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Abstract. Here we present a high-resolution cyclostratigraphy based on X-ray fluorescence (XRF) core scanning
data from a new record retrieved from the tropical western Atlantic (Demerara Rise, ODP Leg 207, Site 1258).
The Eocene sediments from ODP Site 1258 cover magnetochrons C20 to C24 and show well developed cycles. This
record includes the missing interval for reevaluating the early
Eocene part of the Geomagnetic Polarity Time Scale (GPTS),
also providing key aspects for reconstructing high-resolution
climate variability during the Early Eocene Climatic Optimum (EECO). Detailed spectral analysis demonstrates that
early Eocene sedimentary cycles are characterized by precession frequencies modulated by short (100 kyr) and long
(405 kyr) eccentricity with a generally minor obliquity component. Counting of both the precession and eccentricity cycles results in revised estimates for the duration of magnetochrons C21r through C24n. Our cyclostratigraphic framework also corroborates that the geochronology of the Eocene
Green River Formation (Wyoming, USA) is still questionable
mainly due to the uncertain correlation of the “Sixth tuff” to
the GPTS.
Right at the onset of the long-term Cenozoic cooling trend
the dominant eccentricity-modulated precession cycles of
ODP Site 1258 are interrupted by strong obliquity cycles for
a period of ∼800 kyr in the middle of magnetochron C22r.
These distinct obliquity cycles at this low latitude site point
to (1) a high-latitude driving mechanism on global climate
variability from 50.1 to 49.4 Ma, and (2) seem to coincide
with a significant drop in atmospheric CO2 concentration
below a critical threshold between 2- and 3-times the preindustrial level (PAL). The here newly identified orbital configuration of low eccentricity in combination with high obliquity amplitudes during this ∼800-kyr period and the crossing
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of a critical pCO2 threshold may have led to the formation of
the first ephemeral ice sheet on Antarctica as early as ∼50 Ma
ago.

1

Introduction

The calibration of the standard Geomagnetic Polarity Time
Scale (GPTS) for the Eocene is based primarily on radioisotopic (e.g., 40 Ar/39 Ar) dating (Luterbacher et al., 2004).
Relatively large uncertainties in radiometric age constraints
and the selection of tie points itself can result in different versions of the GPTS (Machlus et al., 2004). Particularly, the early Eocene interval from the Paleocene-Eocene
boundary to the top of magnetochron C21n in the GPTS of
Cande and Kent (1992, 1995) (“CK95”) is ∼1.7 myr shorter
than the same interval in the Geological Time Scale 2004
(GPTS2004, Ogg and Smith, 2004; Gradstein et al., 2004).
This discrepancy results from an ∼800-kyr difference in the
radiometric age for the identical tuff within magnetochron
C21n(.33) and an ∼800-kyr difference in the absolute age for
the Paleocene-Eocene boundary. Recalibration of the C23C22 transition in the Green River Formation in Wyoming
(USA) using a new radiometric age tie point (“Sixth tuff”)
(Machlus et al., 2004; Smith et al., 2006) even resulted in a
∼4 myr longer duration of the interval from the P-E boundary to the top of C21n than the previous estimates by CK95.
The recalibration of the C23-C22 transition by dated ash layers from the Green River Formation (Machlus et al., 2004;
Smith et al., 2006) is questionable, however, because of the
controversial correlations within the Green River Formation
(Smith et al., 2003, 2004, 2006; Clyde et al., 2001, 2004)
and the uncertain positioning of the Sixth tuff with respect to
magnetostratigraphy.
The cyclic early Paleogene sediments recovered during
Ocean Drilling Program (ODP) Leg 208 (Walvis Ridge,
S. Atlantic) have been used to construct an orbitally
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calibrated, but still floating time scale covering the Paleocene and earliest Eocene from ∼58 to ∼53.5 Ma (Westerhold et al., 2007). This cyclostratigraphy provided a very
robust estimate for the duration of C24r, including the exact relative position of the P-E boundary within C24r. So
far, the only cyclostratigraphic study from marine sediment
cores (ODP Site 1051) in the Ypresian Stage covers magnetochrons C24 to C22r (Röhl et al., 2003).
Here we present a high-resolution cyclostratigraphy based
on X-ray fluorescence (XRF) core-scanning data from
the tropical western Atlantic sediments (Demerara Rise,
ODP Leg 207, Site 1258). Eocene sediments of Site 1258
consist of nannofossil chalk with foraminifers, which exhibit
extremely well developed cycles covering the interval from
magnetochron C20 to C24. These data have been used to
construct an orbitally calibrated chronostratigraphy for the
early to middle Eocene in order to revise and evaluate the
early to middle Eocene GPTS. Moreover, the cyclic sedimentary succession has high potential to provide important
insight into the climatic evolution of the early to middle
Eocene. This period is of special interest because it encompasses the Early Eocene Climate Optimum (EECO; Zachos
et al., 2001), the interval with the highest global temperature
recorded in the past 70 Ma, and also marks the beginning
of the Cenozoic long-term cooling trend (e.g. Zachos et al.,
2008).

2

Material and methods

A 120 meter-long Eocene nannofossil chalk record from
ODP Site 1258 (3192 m water depth) (Fig. 1) characterized
by persistent cyclicity in physical property data and also with
good biostratigraphic as well as magnetostratigraphic age
control (Erbacher et al., 2004; Suganuma and Ogg, 2006)
was analyzed in detail. We XRF scanned along the shipboard
composite depth section (meters composite depth, mcd) for
ODP Site 1258 from 32 to 135 mcd (Shipboard Scientific
Party, 2004a) spanning the time interval from magnetochrons
C21r to C24n (48 to 54 Ma), with extensively overlapping
sections at the splice tie-points in order to proof the quality of the shipboard splice. In this study we present the
XRF data for this depth interval. The XRF core scanner acquires bulk-sediment chemical data from split core surfaces
(Richter et al., 2006; Tjallingii et al., 2007). Although measured elemental intensities are predominantly proportional to
concentration, they are also influenced by the energy level
of the X-ray source, the count time, and the physical properties of the sediment (Röhl and Abrams, 2000). Fe (iron)
data were collected every 2 cm down-core over a 1 cm2 area
using a sampling time of 30 s. We used a generator setting of 20 kV and an X-ray current of 0.087 mA. Measurements were made directly on the split core surface of the
archive half with the first generation of XRF Core Scanners
at the University of Bremen (Röhl and Abrams, 2000). The
Clim. Past, 5, 309–327, 2009

complete data set presented in this paper is available online in
the WDC-MARE Pangaea database under www.pangaea.de
(http://doi.pangaea.de/10.1594/PANGAEA.722915).
3
3.1

Results
XRF data

Magnetostratigraphy (Suganuma and Ogg, 2006), along
with detailed spectral analysis and cyclostratigraphy of the
XRF Fe intensity data (Tables S1, S2 and S3, http://www.
clim-past.net/5/309/2009/cp-5-309-2009-supplement.pdf)
reveal that the studied interval spans ∼6.5 myr from magnetochrons C21n to C24r (Fig. 1). The record also contains
the two Eocene Thermal Maxima (ETMs): Elmo (ETM2)
(Lourens et al., 2005) and “X” (ETM3) (Röhl et al., 2005).
Both events show very prominent peaks in Fe intensity,
which is related to the global dissolution of calcium carbonate in the deep ocean during the events. Variations in Fe
intensity are generally related to the terrigenous fraction of
the sediment and/or dilution of calcium carbonate (Fig. 2).
3.2

Composite section and refined magnetostratigraphy

Due to both the high resolution and quality of the
XRF core scanner Fe intensity data, we were able
to substantially improve the shipboard composite section (“splice”) for ODP Site 1258 (see Tables S4 and
S5, Figs. S1 to S3, http://www.clim-past.net/5/309/2009/
cp-5-309-2009-supplement.pdf) which was mainly based on
the magnetic susceptibility (MS) records and still had ambiguous correlations in several cases. Some of the ambiguity
of the ship splice can be clearly identified, e.g. for the upper
50 meters (see Figs. S2A and S3A). However, neither MS
nor XRF scanner data do show a good match for the parallel
holes around 40 mcd using the ship offset table. We successfully readjusted the depths at this position using new XRF
scanner data. The improved correlation result into a composite section which is now 4m shorter than the shipboard
splice at 40 rmcd. The results also reveal that the MS data
for Holes 1258A and 1258B differ substantially. Another
example at 62 mcd demonstrates that MS data clearly mismatch between holes. In fact, XRF scanner data show that
the bottom of Core 1258B-6R and the top of Core 1258B7R overlap by a few decimeter. We are confident that these
examples clearly demonstrate that XRF scanner data were
essential in revising the splice for Site 1258. The revised
splice is about 6 meters shorter than the shipboard splice.
Applying the average sedimentation rate of 1.5 cm/kyr for
the middle Eocene to late Paleocene (Shipboard Scientific
Party, 2004a) this difference represents roughly 400 kyr. This
clearly demonstrates the importance of XRF data for obtaining complete stratigraphic records, which are necessary for
a precise cyclostratigraphy (also see Röhl et al., 2007; Westerhold et al., 2007, 2008). The new composite section also
www.clim-past.net/5/309/2009/
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Fig. 1. XRF Fe intensity records from ODP Site 1258 plotted against revised meters composite depth (rmcd) and the early Eocene (50.0 Ma)
915
Figure 1. XRF Fe intensity records from ODP Site 1258 plotted against revised meters
paleogeographic reconstruction showing the location of the drill site. Reconstruction made using the Web-based software at http://www.
916
composite depth (rmcd) and
earlyXRF
Eocene
(50.0data
Ma)from
paleogeographic
odsn.de/odsn/services/paleomap/paleomap.html,
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1999).
intensity
the A-hole in reconstruction
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Data
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offset
for
clarity
by
1000
2000 counts
per second
(cps), respectively.
917
showing the location of the drill site. Reconstruction made using the and
Web-based
software
at
The position of magnetochron boundaries with error ranges are plotted in gray bars. The two light gray lines mark the position of the ETM2
918(“X”http://www.odsn.de/odsn/services/paleomap/paleomap.html
(Hay, 1999). XRF intensity data
(Elmo) and ETM3
event).
919
from the A-hole in red, from the B-hole in blue and from the C-hole in green. Data from the
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B-hole and C-hole have been offset for clarity by 1000 and 2000 counts per second (cps),

provides new composite depths for polarity zone boundaries
particular, the offset of foraminifer Zone P8/P7 near the top
921(Fig.
respectively.
The
of magnetochron boundaries
error ranges
arewas
plotted
in gray to result from a posat ODP Site 1258
3 and Table
S6,position
http://www.clim-past.
of thewith
“distorted”
C23n
interpreted
922
bars. The two light gray lines mark the position of sible
the ETM2
(Elmo) and fault
ETM3in(‘X’
event).
net/5/309/2009/cp-5-309-2009-supplement.pdf).
unrecognized
Hole
1258A which might have
truncated the uppermost part of C23n in Hole 1258B and/or
The magnetostratigraphic interpretation relies on shore32
truncated the overlying Chron 22r in Hole
1258A. In addition
based discrete sampling as the shipboard magnetometer meathey interpreted the occurrence of Orthorhabdus tribrachiasurements where generally compromised by weak magnetitus in Cores 1258B-7R and -8R to be reworked as examples
zations (Suganuma and Ogg, 2006). The reversal pattern is
of these species were found well above the datum for the
well resolved but there is inconsistency in the interpretation
base of planktonic foraminifer Zone P9 (Shipboard Scientific
of the polarity pattern between Holes 1258A and 1258B afParty, 2004a). Following this interpretation the normal polarter adjustment to mcd between lower Chron 23n (∼100 mcd)
ity interval at 80 mcd (Fig. 3b) at each site has been flagged
and C22n (∼50 mcd) (Suganuma and Ogg, 2006) (Fig. 3).
as a pervasive overprint because it lies between C22n and
The interpretation of Suganuma and Ogg (2006) resulted
C23n (see also Fig. F5 in Suganuma and Ogg, 2006). These
from the comparison of sedimentary features based on maganomalous normal polarities lead Suganuma and Ogg (2006)
netic susceptibility data and biostratigraphic datums. In
www.clim-past.net/5/309/2009/
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4

Cyclostratigraphy

Parallel bands in the evolutionary Wavelet Power Spectra of
the Fe intensity data of ODP Site 1258 demonstrate that spectral power is located at distinct periods (Fig. S4) (Wavelet
software was provided by C. Torrence and G. Compo http:
//paos.colorado.edu/research/wavelets). Multi-Taper Method
(MTM) spectra were calculated by the kSpectra Toolkit software from SpectraWorks using 3 tapers and a resolution of
2 (Ghil et al., 2002). Background estimate and hence confidence levels are based on a robust red noise estimation (Mann
and Lees, 1996). Bio- and magnetostratigraphic data as well
as diagnostic frequency ratios clearly relate these bands to
Milankovitch cycles. We could identify all long (405-kyr)
and short (100-kyr) eccentricity, obliquity, and precession
components. In order to extract the long and short eccentricity cycles from the sedimentary records we followed the
approach of Weedon (1993, 2003): prior to wavelet analysis
the data were detrended and normalized; counting of the ecFig. 2. Plot data
of XRFversus
Fe intensity
data versus shipboard
CaCO
3
RF Fe intensity
shipboard
CaCO
measured
samecycles resulted in revised
3 (wt%)
centricity,
obliquityon
andthe
precession
(wt%) measured on the same sample position. The negative linestimates for the durations of magnetochrons C21r through
ear regression line shows an anti-correlation between the amount of
he negative
linear
regression
line
shows
an
anti-correlation
the sedimentation rates
C24n (Figs. 4 andbetween
5). Due to lowered
CaCO3 and XRF Fe intensity at ODP Site 1258, suggesting that the
above the C22r/C23n boundary the clear recognition of preFe (cps) is related to the amount of terrigenous component in the
cessionthat
cyclesthe
at ODP
1258 isis
restricted and precession
sediment.
and XRF
Fe intensity at ODP Site 1258, suggesting
FeSite(cps)
cycle counting in the interval from C21r to C22r is not possible at all. Nevertheless, both the short and the stable long
nt of terrigenous
component in the sediment.
eccentricity cycle can still be extracted. We used both direct
to the conclusion that either the upper part of the section
cycle counting and Gaussian band pass filtering of the data
was not effectively demagnetized or a hypothetical fault duto construct a cyclostratigraphy from the base of C21r down
plicated some portion of the record. This interpretation of
to the base of C24n (Figs. 4 and 5).
Suganuma and Ogg (2006) now definitely needs revision as
updated nannofossil datums are available (Fig. 3). We are
Due to the still existing discrepancy between astronomconfident that the recalibrated nannofossil events of Agnini
ical solutions and radiometric dating in the late Paleocene
et al. (2006) and Agnini et al. (2007) are much more reliand early Eocene in combination with the lack of absolute
able than the planktonic foraminifera zonation of Berggren et
ages as suitable reference points (Westerhold et al., 2007), a
al. (1995). According to Agnini et al. (2006) the LO (Lowest
naming scheme as proposed by Wade and Pälike (2004) for
Occurrence) of N. fulgens is in the middle part of magnetheir Oligocene record cannot be applied for the Eocene right
tochron C21n, the HO (Highest Occurrence) of D. lodoensis
now. However, we follow a similar approach and propose
is within C21r, and the HO of T. orthostylus is close to the
an Eocene stratigraphic nomenclature related to the recognibase of 22r. The LO of D. lodoensis is close to the top of
tion of short and long eccentricity cycles. The cycle count
C24n (Agnini et al. 2006), the LO of S. radians is in the
number is defined by the identified maxima in the Fe data
lower portion of C24n (Agnini et al., 2006), and the LO of
corresponding to an eccentricity cycle maximum (see Figs. 3
T. orthostylus is close to the top of C24r (Agnini et al., 2007).
and 4). The stable long eccentricity cycles are referred to as
Based on this data the normal chron described as a pervasive
Ec405 1, Ec405 2, . . . , Ec405 21 (Ec for Eocene) upwards. The
overprint (Suganuma and Ogg, 2006) from 68 to 78 rmcd
short eccentricity cycles are referred to as Ec100 1, Ec100 2,
must be instead C23n. The normal polarity from ∼100 to
. . . , Ec100 85 upwards. We start counting at the Eocene Ther∼128 rmcd would be assigned to C24n. This then leads to
mal Maximum 2 (ETM2, Lourens et al., 2005) which is lothe interpretation as used in this study (Table S6). The excated in precession cycle 88, the middle of Ec100 19 and becellent matching of XRF scanner Fe data which refined the
fore the maximum of the Ec405 5 cycle (Westerhold et al.,
splice clearly does not allow moving cores to align the rever2007).
sal boundary at ∼84 rmcd in Hole 1258A with the boundary
at ∼94 rmcd. In addition the sediment color changes from
4.1 Chron C24n
red to gray at ∼84 rmcd in Hole 1258A indicates geochemical changes. We therefore define the reversal boundary at
We counted 60±21 /2 precession cycles (precession cy∼94 rmcd in Hole 1258B in accordance with the nannofossil
cles 101 to 161) and 131 /4 ±1 /2 short eccentricity cycles
datum positions as the top of C24n.
(Ec100 22 to Ec100 35) for C24n (Fig. 4a, Table 1). Wavelet
Clim. Past, 5, 309–327, 2009
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928
929 Figure 3. Polarity rating scheme of the inclination data from ODP Holes 1258A (triangles)
Fig. 3. Polarity rating scheme of the inclination data from ODP Holes 1258A (triangles) and B (dots) (Suganuma and Ogg, 2006) with
930reversal
and pattern
B (dots)
(Suganuma
andstudy
Ogg,(a)2006)
the interpretation
paleomagnetic
pattern
the paleomagnetic
interpretation
of this
and thewith
original
(b)reversal
of Suganuma
and Ogg (2006). Please
note that (a) is plotted
on
the
revised
composite
depth
(rmcd)
skale
and
(b)
is
plotted
against
the
shipboard
composite
depth (mcd). The
931 interpretation of this study (a) and the original interpretation (b) of Suganuma and
Ogg
magnetostratigraphy of ODP Site 1258 in relation to the revised composite depth (rmcd) is given in Table S6. For details of the polarity
932 (2006). Please note that (a) is plotted on the revised composite depth (rmcd) skale and (b) is
rating scheme see Suganuma and Ogg (2006). Legends for nannofossil datums from Hole 1258A (Shipboard Scientific Party 2004a): 1 LO
plotted against
shipboard composite
depth (mcd).
of ODP7 LO
SiteT. orthostylus, 8 LO D.
N. fulgens, 2 HO933
D. sublodoensis,
3 HOthe
D. lodoensis,
4 HO T. orthostylus,
5 LOThe
D. magnetostratigraphy
lodoensis, 6 LO S. radians,
diastypus, 9 HO D.
10 HOtoFasciculitus
934multiradiatus,
1258 in relation
the revised spp..
composite depth (rmcd) is given in Table S6. For details of the
935

polarity rating scheme see Suganuma and Ogg (2006). Legends for nannofossil datums from

analysis (Fig. S5a)
that this
intervalScientific
is characterized
C23n
andD.
C23r
936 indicates
Hole 1258A
(Shipboard
Party 2004a):4.2
1 LOChron
N. fulgens,
2 HO
sublodoensis, 3
by precession cycles
strongly
modulated
by
eccentricity
but
937
HO D. lodoensis, 4 HO T. orthostylus, 5 LO D. lodoensis, 6 LO S. radians, 7 LO T.
with a significant obliquity component in the lower part. A
C23n 10
equals
321 /2 ±3 precession
cycles (precession cycles
938 orthostylus, 8 LO D. diastypus, 9 HO D. multiradiatus,
HO Fasciculitus
spp..
change in amplitude
and cycle thickness from thicker to thin200 to 232) and 71 /2 ±1 /2 short eccentricity cycles (Ec100 44
ner cycles occurs around 112 rmcd (revised meters composite
to Ec100 51) (Fig. 4b, Table 1). For C23r (Fig. 4b, Table 1)
depth) between Ec100 25 and Ec100 26 in the middle of magwe counted 38±3 precession cycles (precession cycles 161
netochron C24n.3n. In addition, the prominent “X” event
to 199) and 83 /4 ±3 /4 short eccentricity cycles (Ec100 36 to
(ETM3, Röhl et al., 2005, 2009) is represented by precession
Ec100 44). Wavelet analysis shows that the strong precession
cycles 146 and 147, and lies in the middle of Ec100 32, and in
component apparent with a period of 42 cm during the entire
the middle of Ec405 8.
magnetochron C24n continues upward to a depth of 80 rmcd
If we use 21 kyr and 95 kyr as the mean durations for the
(Fig. S5b). A small change in cycle thickness from thicker to
counted precession and short eccentricity cycles (Herbert et
thinner cycles appears around 80 rmcd between Ec100 42 and
al., 1995), the duration of C24n is estimated as 1260±53 kyr
Ec100 43 close to the top of magnetochron C23r. A very interand 1259±48 kyr, respectively. This is more than 100 kyr
esting feature is the rather low amplitude
of the eccentricity
34
longer than the GPTS2004 estimate and 277 kyr longer than
component in cycle Ec405 10 (Fig. 3b). This interval probably
the Cande and Kent (1995) estimate, but close to the cyrepresents the sedimentary expression of a minimum in the
clostratigraphy of ODP Site 1051 (Röhl et al., 2003). The
very long eccentricity cycle (∼2.4 myr) covering the period
base of C24n.1n lies in Ec100 31 and the top in Ec100 35. The
from Ec100 39 to Ec100 43. The precession component is well
paleomagnetic interpretation of C24n.2n at ODP Site 1258 is
documented in magnetochron C23n. Because of the lowered
weak and thus the proposed duration of 84 to 90 kyr is unsedimentation rate some short eccentricity cycles (E100 44,
certain. The base of C24n.3n is in Ec100 22 and the top is
E100 51, E100 50) are clearly visible while precession cycles
between Ec100 27 and Ec100 28.
are suppressed. Cycle counting suggests that the duration of
magnetochron C23r is 798±63 kyr using precession cycles
and 831±72 kyr using short eccentricity cycles. For C23n we
www.clim-past.net/5/309/2009/
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Figure 4. High-resolution XRF Fe intensity data and cyclostratigraphy across magnetochrons

946

width of the applied bandpass filter. Gray numbers indicate the short eccentricity (Ec100)

Fig. 4. High-resolution XRF Fe intensity data and cyclostratigraphy across magnetochrons C24n (a) and C23 (b) (Ec405 5 to Ec405 12) for
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for sediments
from
ODP
Siteare
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from ODP
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942
the ETM2 (Elmo) and ETM3 (‘X’ event) are indicated (blue bars). The short (green) and long
proposed change in cycle thickness by detailed wavelet analysis (for details see supplementary Fig. S3, http://www.clim-past.net/5/309/2009/
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changes
in the
width
of the applied
bandpass
filter. Gray
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discussion see text. For MTM spectra see Fig. 6. (Filter details: a, 112 to 127 rmcd 405-kyr filter at 0.11±0.03 cycle/meter (c/m) and 100-kyr
filter at 0.39±0.12
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calculated a duration of 683±63 kyr and 713±48 kyr, respecinterval. However, C22n equals 6±3 /4 short eccentricity cy948
boundary.
For
further
discussion
see
text.
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tively (Table 1). It is interesting to note that C23n.2n is much
cles
(Eca,
100 66 to Ec100 72) (Fig. 5a, Table 1). We counted
3
shorter and
is a ±little
longer according
to our
resultsfilter at
/4 ±1± short
eccentricity
cycles
140.39
949C23r0.11
0.03bitcycle/meter
(c/m) and
100-kyr
0.12 c/m.
90 to 112
rmcd(Ec
405-kyr
100 52 to Ec100 66) for
than in CK95 and GPTS2004. The base of C23n.1n lies in
magnetochron C22r (Fig. 5a, Table 1). Wavelet analysis
950
filter at 0.12 ± 0.03 c/m and 100-kyr filter at 0.54 ± 0.16 c/m. b, 80 to 95 rmcd 405-kyr filter
Ec100 49 and the top lies between Ec100 51 and Ec100 52. The
demonstrates that from 65 to 55 rmcd the eccentricity com951
atlies
0.12
0.03
c/mand
andthe
100-kyr
at100
0.54
c/m. 65
to 95
rmcd 405-kyr
filtercm
at 0.16
top liesfilter
in Ec
48.± 0.16ponent
base of C23n.2n
in±Ec
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100 44
In summary,
the
duration
of
magnetochron
C23
as
defined
by
a
strong
cycle
with
a
46-cm
period.
These ∼46-cm cycles
952
0.05 c/m and 100-kyr filter at 0.75 ± 0.22 c/m.]
at ODP Site 1258 is 1481±63 kyr based on precession cydiminish in power after 55 rmcd and shift towards a thickcle counting. This would be 100 kyr less than in CK95 and
ness of 40 cm. Much stronger eccentricity cycles are found
400 kyr less than in GPTS2004.
from 55 to 45 rmcd. A decrease in sedimentation rates is
documented by the decrease of the short eccentricity cycle
period from 125 cm/cycle in the interval 3565 to 70 rmcd to
4.3 Chron C22n and C22r
97 cm/cycle from 55 to 45 rmcd. On the basis of the overall Milankovitch cycle relationship and assuming a smooth
The relatively low sedimentation rate of these magnerather than rapid shift in the sedimentation rate within the
tochrons at Site 1258 does not allow clear identification of
interval from 70 to 45 rmcd as well as a persistent main
precession cycles from 67 rmcd to the top of the investigated
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Table 1. Duration of magnetochrons derived from cyclostratigraphy based on XRF Core Scanner data.
Chron

C21r
C22n
C22r
C23n
C23n.1n
C23n.1r
C23n.2n
C23r
C24n
C24n.1n
C24n.1r
C24n.2n
C24n.2r
C24n.3n

standard GPTS

tuning†

CK95
(kyr)

GPTS2004
(kyr)

(kyr)

1131
677
1064
965
168
101
696
621
983
299
94
44
102
444

1364
828
1303
1171
202
125
844
747
1159
355
112
52
119
521

1265±40
638±58
1469±63
675±45
224±61
72±53
379±55
800±46
1299±42
390±52
125
75
142
567±37

cycle counting
Precession
no. of cycles
(kyr)‡

32 12 ±3
10 43 ±3 14
3 21 ±2 12
19±3
38±3
60±2 21
18 21 ±1 12
5±1 21
4
7±1
25±2

683±63
226±68
74±53
399±63
798±63
1260±53
389±63
105±32
84
147±21
525±42

short Eccentricity
no. of cycles
(kyr)#
13± 12
6± 34
14 43 ±1
7 21 ± 12
2 43 ±1
1±1
4±1
8 43 ± 34
13 14 ± 12
4± 21
1 41
1
1 41
5 21 ± 12

1235±48
570±72
1401±95
713±48
261±95
95±95
380±95
831±72
125±48
380±48
119
95
119
523±48

† tuned to the stable 405-kyr long eccentricity cycle
‡ assuming 21 kyr for each precession cycle
# assuming 95 kyr for each short eccentricity cycle

Note: error given only takes uncertainty in cycle counting in account; the error does not include the uncertainty in paleomagnetic
interpretation.

thickness of the short eccentricity cycle of around 97 to
125 cm, we interprete that the observed strong 46-cm cyclicity is obliquity related. We extracted the obliquity component and counted 19 cycles from ∼65.6 to ∼55.0 rmcd
(Fig. 5). For the same interval we were able to extract 8 relatively weak eccentricity cycles. Applying average durations
of 41 kyr for an obliquity cycle and 95 kyr for a short eccentricity cycle (Herbert et al., 1995) the interval would span
779 kyr or 760 kyr, respectively. This exceptionally strong
and unique obliquity component could be related to a minimum in the very long eccentricity cycle covering the period
from Ec100 55 to Ec100 62 and will be discussed below.
Cycle counting suggests that the duration of C22r is
1401±95 kyr using short eccentricity cycles. For C22n we
calculated a duration of 570±72 kyr (Table 1). The base of
C22n is in Ec100 66 and the top is at the base of Ec100 72. The
base of C22r is in Ec100 52 and the top is in Ec100 72. The
total duration of magnetochron C22 is 1923±95 kyr, 182 kyr
longer than in CK95 and 208 kyr shorter than in GPTS2004.
4.4

Chron C21r

We counted 13±1 /2 short eccentricity cycles (Ec100 72 to
Ec100 85) for C21r (Fig. 5b, Table 1) where the Eocene composite record ends at this site (Shipboard Scientific Party,
2004a). Wavelet analysis shows a shift in short eccentricity
www.clim-past.net/5/309/2009/

cycle thickness from thicker (97 cm) to thinner (58 cm) at
around 45 rmcd. The obliquity component (39-cm and 20cm cycles, respectively; Fig. S4d) is apparent throughout the
entire C21r interval. According to cycle counting the duration of C21r is 1235±48 kyr using short eccentricity cycles.
This is 104 kyr longer than in CK95 and 129 kyr shorter than
in GPTS2004. The base of C21r is at the base of Ec100 72 and
the top is in Ec100 85.
4.5

Orbital calibration to the stable long eccentricity
cycle

The precision of the orbital solution for the time interval
older than 42 Ma is limited (Laskar et al., 2004; Machlus
et al., 2004; Westerhold et al., 2007). Therefore, a definite tuning of the early Eocene record of ODP Site 1258
to orbital solutions is not possible at this stage. However,
orbital tuning should be feasible using the long eccentricity cycle, because of its stability far back in time (Laskar
et al., 2004; Varadi et al., 2003), resulting in a still floating time scale (i.e. Hinnov and Ogg, 2007). We tuned the
ODP Site 1258 Fe record by assigning the extracted long
eccentricity related maxima to maxima in a cosine function
with a period of 405-kyr (see Laskar et al., 2004; namely
formula (47) therein). Arbitrarily, we set the maxima in the
Ec405 21 cycle to 1 Ma as a reference point for this relative
Clim. Past, 5, 309–327, 2009
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between
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resolution record drilled at ODP Site 1258. If we assume
minor differences. The almost identical sedimentation rates
that the Site 1258 record is complete and that the stable
document the slow decline from ∼2.5 cm/kyr at 120 rmcd
long eccentricity cycle was correctly identified we can esto ∼0.75 cm/kyr at 32 rmcd (Fig. 7). Sedimentation rates
timate the durations of magnetochrons C21r through C24n.
36
derived from the CK95 and GPTS2004 time scales generIn the following we will discuss these new/revised
data in really support this trend, although they exhibit a strong shift
lation to estimates used in previously published time scales
at 78 rmcd depth right at the C23r/C23n boundary directly
(CK95, GPTS2004). We will also discuss the major implilinked to magnetochron C23n.2n. The new data suggest that
cations of the new chronostratigraphy for this critical time
the estimates for the duration of C23n.2n in both CK95 and
interval, which includes the Early Eocene Climate Optimum
GPTS2004 are too long.
(EECO, Zachos et al., 2001) with the highest global temperature recorded in the past 70 Ma, and the changeover to the
Cenozoic long-term cooling trend.
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(1051 kyr) (first number from cycle counting, number in
brackets from tuning to the stable 405-kyr cycle) longer than
CK95, but 601 kyr (419 kyr) shorter than GPTS2004. These
new data point to an age for the C21n(.33) ash of somewhere
between the values given by GPTS2004 (45.6 Ma) and CK95
(46.8 Ma). This implies that the age for the C21n(.33) ash in
GPTS2004 has to be slightly older, roughly 45.9 Ma. This
would also fit to the proposed age for the FCT standard of
28.20 Ma rather than 28.02 Ma (Kuiper et al., 2004).
Our detailed analysis reveals additional differences between the timescales: e.g. Chron C24 in this study is
∼830 kyr longer than in CK95 and ∼450 kyr longer than in
GPTS2004, which solely derives from the revised duration
of Chron C24r (Westerhold et al., 2007). Magnetochron C23
seems to be ∼100 kyr and ∼400 kyr shorter than in CK95 and
in GPTS2004, respectively, probably due to the much shorter
normal C23n with a problematic top at Site 1258 (see Fig. 3).
Alternatively, the rather large error in the width of C23 in
the South Atlantic anomaly profile (Cande and Kent, 1995)
of about 274 kyr with respect to CK95 and 332 kyr with respect to GPTS2004 could be the reason for the difference.
Here, it is also important to note that the biggest stretch effect for spline-function calibrations occurs between two tiepoints, which in this case (roughly) coincides with C23n.
Thus, the strong shift in sedimentation rates at Site 1258 calculated on CK95 and GPTS2004 ages (Fig. 7) might be a
consequence of the overestimated C23n duration. Finally,
magnetochrons C22 and C21r also both seem to be longer
than in CK95 but shorter than in GPTS2004. In general, the
C24n to C20n interval seems to be a difficult interval as there
Clim. Past, 5, 309–327, 2009

5.2

The role of the Green River chronostratigraphy

Several 40 Ar/39 Ar ages derived from tuff horizons within
the lacustrine Green River Formation of Wyoming (USA)
have been generated in order to reevaluate and recalibrate
the early Eocene part of the GPTS (e.g. Smith et al., 2003,
2004, 2006; ; Machlus et al., 2004; Wing et al., 1991).
In combination with existing paleomagnetic and biostratigraphic records some of these radiometric ages were used
to construct a chronostratigraphy for the Eocene Green River
Formation. However, a consistent and reliable basin-wide
chronostratigraphy for the Green River Formation does not
exist as it is still difficult to correlate the available records in
all detail (Smith et al., 2004; Clyde et al., 2004). Hence, a
modification of the GPTS is proposed to resolve the dating
dilemma of Clyde et al. (2001) in the Green River Formation
(GR Fm) (Machlus et al., 2004). Based on the assumption
that the single-crystal 40 Ar/39 Ar ages from the Sixth (6th)
Tuff are time equivalents of the top of magnetochron C23n in
the GR Fm, combined radiometric ages and published magnetostratigraphic constraints suggest that the magnetochron
C22/C23 boundary is 1.5–2.5 myr too old in CK95 (Machlus
et al., 2004; Smith et al., 2006) (Version C of Machlus et al.,
2004 in Fig. 8).
Recently, the Green River chronostratigraphy has been
refined based on a suite of twenty-two 40 Ar/39 Ar ages for
ash beds in several different terrestrial basins (Smith et al.,
2008a). Moreover, seven out of the twenty-two 40 Ar/39 Ar
dated ash layers were identified within paleomagnetically
characterized strata or their correlative equivalents (Table 4
in Smith et al., 2008a) and were used to recalibrate the
early to middle Eocene GPTS (Fig. 8). The revision clearly
www.clim-past.net/5/309/2009/
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Smith et al., 2003, 2004, 2006) we propose that the correlation of ash layers to magnetochron C23n in the GR Fm is
Both the new results from ODP Site 1258 and the revised
highly questionable.
Eocene GPTS by Smith et al. (2008a) are consistent for C24n
and roughly for C22n with substantial differences for magneWe have additional arguments to doubt the correlation of
tochrons C23r, C22r, and 21r: magnetochrons C23r and C21r
ash layers to magnetochron C23n in39the GR Fm chronosseem relatively stretched in Smith et al. (2008a) compared
tratigraphy. The ODP Site 1258 chronology is based on the
to the results derived at Site 1258. The duration of magneidentification of the stable 405 kyr eccentricity cycle. Three
tochron C22r is only less than half of our estimate (Table 2,
options are available for the absolute age of the PETM:
Fig. 8). However, the comparison demonstrates that the ab55.53, 55.93 or 56.33 Ma (Westerhold et al., 2007, 2008).
solute age calibration for magnetochron C22n by ash layers
The PETM cannot be younger because then the complete Pafrom the GR Fm is consistent with our orbitally calibrated
leocene interval would have to be shifted to the younger. If
framework. Only the calibration of magnetochron C23n for
we shift the PETM to younger estimates then the absolute
the GR Fm seems to be problematic. As applied by Machage of the Cretaceous/Paleogene (K/Pg) boundary would be
lus et al. (2004, Version C), the new chronostratigraphy for
in strong conflict with recently established radiometric age
the GR Fm is based on the assumption that the single-crystal
estimates (Westerhold et al., 2008; Kuiper et al., 2008). If
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Table 2. Comparison of different estimates for the duration of magnetochrons C21n to C24n.
Chron

C21n
C21r
C22n
C22r
C23n
C23n.1n
C23n.1r
C23n.2n
C23r
C24n
C24n.1n
C24n.1r
C24n.2n
C24n.2r
C24n.3n

CK95

GPTS2004

(kyr)

(kyr)

1642
1131
677
1064
965
168
101
696
621
983
299
94
44
102
444

1889
1364
828
1303
1171
202
125
844
747
1159
355
112
52
119
521

Röhl et al.
(2003)
(kyr)

902
738

533
1230

Smith et al.
(2008a)
(kyr)
810
1780
770
640
790
170
160
460
1730
1210
360
120
40
140
550

Machlus et al.
(2004)
Version B Version C Version D
1930
1380
840
1310
1160
200
120
840
740
1130
350
110
50
110
510

2030
1570
1000
1650
1560
270
160
1130
1010
1550
480
150
70
160
560

1740
1300
800
1300
1210
210
120
880
780
1230
370
120
50
130
560

this study
tuned† (kyr)

cycle count

1265±40
638±58
1469±63
675±45
224±61
72±53
379±55
800±46
1299±42
390±52
125
75
142
567±37

1235±48#
570±72#
1401±95#
683±63‡
226±68‡
74±53‡
399±63‡
798±63‡
1260±53‡
389±63‡
105±32‡
84‡
147±21‡
525±42‡

† tuned to the stable 405-kyr long eccentricity cycle
‡ assuming 21 kyr for each precession cycle
# assuming 95 kyr for each short eccentricity cycle

the 6th Tuff did indeed coincide with the C23/C22 boundary, then the PETM and the K/Pg boundary would be 1.5 to
2 myr younger then recent estimates (Kuiper et al., 2008).
This and the resulting stretch within C23r (see Fig. 8b) seem
to be rather unrealistic. Hence, the discrepancy might be related to either (1), the full propagated uncertainty of the radiometric ages of the ash layers in the GR Fm itself, or (2),
the correlation between the South Pass and Bridger Basin
sections (for discussion see Clyde et al., 2004) as well as
the correlation to relevant ash layers (or the exact position
of the Wasatchian/Bridgerian boundary). Correlation of the
Smith et al. (2008a) ages with our cyclostratigraphy shows
that the relative distances between the PETM and the top of
C22n roughly agree (Fig. 8), therefore we assume that the
uncertainty of the radiometric ages of the ash layers provided by Smith et al. (2008a) is not the reason for the discrepancy. The correlation of the 6th Tuff (49.62±0.86 Ma)
with full propagated uncertainty; Smith et al. (2008a) to
the C22/C23 boundary is much more challenging. If we
apply the three alternative absolute age estimates for the
PETM (Westerhold et al., 2008) in combination with the
ODP Site 1258 cyclostratigraphy, then the C22/C23 boundary would be 50.8 Ma, 51.2 Ma, or 51.6 Ma. For the C21/C22
boundary we would obtain ages of 49.0 Ma, 49.4 Ma and
49.8 Ma, respectively. These results lead to the conclusion
that the 6th Tuff can not be related to the C22/C23 boundary because it is too young, even considering the full propagated uncertainty. In fact, the age estimates imply that the 6th
Clim. Past, 5, 309–327, 2009

Tuff must be close to the C21/C22 boundary, which would
agree with the interpretation that magnetochron C23n might
be missing in the lacustrine strata of the Tipton and Wilkins
Peak Members (Smith et al., 2004). Applying the calibrated
age of 28.201±0.046 Ma for the FCT standard (Kuiper et
al., 2008), the 6th Tuff would then become ∼0.65% older
(∼49.94 Ma), which would be consistent with the cyclostratigraphic estimate of 49.8 Ma for the C21/C22 boundary using
tuning option 3 of Westerhold et al. (2008). This is consistent with the revised age of the K/Pg boundary (Kuiper et
al., 2008) of 65.95 Ma. Due to the uncertainty in the exact
position of ash layers in the GR Fm in relation to the geomagnetic polarity pattern it is impossible to provide revised
age calibrations of the ash layers in the GR Fm.
The dominant cyclicity in the GR Fm has recently been
tested for its orbital origin (Machlus et al., 2008; Meyers,
2008). Orbital age models based on the tuning of oil-yield
values from the Wilkins Peak Member of the lower Eocene
GR Fm have been reported to overlap with 40 Ar/39 Ar dates
(Machlus et al., 2008). Our results, although slightly different, are not in conflict with this interpretation because Machlus et al. (2008) are looking at relative age differences between ash layers (Smith et al., 2008a), which, as we demonstrated, roughly agree between the PETM and the top of
magnetochron C22n. However, it will still be challenging
to compare the oil-yield data with marine cyclic sedimentary
successions in detail.
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Our study shows that the discrepancy between the GR Fm
and the cyclostratigraphy at ODP Site 1258 is substantial.
Due to the missing section in the GR Fm, which would contain both well-dated ash layers and good magnetostratigraphy, the calibration of early and middle Eocene paleomagnetic polarity records by ash layers from the GR Fm is problematic. However, we are confident that the astronomically
calibrated stratigraphic framework from ODP Site 1258 for
the early Eocene is robust, as we could clearly identify the
stable long eccentricity cycle. Future challenges will be to
solve the pending GR Fm internal stratigraphy and inconsistencies of pelagic marine cyclostratigraphy with radiometric
dating.
5.3

The end of the Early Eocene Climate Optimum –
evidence for high-latitude influence at the beginning
of the Cenozoic long-term cooling trend

The early to middle Eocene Earth has been characterized as a
greenhouse world with high CO2 concentrations in the atmosphere partly due to increased volcanic emissions (Pearson
and Palmer, 2000; Royer et al., 2007). Global temperatures
reached a long-term maximum with its climax within the
2 million year long Early Eocene Climatic Optimum (EECO;
∼53 to 51 Ma) (Sloan and Rea, 1996; Zachos et al., 2008)
(Fig. 9a). The termination of the EECO is globally expressed
by the onset of increasingly cooler deep-water temperatures
and marks the onset of the long-term cooling trend towards
the icehouse world (Shackleton, 1986; Zachos et al., 2001).
This trend has been attributed to the permanent removal of
atmospheric CO2 by enhanced silicate weathering (Fig. 9a)
(Raymo and Ruddiman, 1992; Walker et al., 1981; Smith et
al., 2008b) and/or enhanced burial of organic carbon (FranceLanord and Derry, 1997). Recently, new oxygen-isotope
records and tropical sea-surface temperature reconstructions
have revealed that the cooling probably largely took place at
higher latitudes (Pearson et al., 2007).
Boron-based pH reconstructions (Pearson and Palmer,
2000) indicate a relatively sudden drop in pCO2 values during the EECO within the interval between magnetochrons C24n.3n and C23n (Bralower and Mutterlose,
1995) (Fig. 9a). A lowering of the sea level (Miller et al.,
2005) as well as an increase in deep-sea strontium isotope
values (Hodell et al., 2007) both support the assumption of
a decrease in volcanic CO2 outgassing. Subsequently, global
deep-sea benthic oxygen-isotope records reflect the onset of
the long-term cooling trend at the termination of the EECO
(Zachos et al., 2001). All these facts indicate that the cooling
trend was driven by the combined effects of both a decline of
greenhouse gases due to weathering and a decrease in CO2
outgassing. However, at present the exact timing of the early
to middle Eocene pCO2 drop is not known in detail as well
as the relationships between greenhouse climates and pCO2
are not yet fully understood (Lowenstein and Demicco, 2006;
Fletcher et al., 2008).
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However, the low-latitude Fe intensity record from
ODP Site 1258 adds important hints toward understanding the early to middle Eocene climate evolution. The cyclostratigraphy reveals that climatic cyclicity in the deep
tropical Atlantic is strongly dominated by precession and
eccentricity with the temporarily increased influence of orbital obliquity. Sedimentary records from both the South
Atlantic (Walvis Ridge, ODP Leg 208) and the Northwest
Pacific (Shatsky Rise, ODP Leg 198) covering the entire Paleocene and earliest Eocene are characterized by precession
cycles modulated by eccentricity with virtually no apparent
obliquity component (Röhl et al., 2007; Westerhold et al.,
2007, 2008). Hence, the early Paleogene climate shows the
clear imprint of orbital forcing, most likely through an influence on the carbon cycle as well as temperature (i.e. Shackleton, 2000; Pälike et al., 2006). The dominance of precession
and eccentricity cycles as well as the almost absent obliquity component in most of these early Paleogene sedimentary
records supports the idea that the overall influence of obliquity on global climate during ice-free periods without an icesheet amplifier might have been weaker (Zachos et al., 2001).
The observed strong precession cycles might be related to
the existence of a seasonal-cycle rectifier (e.g. Huybers and
Wunsch, 2003).
For this reason it is very remarkable that we found strong
obliquity cycles at ODP Site 1258 that lasted for a period of
∼800 kyr in the middle of magnetochron C22r, right at the
onset of the long-term cooling trend (Fig. 9b and Fig. S5).
This phase coincides with a minimum in the very-long eccentricity cycle, an increase in benthic oxygen isotope values
by ∼0.5‰, and a small shift in strontium isotope values. Apparent obliquity cycles at this low-latitude site probably point
to a high-latitude influence on low-latitude climate and/or on
deep ocean geochemistry.
A pair of closely spaced hiatuses in onshore New Jersey boreholes (ODP 150X), with the lower event eroding
part of magnetochron C22r (Browning et al., 1997; their sequence E4), point to submarine erosion that took place in
the North Atlantic about 50 Ma ago. Indications for similar erosional events have been observed on Blake Nose
(ODP Leg 171B) during the same time interval, and these
were attributed to brief periods of intensified bottom currents
(Norris et al., 2001). If the cooling at ∼50 Ma took place only
at high latitudes (Pearson et al., 2007), as e.g. reported from
the Lomonossov Ridge in the Arctic Ocean (Stickley et al.,
2008) and the Tasman Sea in the Southern Ocean (Brinkhuis
et al., 2003), then the increased latitudinal temperature gradient might have caused stronger wind-driven ocean circulation and an intensification of bottom-water formation in high
latitudes (Bice and Marotzke, 2001), and thus promoted the
observed erosion patterns on the western Atlantic continental margin. Subsequent changes in ocean chemistry are indicated by CCD shoaling and carbonate accumulation collapse
in the South Atlantic at ∼50 Ma (Shipboard Scientific Party,
2004b).
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T. Westerhold and U. Röhl: High resolution cyclostratigraphy of the early Eocene
The question arises: why do we see pronounced obliquity
cycles at deep sea Site 1258 in this particular period? The
point could be raised that due to changes in sedimentation
rate we have misinterpreted precession cycles as obliquity
cycles in magnetochron C22r. But, if the sedimentary cycles
with a period of 46 cm would be related to precession, sedimentation rates of 1–1.5 cm/kyr before and after the designated interval would be twice as high within the interval, and
be at 2–3 cm/kyr (Fig. 7). Additionally, the duration of C22r
would be shortened by substantial ∼400 kyr. However, all
the sedimentation rate estimates based on the GPTS, the persistent period of short eccentricity in the ODP Site 1258 sediments, and the relationship of Milankovitch cycles strongly
argue against a doubling of sedimentation rates within this
brief period in C22r. Nevertheles, we definitely can not proof
the existence of a brief interval of increased sedimentation
rates or alternatively a substantial gap in the sedimentary
record of Site 1258 because no published deep sea record
across Chron C22r is available. But there is no good reason
other than assuming a smooth progression of the sedimentation rate. Therefore, we suggest that the dominant cycles
in the middle of C22r are obliquity related. From an orbital
forcing perspective it is not surprising to observe a stronger
obliquity component in long-eccentricity minima. Interestingly we have not identified a significant obliquity component for the other two periods of very-long eccentricity minima in the investigated ODP Site 1258 record (Fig. 9b). This
might indicate that during the observed 800 kyr period the
amplitude of the obliquity component was particularly high.
As current orbital solutions are still likely to be incorrect beyond ∼42 Ma due to the chaotic diffusion in the solar system
(Laskar et al., 2004), an accurate determination of successive minima in the very long eccentricity cycle (Westerhold
et al., 2007) as well as the obliquity cycle itself is not possible
for the period presented here. Another example of a similar
orbital configuration with the combination of low eccentricity – high obliquity component can be found in the period
from 3.0 to 2.3 Ma, in direct relation to the intensification of
the Northern Hemisphere glaciation (Haug and Tiedemann,
1998). However, the low-latitude record of Site 1258 is
very special because, unlike at high latitudes, local insolation
forcing due to obliquity oscillations is quite small. Obliquity
influences the relative strength of the seasons and it predominantly affects the high latitudes. Especially high-obliquity
configurations increase insolation at latitudes above 45◦ in
both hemispheres and decreases the solar energy received in
the tropics and subtropics (Liu and Herbert, 2004). In the absence of an ice-sheet, strong obliquity forcing might be amplified by moisture and heat transport in the atmosphere and
ocean. Thus, strong obliquity cycles observed at Site 1258
indicate that, during an 800 kyr interval, high-latitude processes driven by orbital obliquity might have dominated deep
ocean chemistry in low latitudes. Ocean and atmospheric
circulation could have transferred the high-latitude signal to
low latitudes via stronger wind-driven ocean circulation and
www.clim-past.net/5/309/2009/

323

intensification of high-latitude bottom water formation.
Was it possible that ephemeral ice-sheets did exist on the
poles at the termination of the EECO? More than three million years after the obliquity-dominated phase, at ∼46 Ma,
the first occurrence of ice-rafted debris (IRD) in the central
Arctic (Moran et al., 2006; Backman et al., 2008; St. John,
2008) slightly precedes the earliest evidence of ice found in
the Antarctic so far (Moran et al., 2006; Backman et al.,
2008; St. John, 2008). Glacial ice may have existed well
before 46 Ma during short intervals of orbitally driven insolation minima, even in some intervals during the Late Cretaceous to early Eocene (Miller et al., 2005; Pekar et al.,
2005; Bornemann et al., 2008). Modeling results for the
glaciation of Antarctica show that declining Cenozoic pCO2
may have played the dominant role (DeConto and Pollard,
2003b) in the initiation of large continental ice sheets on the
poles. The first highly dynamic terrestrial ice sheets may
have formed when a pCO2 threshold between 2- and 3-times
the pre-industrial level (PAL) was crossed and orbital periods
with cold austral summers prevailed (DeConto and Pollard,
2003a). For our example the proposed drop in pCO2 (Pearson and Palmer, 2000) might have crossed this threshold at
the termination of the EECO (Fig. 9a). The special orbital
configuration with the very-long eccentricity minimum and
high-amplitude obliquity variations might have favored the
nucleation of ephemeral ice sheets and/or favor the formation
of extended sea-ice as early as ∼50 Ma ago. Around 50 Ma
the first biosiliceous sediments appear at the Lomonossov
Ridge in the Arctic Ocean (Backman and et al., 2008; Stickley et al., 2008) indicating lower sea-surface temperatures.
There is not yet evidence for ephemeral ice on or sea-ice
around Antarctica at ∼50 Ma. However, we found obliquity cycles at the deep sea ODP Site 1258 throughout the
entire magnetochron C21r interval, suggesting a continued
high-latitude influence probably via deep ocean circulation
beginning at ∼50 Ma.
If cooling was triggered by the drawdown of pCO2 where
did all the carbon go? Biological sequestration of CO2 ,
and thus enhanced burial of organic carbon, is observed
in the Arctic Ocean sediments from PETM to the Azolla
freshwater event (∼55–49 Ma) (Stein et al., 2006; Knies et
al., 2008; Moran et al., 2006). The massive occurrence of
the fresh-water fern Azolla confirms the presence of fresh
surface-water conditions with cooler temperatures of ∼10◦ C
(Brinkhuis et al., 2006). Associated fresh and relatively cool
surface waters may have enabled winter ice formation, marking the start of a middle Eocene transition to a bipolar “icehouse” world (Moran et al., 2006). The termination of the
Azolla phase occurred within magnetochron C21r but the onset is less well defined (Brinkhuis et al., 2006) (Fig. 9b).
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Summary and conclusions

Our chronology provides key data for calibration of the early
Eocene interval of the Geomagnetic Polarity Time Scale
(GPTS). Estimates for the duration of magnetochrons based
on cyclostratigraphy of ODP Site 1258 refines the interpretations of Cande and Kent (1995) as well as the GPTS2004.
The new results disprove the assumption based on radiometric ages and magnetostratigraphic constraints from the
Green River Formation (Machlus et al., 2004; Smith et
al., 2006) that the C22/C23 magnetochron boundary is 1.5–
2.5 myr younger than in CK95. We also demonstrate that
the early Eocene GPTS calibrated by the new geochronology
of the Green River Formation (Smith et al., 2008a) and the
ODP Site 1258 cyclostratigraphy-based GPTS are not consistent to each other. This discrepancy might vanish once the
correlation of ash layers to the geomagnetic polarity record
in the Green River Formation can be clearly resolved.
Even more the high-resolution ODP Site 1258 record enables us to investigate the influence of Milankovitch forcing on climate variability in the early Eocene, and may provide us with important clues about the transition from the
Early Eocene Climate Optimum into the Cenozoic long-term
cooling trend. The early to middle Eocene climatic record
is characterized by eccentricity-modulated precession cycles,
except for a period of ∼800 kyr within magnetochron C22r.
This period exhibits strong obliquity cycles, which we interpret as the documentation of the increased influence of
high-latitude processes on low latitude deep ocean chemistry at the termination of the EECO right at the onset of the
long-term Cenozoic cooling trend. Reduced volcanic outgassing, in combination with enhanced silicate weathering
and carbon storage in the North Polar area, could likely have
caused a drop in atmospheric CO2 during the early Eocene.
Subsequent cooling, preferentially at high latitudes, creating
an increase in the latitudinal temperature gradient, resulted
in stronger wind-driven ocean circulation, intensification of
bottom-water formation in high latitudes, and thus be partly
responsible for erosional features in deep-sea sediments. A
specific orbital configuration with low eccentricity and high
obliquity components – similar to what was identified at the
time of intensification of the Northern Hemisphere glaciation – following the crossing of a critical pCO2 threshold
between 2- and 3-times the pre-industrial level might have
led to the formation of the first ephemeral ice sheet preferentially on Antarctica or at least extended sea-ice areas as early
as 50.1 to 49.4 Ma ago.
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Wade, B. S. and Pälike, H.: Oligocene climate dynamics, Paleoceanography, 19, PA4019, doi:4010.1029/2004PA001042, 2004.
Walker, J. C. G., Hays, P. B., and Kasting, J. K.: A negative feedback mechanism for the long term stabilization of Earth’s surface
temperature, J. Geophys. Res., 86, 9776–9782, 1981.

www.clim-past.net/5/309/2009/

327

Weedon, G. P.: The recognition and stratigraphic implications of
orbital-forcing of climate and sedimentary cycles, in: Sedimentology Review, edited by: Wright, V. P., Wiley-Blackwell, 1, 31–
50, 1993.
Weedon, G. P.: Time-series Analysis and Cyclostratigraphy, Cambridge University Press, 2003.
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