acaranina soldadoensis) in the deepest Site 1262 decrease
by 0.8‰–0.9‰, those of the benthic foraminifer Nuttalides truempyi by
1‰. Evaluations for mechanisms for the widespread change in deepwa-
ter chemistry, its connection to the surface water response, and the
temporal relation of the event, as well as the PETM and Elmo, with cur-
rent astronomical solutions are still ongoing.

Eocene/Oligocene Boundary and Early Oligocene Glacial 
Maximum

Sediment recording the response of South Atlantic Ocean to global
cooling and CCD deepening during the Eocene–Oligocene transition
was recovered across a broad range of depths on the northeastern flank
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of Walvis Ridge during Leg 208, but the transition is not well character-
ized biostratigraphically. The shallower Sites 1263 and 1265 contain the
most complete records, but even at these sites, calcareous nannofossil
and benthic and planktonic foraminiferal assemblages are affected by
dissolution, downslope transport, and reworking.

Calcareous nannofossil preservation in the Eocene/Oligocene (E/O)
boundary interval is moderate because of dissolution, etching, and
common reworking. Nannofossil events that bracket the boundary are
the uppermost occurrence of the rosette-shaped discoasters (last occur-
rence [LO] of Discoaster barbadiensis at 34.2 Ma and LO of Discoaster
saipanensis at 34.0 Ma) and that of Ericsonia formosa (32.9 Ma). The LO
of D. saipanensis and the LO of E. formosa could be observed at all sites,
but these are uppermost occurrences and thus are prone to reworking.
The bottom of the increase in the abundance of Ericsonia obruta is at the
E/O boundary (33.7 Ma) but was observed at Site 1263 only. Fortu-
nately, the global increase in δ18O values in deep-sea benthic foramini-
fers (Oi-1; ~33.6 Ma), occurring within the interval between the LO of
D. saipanensis and the LO of E. formosa (34.0–32.9 Ma) (e.g., Zachos et
al., 2001), is recovered clearly in the shallow Sites 1263, 1265, and 1266
(Fig. F20). At the deepest Site 1262, carbonate fossils were completely
dissolved below the E/O boundary at 33.7 Ma (Fig. F20) (Liu et al.,
2004b), and the lithologic change from brown clay below to light
brown to gray nannofossil ooze or foraminifer-bearing nannofossil ooze
above occurs abruptly over a ~0.5-m interval.

At all sites, a distinct increase in carbonate occurs starting from the
E/O boundary (Fig. F21). This increase is associated with the strongest
foraminifer dissolution, leading the EOGM by ~100 k.y. The increased
carbonate content across the boundary interval indicates that the lyso-
cline and CCD deepened substantially and rapidly at the Walvis Ridge
transect sites. In the latest Eocene, the lysocline was between the paleo-
depths of Sites 1266 and 1267. During the Eocene–Oligocene transition,
the lysocline/CCD deepened abruptly to a depth below that of Site
1262, at least 600 m deepening. The recovery of foraminiferal preserva-
tion on the basis of coarse fraction (carbonate grain size > 63 µm) lags
by ~400 k.y. (Fig. F21), implying that the shift in carbonate preserva-
tion was triggered by changes in climate. This significant downward
shift in lysocline/CCD in the E/O boundary interval has also been ob-
served in other ocean basins (e.g., Zachos et al., 1996; Lyle, Wilson, Jan-
ecek, et al., 2002) and possibly reflects an increase in mechanical and
chemical weathering rates on continents and related changes in ocean
chemistry associated with global cooling (EOGM). The peak in carbon-
ate content, however, is transient, as values decline shortly thereafter.
This peak in carbonate value corresponds with a magnetic “normal”
that may represent Chron C13n.

Early Miocene High Abundance of Bolivinid Biserial 
Foraminifers

An enigmatic feature of early Miocene oceanography was the so-
called “high abundance of bolivinids (HAB) event” (Thomas, 1986,
1987; Smart, 1992; Smart and Murray, 1994; Smart and Ramsay, 1995).
During this event (~18.9–17.2 Ma) biserial foraminifers (assigned to the
benthic genus Bolivina) were abundant at bathyal to abyssal depths in
the eastern Atlantic and western Indian Ocean but were not observed in
the western equatorial Atlantic Ocean, eastern equatorial Pacific Ocean
(Thomas, 1985), or the Weddell Sea (Thomas, 1990), although the sedi-

1.0 2.0 3.0 0.5 1.5 2.5

0.5 1.51.0 2.5

0.5 1.5 2.5

0 1.0 2.0 -0.5 0.5 1.5

0.5 1.5 2.5 0.5 1.0 1.5
30

31

32

33

34

35

A
ge

 (
M

a)

δ18OC.mund  (‰VPDB) δ18OC.mund  (‰VPDB) δ18OC.mund  (‰VPDB)

δ13CC.mund  (‰VPDB) δ13CC.mund  (‰VPDB) δ13CC.mund  (‰VPDB)

δ18OPF.frag. (‰VPDB)

δ13CPF.frag. (‰VPDB)

Site 1263, 2717 mbsl Site 1265, 3060 mbsl Site 1266, 3792 mbsl Site 1263, 2717 mbsl

EOGM

F20. Stable oxygen and carbon iso-
topes of C. mundulus and bulk frag-
ments of PF, p. 50.

80 90 100

0 4 8 0 4 8 0 40 8012 0 2 4 6

70 80 90 10080 90 100 30
30

31

32

33

34

35

50 70 0 40 80

0 0.1 0.2 0.3

A
ge

 (
M

a)

EOGM~100 k.y.~400 k.y.

Site 1263
Carbonate

(wt%)

Site 1265
Carbonate

(wt%)

Site 1266
Carbonate

(wt%)

Site 1267
Color reflectance L*

(%)

Site 1263
Carbonate

(wt%)

Coarse fraction
(wt%)

Coarse fraction
(wt%)

Coarse fraction
(wt%)

Coarse fraction
(wt%)

Carbonate
(wt%)

F21. Carbonate, and coarse frac-
tion, and L*, p. 51.



D. KROON ET AL.
LEG 208 SYNTHESIS: CENOZOIC CLIMATE CYCLES AND EXCURSIONS 18
ments in the correct size fraction and of the correct age were studied.
The HAB event was enigmatic: Thomas (1986, 1987), Smart (1992), and
Smart and Murray (1994) speculated that it might represent a period of
low oxygen conditions during sluggish circulation. Smart and Ramsay
(1995) argued that the event was associated with an oxygen-depleted
water mass restricted to the eastern Atlantic and western Indian
Oceans. In the modern oceans, however, such high relative abundances
of bolivinids occur only where a severe oxygen minimum zone im-
pinges on the seafloor (e.g., Bernhard and Sen Gupta, 1999), and there
is no evidence for dysoxia (e.g., lamination or high organic carbon con-
tent) during the HAB event.

Smart and Thomas (2006) used morphological and stable isotope
data of biserial foraminifers in samples (21.0–15.8 Ma) from Sites 1264
and 1265 to document that the early Miocene biserial forms are not
benthic but planktonic and should be assigned to the genus Streptochi-
lus. These biserial forms may have bloomed opportunistically, as sug-
gested by their small size and high abundance, as also inferred for
Paleogene biserial planktonic foraminifers (e.g., Hallock et al., 1991).
During the interval of their high abundance, however, the high pri-
mary productivity did not result in high export productivity to the sea-
floor. Benthic foraminiferal accumulation rates have been described as a
proxy for productivity (Herguera and Berger, 1991) but are low in the
interval with highest abundance of biserials at Walvis Ridge and Site
608 (Diester-Haass and Billups, 2005). The low export productivity
might be explained by the presence of a deep thermocline, in which re-
generation rates of organic matter are high (e.g., Fischer et al., 2003),
existing over a large geographic area.

The question remains: Why was there widespread, active, but inter-
mittent upwelling of nutrient-rich waters in eastern Atlantic and west-
ern Indian only at that time (18.9–17.2 Ma)? The cause might be sought
in circulation changes: Northern Component Water (NCW) may have
been present between 19 and 17 Ma, its formation possibly triggered by
the sinking of the Greenland-Scotland Ridge (Wright, 1998). Another
possible trigger for NCW formation might be the development of a
deep ACC at ~19 Ma (e.g., Anderson and Delaney, 2005), leading to the
formation of NCW (Sijp and England, 2004). A deep ACC is necessary
for strong vertical mixing in the southern oceans, which leads to in-
creased nutrient contents in upwelled waters such as in the Subantarc-
tic Mode Waters, which presently support global productivity
(Sarmiento et al., 2004). The gradual closing of the Mediterranean to
the Indian Ocean (Harzhauser et al., 2002) may have increased the flow
of surface waters from the Indian Ocean into the Atlantic around South
Africa (Agulhas Leakage), leading to higher density waters in the North
Atlantic (Weijer et al., 1999) and local deep convection (de Ruijter et al.,
2006). Active deep convection in a deep ACC and in the Agulhas Leak-
age in the southern oceans thus could have provided the nutrient-rich
waters upwelled in the eastern Atlantic and western Indian Ocean.

But if that were the case, then why did the high abundance of biser-
ial planktonic foraminifers end at ~17.5 Ma? Possibly, vigorous North
Atlantic deep circulation ended somewhat earlier than envisaged by
Wright (1998), thus ending vigorous upwelling in the eastern Atlantic
Ocean. It is, however, not clear why the high abundances of biserial
planktonic foraminifers did not resume in the middle Miocene, with in-
creased cooling and formation of NCW. Possibly, upwelling at that later
time became more constrained to its modern locations rather than
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more widespread because of the overall increase of circulation vigor
during the middle Miocene cooling.

Cenozoic Seawater Chemical Evolution

Several postcruise studies used fossils obtained from the Leg 208
cores to establish variations in seawater chemistry, specifically radio-
genic Nd, Sr, and Li isotope distributions during key intervals of the
Cenozoic. In the case of Nd, the objective was to establish changes in
deep ocean circulation patterns, whereas the Sr investigation was ori-
ented toward establishing changes in geochemical fluxes. Li isotopes
were used along with Li/Ca data to evaluate changes in the character of
chemical weathering of continental rocks.

Modern thermohaline circulation, with vigorous deepwater forma-
tion in the North Atlantic, was established some time in the middle
Cenozoic (Wright and Miller, 1993). Traditionally, carbon isotope distri-
butions as recorded in benthic foraminifers between the deep Pacific
and Atlantic were used to established general circulation patterns. How-
ever, this approach has limited sensitivity during times when nutrient
inventories were lower and/or productivity was suppressed. To establish
the timing of NADW formation, Via and Thomas (2006) reconstructed
changes in bottom water Nd isotope ratios in the South Atlantic during
the Oligocene using samples from the Leg 208 depth transect. Bottom
water Nd isotope ratios were obtained from analysis of fish teeth, which
acquire Nd concentrations after deposition on the seafloor. Using the
Nd isotope data from Walvis Ridge along with data from sites in the
North Atlantic and Southern Ocean, they found an increase in the
north-south Nd isotope gradient, suggesting the initial transition to a
bipolar mode of deepwater circulation occurred in the early Oligocene,
at ~33 Ma (Fig. F22). They attribute the onset and strengthening of
deepwater production in the North Atlantic to tectonic deepening of
the sill separating the Greenland-Norwegian Sea from the North Atlan-
tic (Wright and Miller, 1996).

The late Paleocene–early Eocene warming trend has been attributed
to increased volcanism and CO2 outgassing, most likely associated with
North Atlantic rifting. In theory, such volcanism should have lowered
the Sr isotopic composition of seawater. To test this, Hodell et al. (sub-
mitted [N4]) constructed a high-resolution Sr isotope record over the
upper Paleocene and lower Eocene using foraminifers from Leg 208
cores (Fig. F23). The sampling interval, ~50 k.y., is the highest such for
this time interval and therefore reveals features not obvious in lower-
resolution records. The main feature is a subtle, steady decline in 87Sr/
86Sr over the late Paleocene and early Eocene, followed by a slight rise
through the middle Eocene. The decline coincides with a long-term
gradual warming that culminates in the EECO. This pattern of decreas-
ing 87Sr/86Sr coeval with increased warming has been documented in
the Cretaceous (e.g., Jones and Jenkyns, 2001) and has been attributed
to increased flood basalt volcanism and CO2 outgassing. Thus, the Leg
208 87Sr/86Sr record implies a similar connection between volcanism
and climate in the Paleogene.

The concentration of Li in the ocean is thought to be controlled by
variations in hydrothermal fluxes. Using planktonic foraminifers from
Site 1264 along with samples from several other ODP cores, Hathorne
and James (2006) reconstructed Li variations for the Atlantic and Pacific
ocean over the last 18 m.y. The δ7Li records for the Atlantic and Pacific
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look identical, suggesting that the patterns reflect changes in mean
ocean Li (Fig. F24). Their findings also suggest very little change in Li/
Ca ratios. By assuming that the hydrothermal flux of Li into the oceans
and the flux of Li removed from the oceans during low-temperature up-
take by marine basalts and sediments have not changed significantly
since 18 Ma and using published records for the seawater Ca concentra-
tion, the seawater Li/Ca and δ7Li records are used to estimate global av-
erage river δ7Li and Li fluxes. This analysis requires a decrease in the
riverine flux of dissolved Li between 16 and 8 Ma but an increase in δ7Li
value of the riverine input. These data imply that both silicate weather-
ing rates and weathering intensity decreased over this interval, which
may have contributed to changing levels of atmospheric CO2. In con-
trast, the computations indicate riverine flux of Li has increased since 8
Ma while δ7Li has increased. This implies that the silicate weathering
rate has increased, while weathering intensity has decreased.

SUMMARY

Leg 208 was originally conceived to test a single hypothesis, that the
dissociation of methane hydrate of an unprecedented scale at 55 Ma (P/E
boundary) initiated a brief but extreme episode of global warming. In
theory, such an event would profoundly impact the carbonate satura-
tion state of the ocean, the expression of which should be preserved in
deep-sea sediments (Dickens et al., 1997, 1995). In essence, the rapid in-
jection of methane-derived carbon into the atmosphere and ocean
should be recorded by distinct spatial and temporal patterns of change
in the deposition of carbonate sediments. Such changes should be con-
temporaneous on a global scale, affecting all major ocean basins and
exhibiting diagnostic patterns in carbonate preservation related to gra-
dients in paleodepth. A key test would involve establishing depth-
dependent changes in carbonate preservation across the P/E boundary
in at least two major ocean basins. To evaluate the gradient of carbon-
ate saturation state, a transect of pelagic sections across a broad paleo-
depth range would be required for each ocean basin to elucidate both
the temporal and spatial evolution of ocean chemistry from its onset
through its ultimate recovery.

Leg 208 fulfilled its mission by successfully coring an array of Paleo-
gene sedimentary sections spanning water depths between 2300 and
4700 m and recovering at least one complete P/E boundary layer using
the APC at each of five sites. This collection of boundary clay layers
shows a clear pattern of change in lithology as a function of depth,
which, by most measures, appears consistent with a shoaling of the
CCD as caused by the rapid release of a large mass of carbon (>4500 Gt
C). This was confirmed with postcruise work, which firmly established
the relative timing of this clay layer to the global CIE.

The important scientific contributions of Leg 208 are not limited to
the P/E boundary; several other key objectives were achieved. For one,
the upper Paleocene and lower Eocene sections that enclose the bound-
ary layer were recovered more or less intact at three sites (Sites 1262,
1263, and 1267). These sections, which are complete and relatively ex-
panded, are characterized by distinct bedding cycles that will provide
the basis for establishing a high-resolution, orbitally tuned timescale, a
basic requirement for constraining rates of change and for refining the
approximate ages of chron boundaries where possible. Moreover, with
the composite sections for each site, it became evident that other un-
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usual clay layers and, by association, climatic extremes, occurred during
early Eocene Chrons C24r and C24n (Elmo and X events, respectively).
Postcruise studies found carbon isotope excursions in these horizons,
implying these events may have origins similar to the PETM. Also, the
pronounced lithologic cycles have been used to develop an orbital
chronology for much of the upper Paleocene and lower Eocene, thus es-
tablishing the approximate duration of magnetochrons and the time
separating these hyperthermals.

In addition, the K/Pg boundary interval was recovered at two sites
(Sites 1262 and 1267) and the E/O boundary was recovered at five sites
(1262, 1263, 1265, 1266, and 1267). The former is also characterized by
a pronounced cyclicity that clearly changes character across the bound-
ary. Postcruise research has documented changes in biogenic carbonate
accumulation and preservation on orbital timescales across the K/Pg
boundary along with variations in isotopes, particularly during the long
recovery following the extinctions at the K/Pg boundary. The E/O
boundary is characterized by a prominent lithologic transition from
clays to carbonates that becomes more pronounced at the deepest sites.
The new stable isotope records show that this major shift in Atlantic
Ocean carbon chemistry coincides with the onset of major glaciation
on Antarctica. Other postcruise investigations are establishing in detail
important changes in deep-sea circulation and seawater chemical evolu-
tion in relation to the major Cenozoic climatic events.

The crucial scientific contributions of Leg 208 are just being realized
in numerous postcruise investigations of the many thousands of sam-
ples collected. This work will undoubtedly continue to make important
advances for years to come.
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Figure F1. Bathymetric chart of Walvis Ridge and the South African margin, DSDP and ODP drill sites
(Speiss et al., 2003).
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Figure F2. Study area of Meteor Cruise M49/1 and ODP Leg 208. Red lines = cruise track M49/1. Yellow lines
= seismic profiles with erosive structures (Bartels et al., this volume).
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Figure F3. Three-dimensional bathymetric chart of Walvis Ridge (Spiess et al., 2003).
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Figure F4. Seismic profile crossing ODP Site 1262. A. GI gun data. B. High-resolution water gun data. Ar-
rows indicate key layers: Elmo horizon, Paleocene/Eocene Thermal Maximum (PETM), Late Paleocene Bi-
otic Event (ELPE) (Bartels et al., this volume). CMP = common midpoint, VE = vertical exaggeration.
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Figure F5. Seismic Profile GeoB01-048, crossing a channel structure which might represent a path for bot-
tom waters between the Cape Basin and the Angola Basin (Bartels et al., this volume). CDP = common
depth point, VE = vertical exaggeration.
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Figure F6. Magnetostratigraphic interpretation for the Paleocene and Upper Cretaceous for Sites 1262,
1266, and 1267. Depth for each site is given in mcd. Polarity column: black = normal, white = reverse, gray
= uncertain, X = no core recovery. Dashed correlations are approximate or uncertain. GPTS timescale of
Cande and Kent (1995) is shown at left for reference. P/E = Paleocene/Eocene boundary, K/T = Cretaceous/
Tertiary boundary.
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Figure F7. Cycle counting of early Eocene and late Paleocene sediments at Walvis Ridge using color reflec-
tance a* value (black plot) and high-resolution XRF Fe intensity data (red plot) (Sites 1262, 1263, and 1265).
For each site the small black numbers indicate the number of precession cycles relative to the onset of the
Paleocene/Eocene Thermal Maximum (PETM). The PETM (thick shaded bar) and the Elmo layer (thin shad-
ed bar) are, according to precession cycle counting, 88 cycles apart; thus, the Elmo layer is labeled cycle 88.
Short (green) and long (black) eccentricity cycles have been extracted by Gaussian filtering of the a* value
(Sites 1267 and 1265) and Fe intensity data (Sites 1262 and 1263). For Site 1262: filter frequency for the
long eccentricity cycle = 0.19 ± 0.057 cycles/m; short eccentricity cycle = 0.80 ± 0.24 cycles/m. Site 1267:
long cycles = 0.15 ± 0.045 cycles/m; short = 0.66 ± 0.20 cycles/m. Site 1263: long cycles = 0.10 ± 0.03 cycles/
m; short = 0.41 ± 0.123 cycles/m. Site 1265: long cycles = 0.12 ± 0.036 cycles/m; short = 0.46 ± 0.138 cycles/
m. Green numbers indicate the short eccentricity maxima, where cycle 0 comprises the PETM; thus, the
distance between the PETM and Elmo layer is 19 short eccentricity cycles. In addition, we labeled the long
eccentricity maxima with roman numbers –VI to IV relative to the PETM. Eocene thermal maxima 1 (ETM-
1) and 2 (ETM-2) represent the PETM and Elmo, respectively. From Westerhold et al. (in press).
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Figure F8. Comparison of relative cycle counting timescale with present astronomical solutions for orbital
eccentricity. A. Results of relative timescale. Site 1262 detrended Fe intensity data vs. relative cycle counting
age. We assume that the mean duration of one precession cycle is 21.0 k.y., and we set the Elmo layer (ETM-
2) arbitrarily to 1.0 Ma. In contrast, the regions containing the Elmo layer and the Paleocene/Eocene Ther-
mal Maximum (PETM; ETM-1) reveal lower than mean sedimentation rates due to strong dissolution of cal-
cium carbonates (for discussion see Lourens et al., 2005; Zachos et al., 2005). B, C. Comparison of current
astronomical solutions plotted against absolute time and the extracted amplitude modulation of Site 1262
data plotted against relative time. We shifted the Site 1262 data with respect to the best fit with the 405-
k.y. cycle. For further explanation see text. (B) Short eccentricity cycle amplitude modulation of Site 1262
Fe intensity, a*, La2004 (Laskar et al., 2004), and Va2003 (Varadi et al., 2003) orbital eccentricity solutions.
For comparison, the La2004 and Va2003 amplitude modulations (AM) are plotted from 53 to 58 Ma (lower
plot) and 53.4 to 58.4 Ma (middle plot). (C) Climatic precession cycle AM of Site 1262 data (Fe, a*) com-
pared to orbital eccentricity solutions La2004 and Va2003 from 53 to 58 Ma (lower plot) and 53.4 to 58.4
Ma (middle plot). Additionally, the 2.3-Ma eccentricity minima in Site 1262 data are marked (see text for
discussion). AMs were extracted using the program Envelope (Schulz et al., 1999). –V through V = eccentric-
ity maxima. GTS = geological timescale. * = age onset of PETM (Wing et al., 2000), † = age onset of PETM
GTS2004 (Gradstein et al., 2004), ‡ = recalibrated radiometric age estimate of PETM onset. From Westerhold
et al. (in press).
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Figure F9. The Cretaceous/Paleocene boundary from Walvis Ridge Holes 1262B, 1262C, 1267A, and 1267B.
Strong changes in magnetic susceptibility and color reflectance indicate the Fe oxide–bearing, nonbiotur-
bated foraminifer nannofossil boundary layer. The interpolated bases of planktonic foraminifer zones are
indicated by arrows, sample density by black squares. Records all at the same scale.
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Figure F10. Residue in the >63-µm fraction shows rapid increase at the Cretaceous/Paleogene (K/Pg)
boundary indicating improvement of planktonic foraminiferal preservation. This implies rapid deepening
of the CCD at the K/Pg boundary. The carbonate content record shows that precessional cycles are replaced
by eccentricity cycles in the early Paleogene. VPDB = Vienna Peedee belemnite.
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Figure F11. Stable isotope records of bulk carbonate across the Cretaceous/Paleogene (K/Pg) boundary. The
δ18O record shows pronounced cooling above the K/Pg boundary, whereas the δ13C record shows abrupt
decline at the K/Pg boundary, which progressively changes to gradual decline. VPDB = Vienna Peedee be-
lemnite.
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Figure F12. Calculated sedimentation and carbonate accumulation rates. Orbital cycle counting produced
an age model that was anchored at the K/Pg boundary. Note the large drop in accumulation of carbonate
at the K/Pg boundary (~65 Ma). The age model is based on orbital cycles (Westerhold et al., submitted [N1]).
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Figure F13. Digital core photos and CaCO3 content plotted vs. depth across the P/E boundary interval in
Holes 1262A, 1263C/1263D, 1265A, 1266C, and 1267B on Walvis Ridge (Zachos, Kroon, Blum et al., 2004;
Zachos et al., 2005). Records are plotted from left to right in order of increasing water depth. The core pho-
tos for each site represent composites of the following sections: 208-1262A-13H-5 and 13H-6; 208-1263C-
14H-1 and 14H-CC; 208-1263D-4H-1 and 4H-2; 208-1265A-29H-6 and 28H-7; 208-1266C-17H-2, 17H-3,
and 17H-44; and 208-1267B-23H-1, 23H-2, and 23H-3. BF-1 = last occurrence (LO) of Paleocene benthic
foraminifer assemblage. BF-2 and BF-3 = first occurrence (FO) and LO, respectively, of lowermost Eocene,
low-diversity, diminutive benthic foraminifer assemblage. BF-4 = FO of early Eocene moderate diversity
benthic foraminifer assemblage.
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Figure F15. n-alkane δ13C (Hasegawa et al., this volume) and bulk carbonate isotope values (Zachos et al.,
2005). VPDB = Vienna Peedee belemnite. The arrow at ~340 mcd shows the level of the benthic foraminifer
extinction horizon.
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Figure F16. Summary of Biohorizons N1–N5 at Site 1263 (Raffi et al., unpubl. data). VPDB = Vienna Peedee
belemnite. N = number of nannofossils.
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Figure F17. Site 1263 and 1267 grain-size distributions. Five sets of time-coincident (less than ~16 k.y. dif-
ference) grain-size distributions are illustrated, such that each pane (A–E) contains one distribution from
the shallower Site 1263 and one distribution from the deeper Site 1267. All distributions are plotted on
identical axes. Eolian percent calculated after the two-component mixing model of Boven and Rea (1998).
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Figure F18. Bulk carbonate δ13C and magnetic susceptibility (MS) records across the Elmo horizon at five
Leg 208 sites (Lourens et al., 2005).
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Figure F19. Stable isotope series of the bulk sediment and single foraminifer specimens across the Elmo
horizon at Site 1263 (Lourens et al., 2005). A. δ13C values (blue dots) of the surface-dwelling planktonic for-
aminifer Acarinina soldadoensis (A.sold). B. δ13C values of the surface-dwelling benthic foraminifers Cibici-
doides spp. (red squares) and Anomalinoides spp. (green dots). C. As in A but for δ18O. D. As in B but for δ18O.
Light gray lines in A and B, and C and D indicate, respectively, the δ13C and δ18O values of the bulk sedi-
ment. Darker lines represent three-point moving averages on averaged values of duplicate analyses of a
sample. Isotope values of the two benthic taxa are not significantly different and are both used for the latter
curves.
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Figure F20. Stable oxygen and carbon isotope records of benthic foraminifer Cibicidoides mundulus
(C.mund) for Sites 1263, 1265, and 1266, and of bulk fragments of planktonic foraminifer fragments
(PF.frag.) for Site 1262 plotted as a function of age for the period 30–35 Ma. The carbonate fossils of Site
1262 were completely dissolved below the Eocene/Oligocene boundary at 33.7 Ma (Liu et al., 2004b). The
earliest Oligocene Glacial Maximum (EOGM) spans the interval 33.2–33.6 Ma for all sites. The age model
is based on the onboard calcareous nannofossil and foraminifer stratigraphies combined with the magnetic
stratigraphy (Zachos, Kroon, Blum, et al., 2004). VPDB = Vienna Peedee belemnite.
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Figure F21. Carbonate content and coarse fraction variations for Sites 1263, 1265, 1266, and 1262, and col-
or reflectance L* variation for Site 1267 for the period 30–35 Ma. The abrupt increase in carbonate content
associated with the strongest foraminifer dissolution above the Eocene/Oligocene boundary leads the ear-
liest Oligocene Glacial Maximum (EOGM) by ~100 k.y., while the recovery of the foraminiferal preserva-
tion lags behind the EOGM by ~400 k.y. (Liu et al., 2004a). Data of the color reflectance L* are from the
onboard data set (Zachos, Kroon, Blum, et al., 2004).

80 90 100

0 4 8 0 4 8 0 40 8012 0 2 4 6

70 80 90 10080 90 100 30
30

31

32

33

34

35

50 70 0 40 80

0 0.1 0.2 0.3

A
ge

 (
M

a)

EOGM~100 k.y.~400 k.y.

Site 1263
Carbonate

(wt%)

Site 1265
Carbonate

(wt%)

Site 1266
Carbonate

(wt%)

Site 1267
Color reflectance L*

(%)

Site 1263
Carbonate

(wt%)

Coarse fraction
(wt%)

Coarse fraction
(wt%)

Coarse fraction
(wt%)

Coarse fraction
(wt%)

Carbonate
(wt%)



D. KROON ET AL.
LEG 208 SYNTHESIS: CENOZOIC CLIMATE CYCLES AND EXCURSIONS 52
Figure F22. Leg 208 Nd isotope record. Values are expressed using epsilon notation and corrected for age.
Error bars represent within-run precision (Via and Thomas, 2006).
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Figure F23. Strontium isotope results from Leg 208 sites. Records are arranged stratigraphically with the
events taken as the splice tie points indicated by arrows (Hodell et al., submitted [N4]). PETM = Paleocene/
Eocene Thermal Maximum. K/Pg = Cretaceous/Paleogene boundary.
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Figure F24. Temporal record of (A) foraminiferal δ7Li, (B) foraminiferal Li/Ca, and (C) foraminiferal Li/Ca
corrected for species effects (Hathorne and James, 2006). Atlantic data are from Leg 208 Site 1264. Solid
lines show the least-squares fit to the data, such that R2 > 0.8.
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CHAPTER NOTES*
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