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On the duration of magnetochrons C24r and C25n and the timing

of early Eocene global warming events: Implications from the

Ocean Drilling Program Leg 208 Walvis Ridge depth transect

Thomas Westerhold,1 Ursula Röhl,1 Jacques Laskar,2 Isabella Raffi,3 Julie Bowles,4

Lucas J. Lourens,5 and James C. Zachos6

Received 18 May 2006; revised 10 October 2006; accepted 6 November 2006; published 6 April 2007.

[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.

Citation: Westerhold, T., U. Röhl, J. Laskar, I. Raffi, J. Bowles, L. J. Lourens, and J. C. Zachos (2007), On the duration of

magnetochrons C24r and C25n and the timing of early Eocene global warming events: Implications from the Ocean Drilling Program

Leg 208 Walvis Ridge depth transect, Paleoceanography, 22, PA2201, doi:10.1029/2006PA001322.

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.

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 pCO2, 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
et al., 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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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;
Dinarès-Turell et al., 2002; Norris and Röhl, 1999; Röhl et
al., 2000, 2003], including cycle counting at Ocean Drilling
Program (ODP) Site 1051 [Röhl 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

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; Röhl 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

[5] 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 0S, 01�34.62 0E, 4755 mbsl), 1263
(28�31.980S, 02�46.770E, 2717 mbsl), 1265 (28�50.10s,
02�38.35 0E, 3060 mbsl) , and 1267 (28�05.88 0S,
01�42.660E, 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 Röhl, 1999; Röhl et al., 2000, 2003].

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).

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; 1a, 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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2.1. Physical Properties and X-Ray Fluorescence
(XRF) Scanning

[6] Color reflectance data (L*, a*, b*), and whole core
magnetic susceptibility data (MS) of the multisensor track
(MS-MST) measurements were routinely measured during
Leg 208 [Shipboard Scientific Party, 2004a]. Cyclic varia-
tions in these data reflect lithological changes at a decimeter
to meter scale and served as the primary means for high-
resolution correlation of Leg 208 sites [Shipboard Scientific
Party, 2004b]. In this study, we preferred to use the a* value
(red over green ratio, Figure 2) instead of the L* value
because it revealed a much better signal for time series
analysis.
[7] X-ray fluorescence (XRF) measurements of iron (Fe)

show a significantly higher signal-to-noise ratio and a more
consistent hole-to-hole agreement than any of the shipboard
physical property measurements (e.g., GRA, color reflec-
tance, MS). Therefore XRF data allow the construction of a
more accurate high-resolution composite depth scale [Evans
et al., 2004; Röhl and Abrams, 2000]. For our study we
measured the elemental composition of sediments from
ODP Sites 1262, 1263 and 1265 at the Bremen ODP Core
Repository (BCR) using the XRF core scanner II [Röhl and
Abrams, 2000; Röhl et al., 2000], which allows high-
resolution, nearly continuous, nondestructive analyses of
major and minor elements at the surface of split cores
[Jansen et al., 1998]. XRF data were collected every 2 cm
down-core over a 1 cm2 area using 30 s count time. We
scanned along the shipboard composite depth section (mcd)
of Sites 1262 (112–170 mcd) [Shipboard Scientific Party,
2004c], 1263 (287–340 rmcd) [Shipboard Scientific Party,
2004d], and 1265 (275–317 mcd) [Shipboard Scientific
Party, 2004e] with overlapping sections at the splice tie
points in order to check the accuracy of the shipboard
splice.

2.2. Calcareous Nannofossil Biostratigraphy

[8] Upper Paleocene–lower Eocene calcareous nannofos-
sil biohorizons across the magnetochrons C24r and C25n
interval were identified at Site 1262. Biohorizons were
defined from the distribution ranges of index species,
obtained through semiquantitative counting of selected taxa.
About 200 samples were collected at a resolution of one
sample every 4–20 cm from Site 1262. These samples were
processed following standard smear slide techniques, which
were analyzed with a polarizing microscope, at �1250
magnification. Semiquantitative data were obtained using
analytical methods developed in previous studies [e.g.,
Backman and Raffi, 1997; Backman and Shackleton,
1983; Rio et al., 1990], by counting the index species in
a preselected area of the slide in which each field of
view has a relatively constant particle (nannofossil) density.
The abundance of each index species is converted to
number/mm2.
[9] The obtained abundance patterns are moderately

affected by differential preservation of the nannofossil
assemblages, in which both dissolution of susceptible
species and overgrowth on resistant taxa, such as
Fasciculithus, Rhomboaster and Tribrachiatus, were ob-
served. The nannofossil assemblages showed the sequence

of evolutionary changes that make up the biostratigraphic
framework of the standard zonations of Martini [1971] and
Bukry [1973, 1978], from NP8/NP9 (CP7/CP8) boundary to
NP10/NP11 (CP9a/CP9b) boundary. We use ‘‘LO’’ (lowest
occurrence) and ‘‘HO’’ (highest occurrence) to denote the
first (lowest) and last (highest) occurrence of index species,
respectively. Positions of the nannofossil biohorizons, as
reported in Figure 2, are based on the new detailed data (at
Site 1262 and PETM interval at Site 1263) and revised
shipboard data (at Sites 1263, 1265 and 1267).

2.3. Magnetostratigraphy

[10] Discrete samples were taken from the working half
cores of Sites 1262 and 1267 in 8 cm3 cubes at 10 cm to 150 cm
spacing. Dense sampling (up to 10 cm) was conducted over
critical intervals such as the C24r-C24n reversal boundary.
Samples were alternating field (AF) demagnetized in steps
up to 40–60 mT, using the ‘‘double-demagnetization’’
technique [Tauxe et al., 1995] for AF levels above 30 mT.
Avertical drilling overprint was generally removed by 15 mT,
and the remanence direction was calculated by principal
component analysis [Kirschvink, 1980] for steps from 15 to
40 mT (4 to 6 points) for most samples. Directions with a
maximum angular deviation [Kirschvink, 1980] >15� or
samples that did not display univectoral decay during
demagnetization were rejected. The remaining inclinations
were used along with shipboard pass-through data to deter-
mine polarity. The position of the C24r/C24n reversal
boundary at Site 1262 is taken from Lourens et al. [2005].
A summary table with the magnetostratigraphic interpreta-
tion of Sites 1262 and 1267 is available in the auxiliary
material in Table S1.1 The magnetostratigraphy for Site 1051
was taken from the revised interpretation of Cramer et al.
[2003].

3. Results

3.1. XRF, Physical Properties, and Stratigraphy

[11] Physical property data and XRF-Fe intensity data
(Tables S2, S3, and S4 in auxiliary material tables) in
combination with magnetostratigraphic and biostratigraphic
interpretation show that our studied interval comprises
�4.5 Ma at Sites 1262 and 1267, and about 2 Ma at Sites
1263 and 1265 (Figure 2). All four sites contain the PETM
[Zachos et al., 2005] and ETM2 [Lourens et al., 2005]
events, and exhibit extraordinary and explicit high-frequency
cyclicity in the a*, MS, and Fe intensity records (Figure 2).
The correlation between Fe intensity and a* values is high
and is explained by the fact that a* is a measure of redness
in the sediment, which largely reflects the concentration of
iron (oxides) bearing minerals. Thus the observed variations
in Fe concentration are interpreted to reflect the amount of
terrigenous material in the sediment. Although, the MS
record exhibits very similar patterns (i.e., high MS corre-
sponds to high Fe intensity), the high-frequency variability
seems less well amplified. The MS signal is smoothed by
diamagnetic calcite and by postburial diagenetic alteration

1Auxiliary materials are available at www.pangaea.de (doi:10.1594/
PANGAEA.603177).
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(redox changes of Fe). Because bulk iron concentration is
less affected by postburial diagenetic alteration and ana-
lyzed at a much higher resolution we consider the Fe signal
to be much more reliable.
[12] The prominent warming events are characterized by

dark red to brown layers with all, very high a*, MS, and Fe
values (Figure 2), caused by strong carbonate dissolution
[Lourens et al., 2005; Zachos et al., 2005]. We established
the best constrained biostratigraphy and magnetostratigra-
phy of the studied interval for the deepest Site 1262 (4755 m
water depth). A magnetostratigraphy was also constructed
for Site 1267, but the uncertainty in the position of the
polarity boundaries is larger compared to Site 1262.

3.2. Revised Meters Composite Depth (rmcd) Scales

[13] A prerequisite for constructing a high-resolution
cyclostratigraphy for the late Paleocene and early Eocene
interval is a stratigraphically complete and undisturbed
sequence. For this purpose, a composite depth section (or
‘‘splice’’) was constructed for each site during the leg using
MS and color reflectance records with a 2.5 cm resolution.
Here we evaluate and correct the shipboard composite depth
(mcd) scales where needed by utilizing the new high-
resolution Fe intensity data integrated with color data
(a* values).
[14] This multiproxy comparison shows that the ship-

board splice for Sites 1262 and 1265 are essentially correct,
and thus suitable as a template for the other sites. We found
through comparison with Site 1262 that Sites 1263 and
1267 shipboard splices required only minor revisions.
Where needed, we vertically shifted the individual cores
for each site without allowing expansion or contraction of
the relative depth scale within any core, which is similar to
the method of shipboard software ‘‘Splicer.’’ We then
assembled a new single spliced record of the revised
composite depth section for Sites 1263 and 1267 avoiding
intervals with significant disturbance or distortion. For the
construction of the revised records, we mostly used the
same tie points between holes as defined for the shipboard
splice. Changes in the position of tie points in the new
revised spliced record (compared to the shipboard splice)
are highlighted as bold letters in the splice tables of each
site.
[15] The shipboard splice for Site 1263 is relatively robust

down to 296 mcd, where the first adjustment, only 8 cm,
was made. Below 318.50 mcd we identified a larger

mismatch of Core 1263B-27X to cores of Holes A, C,
and D, which was likely the result of differential stretching
of APC and XCB cores [Shipboard Scientific Party, 2004d].
We assembled a new composite record (rmcd) for Site 1263
to match the record from Site 1262 (Tables S5 and S6 in the
database). The Site 1267 splic e (Tables S7 and S8 in the
database) needed minor refinements only in order to opti-
mize the spliced record down to centimeter-scale cycles. We
therefore decided to construct a modified splice below
180.25 mcd to also match the Site 1262 record.

4. Cyclostratigraphy

4.1. Cycles in the Depth Domain

[16] To investigate whether the cyclicity in our data
records is related to orbital forcing we essentially followed
the approach of Weedon [1993, 2003] and calculated evo-
lutionary spectra in the depth domain to both identify the
dominant cycle periods, and to detect distinct changes in
these cycle periods. Wavelet analysis was used to compute
evolutionary spectra. Wavelet software was provided by
C. Torrence and G. Compo, and is available at http://paos.
colorado.edu/research/wavelets. Prior to wavelet analysis the
data were detrended and normalized.
[17] The presence of parallel bands in the wavelets for

Sites 1267 and 1262 demonstrate that spectral power is
confined to distinct frequency bands (Figure 3). The ab-
sence of a strong shift in the bands for both sites suggests
stable and uniform sedimentation rates prevailed throughout
the investigated interval. A slight shift toward lower periods
from 150 to 140mcd in the evolutionary spectra for Site 1262
might indicate a decrease in sedimentation rate prior to
the PETM (�140 mcd) (Figure 3). Spectral analyses of
the interval prior to the PETM (Figure 3c for Site 1267,
Figure 3f for Site 1262), and between PETM and ETM2
(Figure 3b for Site 1267, Figure 3e for Site 1262) reveal
related frequencies of the dominant cycles: Site 1267 shows
dominant cycles at 0.15, 0.66, and 2.6–3.6 m/cycle with a
minor shift at high frequencies across the PETM. Site 1262
exhibits dominant cycles at 0.13, 0.66, and 2.6–4.1 m/cycle.
The periodicities have a nearly perfect 1:4:20 frequency
ratio and are diagnostic for a combination of the long
(405 kyr) and short (100 kyr) eccentricity cycle, and the
mean precession (21 kyr) cycle. Spectral analysis of
Site 1262 also reveals the split precession (23.7 kyr, 22.4 kyr,
and 19 kyr), and split short eccentricity (125 kyr and 95 kyr)

Figure 3. Evolutionary wavelet analysis of the a* value for (a) Site 1267 with power spectra for periods (b) between the
PETM and Elmo horizon and (c) prior to the PETM and (d) Site 1262 in the depth domain with power spectra for periods
(e) between the PETM and Elmo horizon and (f) prior to the PETM. The shaded contours are normalized linear variances,
with blue representing low spectral power and red representing high spectral power. The black contour lines enclose regions
of greater than 95% confidence. Cross-hatched regions on either end indicate the cone of influence where edge effects
become important. Note the distinct bands (marked by arrows) that run across the spectra that indicate the dominance of
Milankovitch-related periods (precession with a central frequency of 21 kyr and eccentricity with frequencies at 100 and
405 kyr). In Figures 3b and 3c and 3e and 3f the Blackman-Tukey power spectra (bold black line) have been calculated by
the AnalySeries program [Paillard et al., 1996] using 80% confidence interval (gray area, 30% of series); bold red line is
the estimated background noise (10% of series). Bandwidth (BW) and confidence limits are based on a Bartlett window
with a number of lags that equal 30% of the length of the data series. The spectra reveal strong spectral peaks at precession
and eccentricity-related periodicities according to biostratigraphy and magnetostratigraphy.
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related peaks. This is compelling evidence for a unique
match of the sedimentary rhythm to orbital forcing as
proposed by Herbert et al. [1995]. The magnetostratigraphic
data likewise suggest that these dominant cycles correspond
to variations in Earth’s eccentricity and precession. The
most important result is the evidence of the long eccen-
tricity cycle, because the long duration of stability of the
405-kyr eccentricity cycle can be used for orbital tuning
[Laskar et al., 2004; Varadi et al., 2003]. The individual
spectra of a* and Fe do not show indication for obliquity-
related cyclicity.

4.2. Cyclostratigraphy From the PETM to the Chron
C24r/C24n Boundary

[18] We used direct cycle counting and Gaussian band-
pass filtering of the data to construct a cyclostratigraphy
from the PETM to the chron C24r/C24n boundary using
data from Sites 1262, 1263, 1265, and 1267 (Figure 4a). For
the band-pass filtering we removed the PETM and the Elmo
horizon from the data in order to avoid filter disturbance. As
a fixed starting point to count precession cycles we used the
onset of the carbon isotope excursion (CIE) [Zachos et al.,
2005], which is a global event [Kennett and Stott, 1991;
Schmitz et al., 2001] that defines the Paleocene-Eocene
boundary [Luterbacher et al., 2000]. For counting toward
the younger section from the PETM we assigned positive
numbers (i.e., for precession cycles, P10; for short eccen-
tricity cycles, E10), counting back in time older than the
PETM we used negative numbers (i.e., P�10; E�10). The
most expanded succession of the PETM was recovered at
Site 1263; but all Leg 208 sites are condensed during the
PETM because of dissolution of calcium carbonate [Zachos
et al., 2005]. In addition, the PETM interval at Walvis Ridge
does not reflect obvious sediment cycles but according to
the cycle counting at Site 690 the duration of the period
of the clay layer with low calcium carbonate content at
Walvis Ridge covers the equivalent of 5 precession cycles
(�105 kyr). The duration of the interval with lower car-
bonate values at Site 690 from cycle counting [Röhl et al.,
2000] is consistent with the He isotope age model of
Farley and Eltgroth [2003]. For the Walvis Ridge sites
we labeled the first precession cycle after the clay layer,
starting with the recovery interval of the PETM, as preces-
sion cycle 6 (Figure 4a). On the basis of on this, from the
base of the CIE we counted 88 precession cycles up to the

ETM2 (Figure 4a). Cycle counting was straightforward
from P cycles P6 to P85. Minor gaps at Sites 1263 and
1265 (Figure 4a) are covered by records from Sites 1262
and 1267. In the area of cycles P86 to P90 counting was
difficult at the deeper Sites 1262 and 1267 because of the
carbonate dissolution within the Elmo horizon [Lourens et
al., 2005]. However, both Sites 1265 and 1263 indeed exhibit
well pronounced cycles numbered 86 to 88 (Figure S1 in
auxiliary material). The ETM2 reveals similar features as the
PETM with stronger condensation of sections at deeper sites
[Lourens et al., 2005]. The succession above the Elmo
horizon exposes clear cyclicity at least up to cycle P98, which
is well within chron C24n.3n as pinpointed in Sites 1262 and
1267. The best constrained paleomagnetic signal retrieved
from Site 1262 shows that the C25r/C24n boundary is close
to cycle P96 with an uncertainty of �2 cycles.
[19] After the extraction of the short- and long-term

related eccentricity cycles from the a* record at all four
sites (Figure 4a) 17 short eccentricity cycles are identified
that encompass the precession-related cycles P7 to P85. Each
short eccentricity cycle consists therefore of�4.5 precession-
related sedimentary cycles. Application of this relationship
would imply that cycles P�3 to P6 represent two full eccen-
tricity cycles. In addition, cycles P85 to P90 compose one
short-term eccentricity cycle that accompanies the ETM2.
Accordingly, the ETM2 coincides with short-term eccentric-
ity maximum E19, and the onset of the PETMwith short-term
eccentricity maximum E0. Moreover, the records reveal
�4.5 long-term eccentricity cycles between the onset of the
PETM and ETM2.

4.3. Cyclostratigraphy From Below the Chron
C25r/C25n Boundary to the PETM

[20] Direct cycle counting and Gaussian band-pass filter-
ing of data from Sites 1262 and 1267 has been used to
construct a cyclostratigraphy from below the C25r/C25n
reversal boundary to the PETM (Figure 4b). A total of 105
precession-related cycles were identified for this interval.
Cycle counting is straightforward for Site 1262 and 1267,
although the a* signal in Site 1267 is noisy between 245 and
257 rmcd, because of drilling disturbance [Shipboard
Scientific Party, 2004f]. As check on the cycle counts, we
compared our records of Sites 1262 and 1267 with the Fe
intensity data from ODP Site 1051 [Röhl et al., 2003]. This
comparison shows that 5 precession-related cycles are

Figure 4. Cycle counting of (a) early Eocene and (b) late Paleocene sediments at Walvis Ridge using the a* value (black
line) of the color data and high-resolution Fe intensity data (Sites 1262, 1265, and 1267, red line). In Figure 4b, Fe data
from Site 1051 [Röhl et al., 2003] versus a new composite depth (rmcd, this study) are plotted. For each site the small black
numbers indicate the number of precession cycles relative to the onset of the PETM. The position of the PETM and the
Elmo horizon are indicated (blue line) and are thus according to the precession cycle counting 88 cycles apart. The short
(bold green) and long (bold black) eccentricity-related cycles have been extracted by Gaussian filtering of a* value (Sites
1267 and 1265) and Fe intensity data (Sites 1262 and 1263). For Site 1262, filter frequency for long (short) eccentricity
cycle is 0.19 ± 0.057 (0.80 ± 0.24) cycles/m. For Site 1267, filter frequency for long (short) eccentricity cycle is 0.15 ±
0.045 (0.66 ± 0.20) cycles/m. For Site 1263, filter frequency for long (short) eccentricity cycle is 0.10 ± 0.03 (0.41 ± 0.123)
cycles/m. For Site 1265 filter frequency for long (short) eccentricity cycle is 0.12 ± 0.036 (0.46 ± 0.138) cycles/m. The
green numbers indicate the short eccentricity maxima, whereas cycle E0 comprises the PETM, thus the distance between the
PETM and Elmo horizon is 19 short eccentricity cycles. In addition, we labeled the long eccentricity maxima with roman
numbers -V to IV relative to the PETM.
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missing at Site 1051 (P�4 to P1) between cycles P�6 and
the onset of the PETM. This might imply that a debris flow
of chalk clasts observed just below the CIE [Katz et al.,
1999; Norris et al., 1998] may have eroded �125 kyr of
sediment at Site 1051 rather than the previously estimated
several ten thousand years [Norris and Röhl, 1999]. Our
revised meters composite section (rmcd) for Site 1051 also
results into the identification of 3 additional precession-
related cycles in the interval from 515 to 517 rmcd. The
well pronounced cyclicity at Site 1051 between cycles P�30

and P�80 substantially helped to constrain the correct
number of precession cycles across chron C25n. The depth
filter output (Figure 4b) resulted in 23 short (including the

short eccentricity cycle E0 that encompasses the PETM),
and 5.5 long eccentricity cycles from the PETM to cycle
P�105. A closer look at the filter outputs for each site
(Figure 4b) shows differences at short eccentricity cycles
E�3 and E�15/�16. However, combining the data from
different sites we feel confident that E�3 represents only
one cycle, and that E�15 and E�16 are separate cycles as
indicated by the filter output of Sites 1267 and 1051. These
uncertainties are bound to intervals in the different records
characterized by low-amplitude variations, which might
affect the filter output. The characteristic precession-related
cycle patterns of the three sites from two different areas in
the Atlantic Ocean enables us however to establish a very

Figure 4. (continued)
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accurate cyclostratigraphy which we consider to be reliable
within one precession cycle.

5. Discussion

[21] To construct a timescale for the early Eocene warm-
ing events, and their relative position to paleomagnetic
boundaries and biozones we follow the metronome
approach of Herbert et al. [1995] assuming that each cycle

represents a duration equal to the mean period of the orbital
parameter that forced its formation. According to Herbert et
al. [1995] 21-kyr is a good estimate for the mean of the
main modern precession periods for cycle counts of more
than �7 cycles. Previous studies have shown that the main
periodicities of precession and obliquity have increased
with time because of tidal friction resulting from the
gravitational attraction of the sun and moon [e.g., Berger
et al., 1992; Dehant et al., 1987; Hinnov, 2000; Laskar,

Table 1. Estimates for the Duration of Magnetochrons and the Position of Eocene Events Based on Cycle Countinga

Site(s) Study Eccentricity Cycles Precession Cycles Duration, kyr

C24r
577, 550, 1051, 690 Cramer et al. [2003] �24 �2350 ± 100
1051A Cramer [2001] 115–157 2856 ± 441
1051 Röhl et al. [2003] 137 2877
1051 this study 146 ± 5 3066 ± 105
1262 this study 148.5 ± 2.5 3118.5 ± 52.5
1267 this study 154 ± 6 3234 ± 126
1051, 1262, 1267 this study 148 3108
spline Cande and Kent [1995] 2557
spline GTS2004 2858

C25n
577, 550, 1051, 690 Cramer et al. [2003] �450
1051 Röhl et al. [2003] 24 ± 1 504 ± 21
Zumaia Dinarès-Turell et al. [2002] 22 ± 1 462 ± 21
1262 this study 24 ± 1 504 ± 21
1267 this study (12 ± 14) (252 ± 294)
1051, 1262 this study 23 483
spline Cande and Kent [1995] 487
spline GTS2004 515

Base C24r to PETM (base of CIE)
577, 550, 1051, 690 Cramer et al. [2003] �39–41 850 ± 30
1051A Cramer [2001] 43 ± 2 903 ± 42
1051 Röhl et al. [2003] 45 ± 1 945 ± 21
Zumaia Dinarès-Turell et al. [2002] 47 987
1262 this study 53 ± 1 1113 ± 21
1267 this study 55 ± 2 1155 ± 42
1051 this study 53 ± 2 1113 ± 42
1051, 1262, 1267 this study 53 1113
spline Cande and Kent [1995] 904
spline GTS2004 865

Base C24n to PETM (Base of CIE)
577, 550, 1051, 690 Cramer et al. [2003] �1500
1051A Cramer [2001] 93 ± 19 1953 ± 399
1051 Röhl et al. [2003] 92 1932
1262 this study 95 ± 2 1995 ± 42
1267 this study 99 ± 4 2079 ± 84
1051 this study 93 ± 3 1953 ± 63
1051, 1262, 1267 this study 95 1995
spline Cande and Kent [1995] 1653
spline GTS2004 1992

Base C24n to Elmo
1262 this study 8 ± 2 168 ± 42
1267 this study 11 ± 4 231 ± 84
1262, 1267 this study 8 168

ELMO to PETM
577, 550, 1051, 690 Cramer et al. [2003] 1320 ± 30
1262, 1267 Lourens et al. [2005] �21 - 2035
1262, 1263, 1265, 1267 this study 19 87 ± 1=2 1827 ± 11

aErrors take into account only the uncertainty of the exact position of magnetic reversal boundaries at 1051, 1262, and 1267; the error associated with
cycle counting is not added.
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1999; Laskar et al., 2004; Néron de Surgy and Laskar,
1997]. Although 55 Ma ago the average precession fre-
quency is predicted to have been higher than today (�1/
(20.7 kyr) [Berger et al., 1992]) because the Earth-Moon
distance was shorter, and the rotation of the Earth faster
[Laskar et al., 2004], we used 21 kyr as the mean duration
for the counted precession cycles because of the close
correspondence between the ratios of modern eccentricity
and precession cycles with those observed in this study.
Additionally, this allowed for a more direct comparison with
former estimates based on cycle counting [Cramer, 2001;
Röhl et al., 2003]. Because we counted more than 200
precession cycles the estimated timescale error by using
orbital-forced cycle stratigraphy is less than 2% [Hinnov,
2004].

5.1. Duration of Chrons C24r and C25n

[22] Chron C24r consists of 148.5 ± 2.5 precession cycles
according to our cycle counting and the geomagnetic
polarity data for Site 1262, which corresponds with a
duration of 3118.5 ± 52.5 kyr (Table 1). A total of 154 ±
6 precession cycles (3234 ± 126 kyr) have been counted at
Site 1267, because of the weakly defined top of C24r.
Reanalysis of Site 1051 revealed 8 additional precession
cycles over the previous counts which were considered to
provide ‘‘minimum’’ estimates [Cramer et al., 2003; Ogg
and Bardot, 2001; Röhl et al., 2003], resulting in a total of
146 ± 5 precession cycles (or 3066 ± 105 kyr). On average,
C24r has a mean duration of �3108 kyr, but we consider
the estimate on Site 1262 (3118 ± 52 kyr) to be the most
reliable (Table S1). This estimate is 260 kyr larger than that
presented in the GTS2004 [Gradstein et al., 2004] (see
discussion below) which was based on the minimum cycle
counting of Röhl et al. [2003]. Discrepancies with previous
cyclostratigraphies and timescales [Cramer, 2001; Cramer
et al., 2003; Ogg and Smith, 2004; Röhl et al., 2003] can be
attributed to unrecognized gaps in previously single-cored
sites as well as poorly expressed lithological cycles resulting
in underestimates of cycles and the durations of specific
intervals.

[23] In contrast to magnetochron C24r, the duration of
chron C25n is well constrained in both marine- and land-
based sections [e.g., Dinarès-Turell et al., 2002; Röhl et al.,
2003]. Cycle counting in the record from Site 1262 yields
24 ± 1 (504 ± 21 kyr) precession cycles within chron C25n
(Table 1). The top of C25n is well defined in Site 1267, but
not its base. Therefore just part of C25n (12 ± 14 precession
cycles, = 252 ± 294 kyr) is represented in the Site 1267
record. The duration of C25n as determined at Site 1262, is
similar to the estimate for Site 1051 (Figure 4b). Combining
the cycle count for both Sites 1262 and 1051 yields an
average of 23 precession cycles (or duration of 483 kyr) for
chron C25n. This agrees very well with previous estimates
from Site 1051 [Röhl et al., 2003] and the land-based
Zumaia section [Dinarès-Turell et al., 2002] (Table 1).

5.2. Calcareous Nannofossil Biochronology

[24] The lowest occurrence (LO) of Tribrachiatus
bramlettei was chosen by Martini [1971] to define the base
of the calcareous nannofossil zone NP10, which often was
used as an approximation of the P/E Boundary. The identity
and systematic position of nannofossil marker species in
C24r has been discussed by various authors, and their
different viewpoints have lead to different interpretations
of the same data [see, e.g., Aubry et al., 1996; Berggren and
Aubry, 1996; Cramer et al., 2003; Raffi et al., 2005]. For
example, the unreliability (diachrony) of T. bramlettei LO
biohorizon [e.g., Cramer et al., 2003; Raffi et al., 2005]
suggests to consider the LO of Rhomboaster calcitrapa gr.
(= LO of Rhomboaster spp.), which defines the base of
Bukry’s [1973, 1978] subzone CP8b and occurs within the
CIE interval, a better biohorizon to approximate the bound-
ary. Moreover, recent results from Leg 199 indicate that the
previously proposed subdivision of Martini’s [1971] zone
NP10 (NP10a–NP10d) [Aubry, 1999] is erroneous, because
of differences in stratigraphic relationship between the
index species Tribrachiatus contortus and Tribrachiatus
digitalis [Raffi et al., 2005]. This finding is confirmed by
the results at Site 1262. Because of the needed extensive
revision of the late Paleocene and early Eocene biostratig-

Table 2. Revised Estimates for Calcareous Nannoplankton Biostratigraphic Datum Levels at Site 1262 Relative to the Age of the PETMa

Event
Nannofossil
Marker

Mean Depth,
mcd

Mean Age Relative to
Onset PETM, kyr

Chron Percentage
From Topb

HO T. contortus 118.085 ± 0.105 1740 ± 8 C24r.082
Decrease D. multiradiatus 119.375 ± 0.105 1646 ± 7 C24r.112
LO T. orthostylus 120.665 ± 0.105 1558 ± 7 C24r.140
LO T. contortus 125.615 ± 0.015 1177 ± 1 C24r.263
LO D. diastypus 127.445 ± 0.105 1054 ± 7 C24r.302
HO Fasciculithus spp. 135.865 ± 0.105 403 ± 9 C24r.511
HO R. calcitrapa gr. 139.715 ± 0.005 85 ± 1 C24r.613
Abundance crossover Fasculiths/Z. bijugatus 139.78 ± 0.01 74 ± 2 C24r.616
Lowermost specimen T. bramlettei 139.975 ± 0.005 36 ± 1 C24r.628
LO R. calcitrapa gr. 140.015 ± 0.005 27 ± 1 C24r.631
Decrease in diversity of Fasciculithus 140.1475 ± 0.0025 �5 ± 1 C24r.642
LO D. multiradiatus 154.605 ± 0.105 �1238 ± 7 C25n.226
HO Ericsonia robusta 157.995 ± 0.105 �1500 ± 11 C25n.739

aAbbreviations are HO, Highest Occurence; LO, Lowest Occurence; minus sign indicates before PETM. Error takes into account only the sampling
distance; error associated with cycle counting is not added.

bRead, for example, C24r.082 as 8.2% of chron 24r follows the biostratigraphic level.
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raphy, we here provide information on the relative position
of nannofossil events in C24r and 25n as well as their
absolute age only (Table 2).

5.3. Relative Timing of Early Eocene Warming Events

[25] The pronounced precession cycles within C24r
allowed us to define the exact positions of both early
Eocene hyperthermal events, the PETM and ETM2
[Kennett and Stott, 1991; Lourens et al., 2005]. For the
PETM we defined the onset (P0) as a fixed point, and for the
position of ETM2 we chose to use the associated maximum
peak in a* values (P88) as a fixed point (= midpoint Elmo
horizon). According to our cyclostratigraphy the onset of the
PETM is 53 ± 1 (1113 ± 21 kyr) and 55 ± 2 (1155 ± 42 kyr)
precession cycles above the C25n/C24r reversal boundary in
the Sites 1262 and 1267 records, respectively. The combi-
nation of Walvis Ridge sites and Site 1051 yields 53 ± 2
(1113 ± 42 kyr) cycles between the PETM and C25n/C24r
(Table 1). This new estimate of 53 precession cycles
representing 1113 kyr is �160 kyr longer than previous
estimates from marine-based sections [Cramer, 2001;
Cramer et al., 2003; Röhl et al., 2003]. These latter
estimates were based, however, on the incomplete Site
1051 only, which also contains a slumped interval at the
base of the PETM [Katz et al., 1999]. Other records (e.g.,
DSDP Sites 550, 577, and ODP Site 690) clearly possess

gaps because of stratigraphic hiatuses or recovery issues
[Cramer et al., 2003]. In contrast, a total of only 47
precession cycles have been counted in the Zumaia section
between the base of C24r and the PETM [Dinarès-Turell et
al., 2002]. The discrepancy with our estimate is likely the
result of one or a combination of factors including; (1) the
missing interval from �12 to �14 m in the Zumaia outcrop
[Dinarès-Turell et al., 2002], (2) less developed precession
cycles (overhanging carbonate banks), and/or (3) the dura-
tion of the thick clay interval associated with base of PETM.
[26] In the interval between the PETM and the C24r/C24n

reversal boundary we identified 95 ± 2 (1995 ± 42 kyr),
99 ± 4 (2079 ± 84 kyr), and 93 ± 3 precession cycles (1953 ±
63 kyr) for Sites 1262, 1267 and 1051, respectively (Table 1).
On the basis of correlation of the three sites we assigned
95 precession cycles (or 1995 kyr) from the PETM to the top
of C24r. The difference between our results and those of
Röhl et al. [2003] for Site 1051 can be largely explained by
the adoption of the new high-resolution paleomagnetic data
of Cramer et al. [2003]. Our results show, moreover that the
interval between the onset of the PETM and the ETM2 spans
87 ± 0.5 precession cycles (1827 ± 11 kyr). This time span is
equivalent to �19 short eccentricity cycles. Previously,
Lourens et al. [2005] estimated 21 short eccentricity cycles
for this interval based on the recognition of 18 short
eccentricity cycles in the MS and L* records of Sites 1262

Figure 5. Comparison of filter outputs derived from Site 1262 magnetic susceptibility (MS) (black) and
Fe intensities (red) between the PETM and Elmo horizon. The same Gaussian filters were applied to
extract the 100-kyr component (0.8 ± 0.104 cycles per m) and the 405-kyr component (0.17 ± 0.022
cycles per m) as done by Lourens et al. [2005] to show how the resolution and quality of data have an
influence on the filter output. The black numbers represent the number of short eccentricity cycles as
proposed by Lourens et al. [2005], whereas the red numbers represent the number of short eccentricity
cycles as proposed in this study. The gray box highlights the interval where the filter outputs between MS
and Fe intensity give inconsistent results. The resulting mismatch of �100 kyr between the two data sets
is also present as an offset in the long eccentricity filter output.

PA2201 WESTERHOLD ET AL.: TIMING OF EARLY EOCENE WARMING EVENTS

12 of 19

PA2201



and 1267 between the top of the PETM and the base of the
Elmo horizon (Figure 5), and the assumption that the PETM
consists of 11 precession cycles [Röhl et al., 2000]. They
concluded that both the ETM2 and the onset of the PETM
are related to maxima of the 405-kyr eccentricity cycle.
Spectral analysis of the higher-resolving and higher-quality
data presented in this study, however, reveal only 17 short
eccentricity cycles between the top of the PETM and the
base of the Elmo horizon now (Figure 4). Using the same
band-pass filter as given by Lourens et al. [2005] (see
auxiliary material Figure S1) the series for Fe (and a*) of
Site 1262 reveals one short eccentricity cycle less than that
of the MS in the interval of low-amplitude variability around
125 mcd (Figure 5). If we consider the quality (signal-to-
noise ratio) of the MS and L* data subordinate to that of the
Fe and a* records, this implies that Lourens et al. [2005]
overestimated the amount of short-term eccentricity cycles
in this interval. Because of the consistency between preces-
sion cycle counting and band-pass filtering of proposed short
eccentricity cycles in our records, we conclude that the
distance between the top of the PETM and the base of the
Elmo horizon spans 17 rather than 18 short eccentricity
cycles.
[27] Secondly, applying the He isotope age model [Farley

and Eltgroth, 2003] proposes a much shorter duration
(about 90–140 kyr) than the 11 precession cycles assumed
for the duration of the PETM [Röhl et al., 2000], even
though this method also includes many uncertainties in
particular for the recovery interval of the PETM [Farley
and Eltgroth, 2003]. Derived from the detailed correlation
of Walvis Ridge Fe data to those of Site 690 in the Southern
Ocean [Zachos et al., 2005], the interval from the onset of
the PETM to the base of eccentricity cycle 19 of Lourens et
al. [2005] could alternatively be made up of about 7 to
8 rather than 11 precession cycles. As a consequence, our
new results suggest that both the PETM and ETM2 may
correspond to short-term eccentricity maxima, but in con-
trast to previously thought [Lourens et al., 2005], both
events are not exactly tied to maxima in the long-term
eccentricity (405 kyr) cycle, because they are exactly 4.5
long-term eccentricity cycles apart.
[28] Finally, we summarized the relative position of the

PETM and ETM2 within C24r following the system of
Hallam et al. [1985] and the recommendation of Cande and
Kent [1992] to use an inverted stratigraphic placement
relative to the present. We propose that the duration of
chron 24r is 3118 kyr (148 precession cycles) and that the
onset of the PETM is 1995 kyr (95 precession cycles)
before the chron C24r/C24n boundary. As such, the notation
of C24r.64 is assigned to the onset of the PETM indicating
that 64% of chron C24r follows the onset of the PETM.
Similarly, a compilation of continental sections from the
Bighorn Basin yields exactly the same relative stratigraphic
position with respect to the chron C24r/C24n boundary
[Wing et al., 2000]. The ETM2 is located 8 ± 2 precession
cycles or 168 ± 42 kyr at Site 1262 and 11 ± 4 precession
cycles or 231 ± 84 kyr at Site 1267 below the chron C24r/
C24n boundary. We considered the results from Site 1262 to
be more reliable because of the higher quality in paleomag-
netic data. Following the same stratigraphic concept, the

ETM2 is labeled C24r.05 indication that 5% of chron C24r
follows the event.

5.4. Toward an Absolute Timescale for the Late
Paleocene and Early Eocene

[29] The records from the Walvis Ridge display a strong
precession signal, which theoretically could be used for
orbital tuning in a similar manner to the tuning of the
Oligocene and Miocene at the Ceara Rise [Shackleton and
Crowhurst, 1997; Shackleton et al., 1999, 1995]. A direct
tuning of the late Paleocene to early Eocene records to
astronomical solutions is hampered because of the limited
precision of the orbital solution [Laskar et al., 2004; Varadi
et al., 2003]. In fact, the orbital solution of Laskar et al.
[2004] (La2004) is considered to be valid back to 40 Ma
[Pälike et al., 2004]. The imprecise knowledge of the solar
oblateness term J2 is one of the main sources of uncertainty
in the La2004 solution [Laskar et al., 2004]. This limits an
accurate age determination of successive minima in the very
long eccentricity cycle (�2.4 Ma), which is the prerequisite
to set up a first-order timescale [Hilgen, 1991; Pälike et al.,
2004; Shackleton et al., 2000] in the Paleogene. Another
eccentricity time series, solution R7 of Varadi et al. [2003]
(Va2003), is very similar to La2004 back to ca. 45 Ma, but
diverges beyond that age for the same reason. As a
consequence, Laskar et al. [2004] recommended that for
the construction of an astronomically calibrated timescale in
the Paleogene only the very stable 405-kyr-long eccentricity
period should be utilized. The period is related to the
leading g2-g5 argument in the orbital solution of eccentric-
ity, which has an age uncertainty of about 20 kyr at 50 Ma
[Laskar et al., 2004]. Nevertheless, in the following section
we will make a tentative comparison between our records
and the La2004 and Va2003 solutions to give new insight
into currently used absolute age models.
[30] An effective method to assess the relationship

between amplitude modulation in the data and in the
hypothetical forcing is complex demodulation [Shackleton et
al., 1995]. In order to compare our data with current astro-
nomical solutions we first have to extract the short and stable
long eccentricity modulation from the climatic precession
signal encoded in the data. We extracted the amplitude
modulation of the climatic precession (�21 kyr) and the
main orbital eccentricity signal (�405 kyr, �100 kyr) of the
data using the freeware ENVELOPE [Schulz et al., 1999].
ENVELOPE estimates temporal changes in the signal ampli-
tude of unevenly spaced data at a given period using a
modified version of the harmonic-filtering algorithm of
Ferraz-Mello [1981]. To obtain a comparable relative time-
scale for our records we used the cycle counting age model
assuming �21 kyr for the precession cycle duration and
arbitrarily set an age of 1 Ma for the Elmo horizon. The
resulting time series and sedimentation rates for the Fe
intensity data from Site 1262 are plotted in Figure 6a. The
age model is provided in auxiliary material Table S9. The
average sedimentation is 1.2 cm/kyr, though rates seem to
vary in a cyclical fashion with lower rates corresponding
with the low-carbonate intervals, possibly because of dis-
solution. Likewise, the PETM and Elmo horizon are char-
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Figure 6
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acterized by the lowest sedimentation rates (�0.5 cm/kyr)
[Lourens et al., 2005; Zachos et al., 2005].
[31] We extracted the amplitude modulation of short and

long eccentricity from Site 1262 Fe and a* data using
central filter periods of 21 and 95 kyr with ±15% band-
width, respectively (Figures 6b and 6c). We used a window
width factor (wfac) of 4 times the designated filter period,
and a Welch taper-type window. The PETM and Elmo
horizon were removed from the data set to avoid signal
amplitude artifacts. The extracted short and long eccentric-
ity paced signals (Figures 6b and 6c) show prominent
amplitude modulations, although slight differences can be
identified between the Fe and a* data. Given the higher
sampling rate and lower signal-to-noise ratio the Fe data
clearly provide a higher-fidelity record of orbital variations.
The most important feature is the presence of two minima
in the very long eccentricity cycle at �1.25 Ma (IV) and
�3.3 Ma (�I) according to the relative timescale (Figure 6b).
These can be easily identified in all data sets as intervals of
very low-amplitude modulation of the climatic precession
cycles (see Figures 4a and 4b). The second important
feature is the lack of a transition in the eccentricity and
precession-amplitude-modulation period from �2.4 to
�1.2 Myr between 53 and 58 Ma. The detection of the
first transition from a �2.4 to �1.2 Myr period is though to
provide some extreme constraint for the gravitational model
of the Solar System and therefore future orbital solutions
(for discussion see Laskar et al. [2004] and Pälike et al.
[2004]). A final feature is related to the alignment of the
onset of the PETM and the ETM2 relative to the short- and
long-term eccentricity cycles. While the PETM aligns with
a decreasing branch of a 405-kyr eccentricity cycle, the
ETM2 falls at a increasing branch, not with a 405-kyr
maximum [Lourens et al., 2005] or a 405-kyr minimum
[Cramer et al., 2003] as previously speculated. Neverthe-
less, both events seem to be related to a short eccentricity
maximum as proposed by Lourens et al. [2005].
[32] Subsequently a tentative comparison was made be-

tween the extracted amplitude modulations of a* and Fe
records, and the current available astronomical solutions
(Figure 6b). This may provide a first-order positioning of

the Walvis Ridge records with respect to absolute ages. The
two solutions, La2004 and Va2003, are almost identical for
the 405-kyr component of orbital eccentricity in the period
between 58.4 and 53 Ma (Figure 6b), while they differ for
both the short-term (�100 kyr) and the very long-term
(�2.4 Myr) components of eccentricity [Laskar et al., 2004].
For example a minimum in the long-term (�2.4 Myr)
component of eccentricity occurs around 55.7 Ma in
La2004, but around 56.1 Ma in Va2003 (Figure 6). The
similarity of both solutions in this period might be due to the
fact that both are adjusted to the Jet Propulsion Laboratory
ephemeris DE406. Because of uncertainties in the astronom-
ical computations [Laskar et al., 2004] and in radiometric
dating for this time interval [Machlus et al., 2004], only a
floating timescale can be constructed using the stability of
the 405-kyr eccentricity cycle as constraint.
[33] Starting point for tuning is the estimate of 55.3 Ma

for the PETM in the Bighorn Basin [Wing et al., 2000]
based on the magnetostratigraphy [Tauxe et al., 1994],
biostratigraphy [Wing, 1984], and an 40Ar/39Ar age of
52.8 ± 0.16 Ma [Wing et al., 1991] for the base of chron
C24n.1n [Tauxe et al., 1994]. To align our records with the
stable 405-kyr cycle, however, we have to shift them
�200 kyr relative to that estimate in either direction. The
best fit was obtained by aligning precession cycle 33 to the
age datum of 54.850 Ma, which lies close to a maximum in
the 405-kyr cycle (Figure 6c). This is reflected in the
comparison of the demodulated 405-kyr and 95-kyr ampli-
tude component of the precession cycles in the Fe and a*
data with the two eccentricity solutions (Figure 6c). If we
assume that the eccentricity solutions La2004 and Va2003
are correct, all other options must be rejected, because the
ages of the PETM and reversal boundaries would deviate by
more than 1.6 Ma from published estimates [Cande and
Kent, 1992, 1995; Lourens et al., 2005; Ogg and Smith,
2004]. Applying the eccentricity solutions La2004 and
Va2003 and correlating our data to them we would derive
an absolute age of�55.53 Ma for the PETM and�53.69 Ma
for the ETM2 (Table 3). In this case, magnetochron C25n
would have lasted from�57.16 Ma to�56.65 Ma, and C24r
from �56.65 Ma to �53.53 Ma. The error given in Table 3

Figure 6. Comparison of relative cycle counting timescale with present astronomical solutions for orbital eccentricity.
(a) Results of relative timescale: Site 1262 detrended Fe intensity data (red line) using a high-pass filter versus relative cycle
counting age in Ma. We assume that the mean duration of one precession cycle is 21.0 kyr, and we set the Elmo horizon
arbitrarily to 1.0 Ma. The resulting sedimentation rates in cm/kyr show minor variations throughout the record. In contrast,
the regions containing the Elmo horizon and the PETM reveal lower than mean sedimentation rates because of strong
dissolution of calcium carbonates (for discussion see Lourens et al. [2005] and Zachos et al. [2005]). (b) and (c) Comparison
of current astronomical solutions plotted against absolute time and the extracted amplitude modulation of Site 1262 data
plotted against relative time. We have shifted the Site 1262 data with respect to the best fit with the 405-kyr cycle; for further
explanation, see text. Short eccentricity cycle amplitude modulation of Site 1262 Fe intensity (red) data, a* (dashed black)
data, the La2004 [Laskar et al., 2004] (green), and Va2003 [Varadi et al., 2003] (dashed blue) orbital eccentricity solutions
(Figure 6b). For comparison the La2004 and Va2003 amplitude modulation have been plotted from 53 to 58 Ma (bottom
plot) and 53.4 to 58.4 Ma (middle plot). Climatic precession cycle amplitude modulation of Site 1262 data (Fe in red and a*
in dashed black) compared to orbital eccentricity solutions La2004 (green) and Va2003 (dashed blue) from 53 to 58 Ma
(bottom plot) and 53.4 to 58.4 Ma (middle plot) (Figure 6c). Additionally, the 2.4 Ma eccentricity minima in Site 1262 data
are marked (see text for discussion). The amplitude modulations have been extracted with the program ENVELOPE [Schulz
et al., 1999]. Different proposed absolute ages for the onset of the PETM are also shown; for discussion see text.
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refers to the uncertainty in cycle counting as discussed
above and the position of the reversal boundary in the data
sets. In contrast, according to the GTS2004 the age of the
PETM is �55.8 Ma, thus 300kyr older than our first
estimate. In the following section we will discuss some of
the uncertainties in estimating the absolute age for the
PETM.

5.5. Age for the PETM

[34] An absolute age of the PETM has been in a constant
state of flux for the last few decades [e.g., see Aubry et al.,
1996; Wing et al., 2000]. The age uncertainties are based on
inconsistencies between biochronology and magnetochro-
nology [Aubry et al., 1996; Berggren and Aubry, 1996;
Berggren et al., 1995; Norris and Röhl, 1999; Raffi et al.,
2005; Wing et al., 2000] and the way the CK95 Geomag-
netic Polarity Timescale (GPTS) was constructed [Berggren
and Aubry, 1996]. In contrast to CK95 the new GPTS2004
[Ogg and Smith, 2004] utilize radiometric calibration points
in the late Paleocene–early Eocene at 52.8 Ma (base of
C24n.1n) and 55.07 Ma (C24r.50), and dismiss the calibra-
tion point used in CK95 of 55.0 Ma for the Paleocene-
Eocene boundary, which was deemed inappropriate [Aubry
et al., 1996]. The calibration point C24r.50 is located
approximately in the middle of C24r [Ogg and Smith,
2004] constrained by 40Ar/39Ar ages and magnetostratigra-
phy of DSDP Hole 550 [Swisher and Knox, 1991]. The
40Ar/39Ar date from the middle of polarity chron C24r,
which is significantly above the Paleocene-Eocene bound-
ary, is derived from ash �17 with an age of 55.07 ± 0.5 Ma
derived by J. D. Obradovich (see postscript given by
Berggren et al. [1995]). New 40Ar/39Ar ages for ash �17
(54.96 ± 0.16 Ma [Bird et al., 2003]) support the estimate of
�55.0 Ma for the middle of chron C24r.
[35] According to our youngest estimate (option 1, see

Table 3), the absolute age of the middle of chron C24r
(C24r.50) is �55.09 Ma, which is very close to the
radiometric dated ages. However, in case the radiometric
dates of the �17 and +19 tephra are recalibrated to the Fish
Canyon Tuff (FCT) 40Ar/39Ar standard age of 28.02 Ma

[Villeneuve, 2004], this would result in an age of 55.3–
55.4 Ma for the PETM (2/3 down in C24r). This is close to
the estimate of 55.315 Ma (age model 2) by Wing et al.
[2000] which does not rely on any marine calibration points
in the late Paleocene and early Eocene.More recently,Kuiper
et al. [2004, 2005] estimated an older age of 28.21 ± 0.04 Ma
for the FCT based on the intercomparison with astronomical-
derived ages for Miocene tephra layers. Accordingly, the
age of the PETM would be �55.75 Ma and that of C24r.50
�55.4 Ma. Tuning the Walvis Ridge record one 405-kyr
eccentricity cycle older (which theoretically we could do
because of the uncertainties of the orbital solutions) would
imply an age of the PETM of �55.93 Ma (Figure 6c) and
C24r.50 of �55.49 Ma. If this is correct, this implies that
the recalibrated Ar/Ar ages would still be too young by
�200kyr for the PETM. One explanation for the orbital-
radiometric discrepancy that we are struggling with might
be the observation that U-Pb and 207Pb/206Pb dates are
older than 40Ar/39Ar by <1% (for discussion see Schoene et
al. [2006]). Unfortunately, because of the relatively large
errors in radiometric dating it is still impossible to verify if
U-Pb dates are systematically <1% older than 40Ar/39Ar
[Schoene and Bowring, 2006; Schoene et al., 2006].
[36] If we assume the PETM to be at�55.93Ma (option 2)

and compare the demodulated precession signal of the
Walvis Ridge record with the two eccentricity solutions
(Figure 6b) from 53.4 to 58.4 Ma than the prominent
2.4 Ma minima in the Walvis Records would coincide with
intervals of high-amplitude variability in the La2004 and
Va2003 solutions. The comparison of the geological data
with the eccentricity solutions then would clearly suggest
that the La2004 and Va2003 solution, especially the 2.4-Myr
modulation, are not correct in the interval from �53 to
�59 Ma. This would simply mean that orbital tuning to
precession and eccentricity solutions in this interval is not
possible. On the other hand, if we assume that the orbital
solutions are correct and the best fit with the geological data
gives the correct age for the PETM (�55.53 Ma), then the
recalibrated Ar/Ar ages are too old. Owing to the uncertainty
in the determination of the successive minima in the very
long eccentricity cycle a direct anchoring of the studied
interval to current orbital solutions is not possible. Therefore
accurate absolute ages for the PETM and the C24r bound-
aries cannot be provided in the moment. To establish a robust
absolute chronology and further insights in radiometric
uncertainties new orbital solutions which are stable beyond
50 Ma are required. In addition, a cyclostratigraphic frame-
work based on the stable long eccentricity cycle for the entire
Paleogene has to be constructed, and the exact age of the
FCT standard monitor has to be established. Until then, at
least two different options for the absolute age of the onset of
the PETM should be considered (�55.53 Ma, �55.93 Ma).

6. Conclusion

[37] The deep-sea cores recovered in multiple holes
during ODP Leg 208 at Walvis Ridge have yielded in the
first complete high-resolution stratigraphic record for the
early Paleogene and thus provides a continuous cyclostra-
tigraphy for magnetochron C24r down to the precession

Table 3. Estimates of Absolute Age of Magnetochrons and Global

Eventsa

Chron (Event)

Estimated Age, Ma

Duration, MyrOption 1 Option 2

C24r 3.118 ± 0.05b

C24r (y) 53.53 ± 0.04c 53.93 ± 0.04c

C24r (o) 56.65 ± 0.01c 57.05 ± 0.01c

C25n 0.511 ± 0.05b

C25n (y) 56.65 ± 0.01c 57.05 ± 0.01c

C25n (o) 57.16 ± 0.04c 57.56 ± 0.04c

Elmo (ETM-2) 53.69 ± 0.02b 54.09 ± 0.02b

PETM (ETM-1)d 55.53 ± 0.02b 55.93 ± 0.02b

aAbbreviations are y, younger; and o, older.
bErrors take into account only the uncertainty in cycle counting; error

associated with the orbital solution not added.
cErrors take into account only the uncertainty of the position of magnetic

reversal boundaries.
dOnset of carbon excursion.

PA2201 WESTERHOLD ET AL.: TIMING OF EARLY EOCENE WARMING EVENTS

16 of 19

PA2201



cycle scale. Detailed spectral analyses in the depth domain
of both physical properties and geochemical sediment
parameters from Sites 1262, 1263, 1265 and 1267 reveal
that the late Paleocene and early Eocene sediments from the
Walvis Ridge were clearly deposited in a cyclical fashion
paced by orbital-driven climate processes. The � 4.3-Myr-
long record is dominated by short- and long-term eccen-
tricity modulated precession cycles, which provide the
necessary framework to establish for the first time a tuned
astronomical timescale for all sites. According to our cycle
counting of Leg 208 sites and ODP Site 1051, the studied
interval covers 200 precession cycles. Chrons C24r and
C25n are the time equivalent of 148 and 23 precession
cycles, respectively. Assuming a mean duration of 21 kyr
per precession cycle the magnetochrons C24r and C25n are
3.108 and 0.483 Myr long. Chron C24r therefore is longer
than previously estimated. The newly defined duration of
chron 25n is in very good agreement with a previously
published estimate [Röhl et al., 2003].
[38] Moreover, the cyclestratigraphy provides the exact

positions of critical intervals like the PETM and ETM2
within chron C24r for identifying these events in other
marine- and land-based sections. The relative position of the
PETM (at C24r.64) is in agreement with estimates from
land-based sections [Wing et al., 2000]. The records also
show that the interval between the PETM and the ETM2 (at
C24r.05) covers �1.827 Myr rather than the �2 Myr as
initially estimated from the Leg 208 sites [Lourens et al.,
2005] and that both events cannot fall within the same phase
of the long eccentricity cycle. The refined chronology
results from the higher-fidelity signal provided by Fe
intensities measurements obtained from XRF core logging,
and by the inclusion of data from the shallower Sites 1263
and 1265. These sites have a much higher sedimentation
rate resulting in a distinctly clearer signal in intervals where
the Milankovitch cyclicity is much less pronounced. This
allowed counting of individual precession and eccentricity
cycles which gave a consistent duration of time between the

PETM and ETM2. The amplitude modulation of the pre-
cession signal in Leg 208 sites also clearly shows that both
the PETM and the ETM2 do not coincide with a maximum
or a minimum in the long eccentricity cycle. However, both
events are associated with a maximum in the short eccen-
tricity cycle. This supports a possible astronomical trigger-
ing mechanism (threshold) of the early Eocene thermal
events, rather then a stochastic process (i.e., bolide impact
[Kent et al., 2003]).
[39] In order to obtain an absolute age estimate for the

PETM, the ETM2 and the magnetochron boundaries, the
geological data have been compared to the current available
astronomical solutions for orbital eccentricity [Laskar et al.,
2004; Varadi et al., 2003]. Integration with recalibrated
radiometric age estimates of the PETM gave inconsistent
results. We conclude that robust absolute age estimates that
are consistent with recalibrated Ar/Ar ages and recent
models of Earth’s orbital eccentricity cannot be provided
by now. Given the uncertainty in radiometric dating a
cyclostratigraphic framework based on the stable 405-kyr
eccentricity cycle for the entire Paleogene is needed to pin
down the absolute age of the PETM and geomagnetic
polarity boundaries. This then will allow us to gain new
insight in the Fish Canyon Tuff (FCT) 40Ar/39Ar standard
age controversy and evaluate the accuracy of solutions for
the Earth’s orbital eccentricity.
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Röhl, U., T. J. Bralower, R. D. Norris, and
G. Wefer (2000), New chronology for the late
Paleocene thermal maximum and its environ-
mental implications., Geology, 28, 927–930.
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