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[1] Five sections drilled in multiple holes over a depth transect of more than 2200 m at the Walvis Ridge (SE
Atlantic) during Ocean Drilling Program (ODP) Leg 208 resulted in the first complete early Paleogene deep-sea
record. Here we present high-resolution stratigraphic records spanning a ~4.3 million yearlong interval of the
late Paleocene to early Eocene. This interval includes the Paleocene-Eocene thermal maximum (PETM) as
well as the Eocene thermal maximum (ETM) 2 event. A detailed chronology was developed with nondestructive
X-ray fluorescence (XRF) core scanning records and shipboard color data. These records were used to refine the
shipboard-derived spliced composite depth for each site and with a record from ODP Site 1051 were then used
to establish a continuous time series over this interval. Extensive spectral analysis reveals that the early
Paleogene sedimentary cyclicity is dominated by precession modulated by the short (100 kyr) and long (405 kyr)
eccentricity cycles. Counting of precession-related cycles at multiple sites results in revised estimates for the
duration of magnetochrons C24r and C25n. Direct comparison between the amplitude modulation of
the precession component derived from XRF data and recent models of Earth’s orbital eccentricity suggests that
the onset of the PETM and ETM2 are related to a 100-kyr eccentricity maximum. Both events are approximately
a quarter of a period offset from a maximum in the 405-kyr eccentricity cycle, with the major difference that the
PETM is lagging and ETM2 is leading a 405-kyr eccentricity maximum. Absolute age estimates for the PETM,
ETM2, and the magnetochron boundaries that are consistent with recalibrated radiometric ages and recent
models of Earth’s orbital eccentricity cannot be precisely determined at present because of too large uncertainties
in these methods. Nevertheless, we provide two possible tuning options, which demonstrate the potential for the
development of a cyclostratigraphic framework based on the stable 405-kyr eccentricity cycle for the entire
Paleogene.
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1. Introduction

[2] Over the last decade significant progress has been
made in the construction of astronomically calibrated geo-
logical timescales for the Neogene and late Paleogene [e.g.,
Hilgen et al., 1999; Shackleton et al., 1999] and the
development of high-resolution paleoceanographic records.
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These successes have encouraged efforts to extend the
astronomical calibration to older successions including the
warm greenhouse periods of the Eocene. However, extend-
ing astronomically calibrated timescales into the early
Paleogene faces fundamental problems that are related to
uncertainties of astronomical calculations [Laskar, 1999]
and to the sensitivity of a climate system under very
different boundary conditions (i.e., more pCO,, less ice),
as well as the unavailability of stratigraphically complete
and undisturbed sedimentary successions of this age
[Cramer et al., 2003; Tripati et al., 2003]. Nonetheless,
some progress has been made in both minimizing the
uncertainties, and obtaining sequences suitable for astro-
nomical calibration.

[3] Extending the astronomical calibration into the early
Paleogene will provide new insight for resolving rates of
paleoceanographic change associated with the abrupt, short-
lived events like the PETM [Kennett and Stott, 1991; Koch
etal., 1992; Zachos et al., 2005] and the ETM2 [Lourens et
al., 2005]. Although it seems to be clear that these Events
are astronomically paced [Lourens et al., 2005], controversy
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Figure 1. Contour map showing the position of Walvis
Ridge ODP Leg 208 sites. The small global map indicates
the area represented by the contour map as well as the
location of ODP Site 1051 (Blake Nose).

exists whether they are bound to long-term eccentricity
maxima [Lourens et al., 2005] or minima [Cramer et al.,
2003]. At present it has still been difficult to determine the
exact position of the PETM within chron C24r as well as the
total duration of this chron itself. So far different approaches
have been used to estimate the duration of magnetochron
C24r [Aubry et al., 1996; Berggren and Aubry, 1996;
Berggren et al., 1995; Cramer, 2001; Cramer et al., 2003;
Dinares-Turell et al., 2002; Norris and Rohl, 1999; R6hl et
al., 2000, 2003], including cycle counting at Ocean Drilling
Program (ODP) Site 1051 [R6h! et al., 2003] and carbon
isotope stacking of multiple DSDP and ODP sites [Cramer
et al., 2003], the exact duration is still unknown [Aubry et
al., 1996; Cramer et al., 2003; Raffi et al., 2005].

[4] Significant improvements in the chronology of C24r
were provided by the successful efforts of ODP Leg 208
(Walvis Ridge [Zachos et al., 2004]), which produced the
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first complete spliced records or ‘composite sections’ for the
early Paleogene as a result of coring multiple holes at five
different sites over a depth transect of more than 2200 m.
Because of the exceptional good core recovery, it was
possible to resolve the complete spectrum of lithologic
variability down to the centimeter scale, including orbital-
paced oscillations. As a consequence, Leg 208 documented
the occurrence of a number of “critical” events of the early
Paleogene, several either previously undocumented or poorly
constrained [e.g., Lourens et al., 2005; Rohl et al., 2004,
2005; Zachos et al., 2005]. The primary objective of this
study is to establish a precise and continuous cyclostratig-
raphy for magnetochrons C24r and C25n and the relative
timing of the hyperthermals therein. The multiple composite
sections and high-resolution records of Leg 208 allow the
development of a timescale down to the precession scale. We
will make use of long and high-resolution time series of
continuous physical and chemical sediment parameters and
apply detailed spectral analysis in the depth domain as the
first step in timescale construction.

2. Material and Methods

[5s] Five Paleocene-Eocene (P-E) boundary sections were
recovered in multiple holes over a depth transect of more
than 2200 m at the Walvis Ridge (SE Atlantic, Figure 1)
during ODP Leg 208, which provide the first complete early
Paleogene deep-sea record with moderate to relatively high
sedimentation rates (1 to 3 cm/kyr) [Shipboard Scientific
Party, 2004b]. These records provide a detailed history of
paleoceanographic variations associated with several prom-
inent episodes of early Cenozoic climate change, including
the Paleocene-Eocene thermal maximum (PETM) [Zachos
et al., 2005]), and recently identified transient warming
events such as the ETM2. Both events are marked by
carbonate dissolution horizons in the Walvis Ridge sedi-
ments of which the latter was termed Elmo [Lourens et al.,
2005]. For this study we analyzed cores from ODP Sites
1262 (27°11.15'S, 01°34.62'E, 4755 mbsl), 1263
(28°31.98'S, 02°46.77'E, 2717 mbsl), 1265 (28°50.10s,
02°38.35'E, 3060 mbsl), and 1267 (28°05.88’S,
01°42.66'E, 4355 mbsl). In addition, we use data collected
from ODP Site 1051 (Leg 171B, Blake Nose, Figure 1)
[Bains et al., 2003; Cramer, 2001; Cramer et al., 2003;
Norris and Rohl, 1999; Rohl et al., 2000, 2003].

Figure 2. Composite records of ODP Leg 208 Sites (bottom to top) 1262, 1267, 1265, and 1263 (according to the water
depth) versus meters composite depth (mcd) or revised meters composite depth (rmcd). For all four sites, a* (redness over
greenness) color values are plotted in black. We plotted in red the magnetic susceptibility (Site 1267) or the Fe intensity
from high-resolution XRF logging on a logarithmic scale (Sites 1262, 1265, and 1263). For Sites 1262 and 1267 the
position of magnetochron boundaries with error ranges in gray are plotted. The pin with error bars indicate the position of
calcareous nannofossils datums (Sites 1267, 1263, and 1265 are revised shipboard data; Site 1262 is new data, this study):
Numbers stand for the following: 1, highest occurrence (HO) D. multiradiatus; la, D. multiradiatus decrease; 2, HO
T. contortus; 3, lowest occurrence (LO) T. orthostylus; 4, LO T. contortus; 5, LO D. diastypus; 6, HO Fasciculithus spp.; 7,
abundance crossover Fasculithus/Z. bijugatus; 8, range of R. calcitrapa gr.; and 9, LO D. multiradiatus. The two blue lines
across the four plots mark the position of the Elmo horizon (ETM 2) [Lourens et al., 2005] and the Paleocene-Eocene
thermal maximum (PETM, ETM 1) [Zachos et al., 2005].
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