Clim. Past, 5, 309327, 2009 7N -

www.clim-past.net/5/309/2009/ GG Climate
© Author(s) 2009. This work is distributed under of the Past
the Creative Commons Attribution 3.0 License. -

High resolution cyclostratigraphy of the early Eocene — new insights
into the origin of the Cenozoic cooling trend

T. Westerhold and U. Rohl
MARUM - Center for Marine Environmental Sciences, University of Bremen, Leobener Strasse, 28359 Bremen, Germany

Received: 22 December 2008 — Published in Clim. Past Discuss.: 23 February 2009
Revised: 5 June 2009 — Accepted: 25 June 2009 — Published: 6 July 2009

Abstract. Here we present a high-resolution cyclostratig- of a critical pCO, threshold may have led to the formation of
raphy based on X-ray fluorescence (XRF) core scanninghe first ephemeral ice sheet on Antarctica as eartyEsMa
data from a new record retrieved from the tropical west-ago.

ern Atlantic (Demerara Rise, ODP Leg 207, Site 1258).
The Eocene sediments from ODP Site 1258 cover magne-
tochrons 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)The calibration of the standard Geomagnetic Polarity Time
also providing key aspects for reconstructing high-resolutionscale (GPTS) for the Eocene is based primarily on radioiso-
climate variability during the Early Eocene Climatic Opti- topic (e.g., “°Ar/3%Ar) dating (Luterbacher et al., 2004).
mum (EECO). Detailed spectral analysis demonstrates thakelatively large uncertainties in radiometric age constraints
early Eocene sedimentary cycles are characterized by pregnd the selection of tie points itself can result in differ-
cession frequencies modulated by short (100kyr) and longnt versions of the GPTS (Machlus et al., 2004). Particu-
(405 kyr) eccentricity with a generally minor obliquity com- |arly, the early Eocene interval from the Paleocene-Eocene
ponent. Counting of both the precession and eccentricity cytoundary to the top of magnetochron C21n in the GPTS of
cles results in revised estimates for the duration of magnecande and Kent (1992, 1995) (“CK95”) 4s1.7 myr shorter
tochrons C21r through C24n. Our cyclostratigraphic frame-than the same interval in the Geological Time Scale 2004
work also corroborates that the geochronology of the EoceneGpTS2004, Ogg and Smith, 2004; Gradstein et al., 2004).
Green River Formation (Wyoming, USA) is still questionable This discrepancy results from arB00-kyr difference in the
mainly due to the uncertain correlation of the “Sixth tuff" to radiometric age for the identical tuff within magnetochron
the GPTS. C21n(.33) and an-800-kyr difference in the absolute age for

Right at the onset of the long-term Cenozoic cooling trendthe Paleocene-Eocene boundary. Recalibration of the C23-
the dominant eccentricity-modulated precession cycles ofC22 transition in the Green River Formation in Wyoming
ODP Site 1258 are interrupted by strong obliquity cycles for (USA) using a new radiometric age tie point (“Sixth tuff”)
a period of~800kyr in the middle of magnetochron C22r. (Machlus et al., 2004; Smith et al., 2006) even resulted in a
These distinct obliquity cycles at this low latitude site point ~4 myr longer duration of the interval from the P-E bound-
to (1) a high-latitude driving mechanism on global climate ary to the top of C21n than the previous estimates by CK95.
variability from 50.1 to 49.4 Ma, and (2) seem to coincide The recalibration of the C23-C22 transition by dated ash lay-
with a significant drop in atmospheric GQ&oncentration  ers from the Green River Formation (Machlus et al., 2004;
below a critical threshold between 2- and 3-times the pre-Smith et al., 2006) is questionable, however, because of the
industrial level (PAL). The here newly identified orbital con- controversial correlations within the Green River Formation
figuration of low eccentricity in combination with high oblig- (Smith et al., 2003, 2004, 2006; Clyde et al., 2001, 2004)
uity amplitudes during this-800-kyr period and the crossing and the uncertain positioning of the Sixth tuff with respect to
magnetostratigraphy.

The cyclic early Paleogene sediments recovered during

Correspondence tl. Westerhold Ocean Drilling Program (ODP) Leg 208 (Walvis Ridge,
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calibrated, but still floating time scale covering the Pale- complete data set presented in this paper is available online in
ocene and earliest Eocene frond8 to ~53.5Ma (Wester- the WDC-MARE Pangaea database undenw.pangaea.de
hold et al., 2007). This cyclostratigraphy provided a very (http://doi.pangaea.de/10.1594/PANGAEA.722p15

robust estimate for the duration of C24r, including the ex-

act relative position of the P-E boundary within C24r. So

far, the only cyclostratigraphic study from marine sediment3 Results

cores (ODP Site 1051) in the Ypresian Stage covers magne;

tochrons C24 to C22r (®hl et al., 2003). 31 XRFdata

Here we present a high-resolution cyclostrgtigraphy baseqyagnetostratigraphy (Suganuma and Ogg, 2006), along
on X-ray fluorescence (XRF) core-scanning data fromyith detailed spectral analysis and cyclostratigraphy of the
the tropical western Atlantic sediments (Demerara RisexRE Fe intensity data (Tables S1, S2 and B8p://www.
ODP Leg 207, Site 1258). Eocene sediments of Site 1258jim_past.net/5/309/2009/cp-5-309-2009-supplemen.pdf
consist of nannofossil chalk with foraminifers, which exhibit \gyeal that the studied interval span$.5 myr from mag-
extremely well developed cycles covering the interval from netochrons C21n to C24r (Fig. 1). The record also contains
magnetochron C20 to C24. These data have been used {fe two Eocene Thermal Maxima (ETMs): Elmo (ETM2)
construct an orbitally calibrated chronostratigraphy for the | gyrens et al., 2005) and “X” (ETM3) @l et al., 2005).
early to middle Eocene in order to revise and evaluate theggth events show very prominent peaks in Fe intensity,
early to middle Eocene GPTS. Moreover, the cyclic sedi-which is related to the global dissolution of calcium carbon-
mentary succession has high potential to provide importangte in the deep ocean during the events. Variations in Fe
insight into the climatic evolution of the early to middle intensity are generally related to the terrigenous fraction of

Eocene. This period is of special interest because it encomg,e sediment and/or dilution of calcium carbonate (Fig. 2).
passes the Early Eocene Climate Optimum (EECO; Zachos

etal., 2001), the interval with the highest global temperature3.2  Composite section and refined magnetostratigraphy
recorded in the past 70 Ma, and also marks the beginning
of the Cenozoic long-term cooling trend (e.g. Zachos et al.,Due to both the high resolution and quality of the
2008). XRF core scanner Fe intensity data, we were able
to substantially improve the shipboard composite sec-
tion (“splice”) for ODP Site 1258 (see Tables S4 and
2 Material and methods S5, Figs. S1 to S3http://www.clim-past.net/5/309/2009/
cp-5-309-2009-supplement.pdfhich was mainly based on
A 120 meter-long Eocene nannofossil chalk record fromthe magnetic susceptibility (MS) records and still had am-
ODP Site 1258 (3192 m water depth) (Fig. 1) characterizedbiguous correlations in several cases. Some of the ambiguity
by persistent cyclicity in physical property data and also with of the ship splice can be clearly identified, e.g. for the upper
good biostratigraphic as well as magnetostratigraphic agé0 meters (see Figs. S2A and S3A). However, neither MS
control (Erbacher et al., 2004; Suganuma and Ogg, 2006hor XRF scanner data do show a good match for the parallel
was analyzed in detail. We XRF scanned along the shipboartholes around 40 mcd using the ship offset table. We success-
composite depth section (meters composite depth, mcd) fofully readjusted the depths at this position using new XRF
ODP Site 1258 from 32 to 135mcd (Shipboard Scientific scanner data. The improved correlation result into a com-
Party, 2004a) spanning the time interval from magnetochrongosite section which is now 4m shorter than the shipboard
C21r to C24n (48 to 54 Ma), with extensively overlapping splice at 40 rmcd. The results also reveal that the MS data
sections at the splice tie-points in order to proof the qual-for Holes 1258A and 1258B differ substantially. Another
ity of the shipboard splice. In this study we present theexample at 62 mcd demonstrates that MS data clearly mis-
XRF data for this depth interval. The XRF core scanner ac-match between holes. In fact, XRF scanner data show that
quires bulk-sediment chemical data from split core surfaceghe bottom of Core 1258B-6R and the top of Core 1258B-
(Richter et al., 2006; Tjallingii et al., 2007). Although mea- 7R overlap by a few decimeter. We are confident that these
sured elemental intensities are predominantly proportional texamples clearly demonstrate that XRF scanner data were
concentration, they are also influenced by the energy levekssential in revising the splice for Site 1258. The revised
of the X-ray source, the count time, and the physical prop-splice is about 6 meters shorter than the shipboard splice.
erties of the sediment @hl and Abrams, 2000). Fe (iron) Applying the average sedimentation rate of 1.5cm/kyr for
data were collected every 2 cm down-core over adanea  the middle Eocene to late Paleocene (Shipboard Scientific
using a sampling time of 30s. We used a generator setParty, 2004a) this difference represents roughly 400 kyr. This
ting of 20kV and an X-ray current of 0.087 mA. Measure- clearly demonstrates the importance of XRF data for obtain-
ments were made directly on the split core surface of theing complete stratigraphic records, which are necessary for
archive half with the first generation of XRF Core Scannersa precise cyclostratigraphy (also se@hRet al., 2007; West-
at the University of Bremen (@l and Abrams, 2000). The erhold et al., 2007, 2008). The new composite section also
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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)
paleogeographic reconstruction showing the location of the drill site. Reconstruction made using the Web-based sottyvahevaiy.
odsn.de/odsn/services/paleomap/paleomap, likhaly, 1999). XRF intensity data from the A-hole in red, from the B-hole in blue and from

the C-hole in green. Data from the B-hole and C-hole have been offset for clarity by 1000 and 2000 counts per second (cps), respectively.
The position of magnetochron boundaries with error ranges are plotted in gray bars. The two light gray lines mark the position of the ETM2
(Elmo) and ETM3 (“X” event).

provides new composite depths for polarity zone boundariegparticular, the offset of foraminifer Zone P8/P7 near the top
at ODP Site 1258 (Fig. 3 and Table $&tp://www.clim-past.  of the “distorted” C23n was interpreted to result from a pos-
net/5/309/2009/cp-5-309-2009-supplemeni.pdf sible unrecognized fault in Hole 1258A which might have
truncated the uppermost part of C23n in Hole 1258B and/or

The magnetostratigraphic interpretation relies on shoreyryncated the overlying Chron 22r in Hole 1258A. In addition
based discrete sampling as the shipboard magnetometer megy interpreted the occurrence®fthorhabdus tribrachia-
surements where generally compromised by weak magnetiysin Cores 1258B-7R and -8R to be reworked as examples
zations (Suganuma and Ogg, 2006). The reversal pattern igf these species were found well above the datum for the
well resolved but there is inconsistency in the interpretationpgse of planktonic foraminifer Zone P9 (Shipboard Scientific
of the polarity pattern between Holes 1258A and 1258B af-payty, 2004a). Following this interpretation the normal polar-
ter adjustment to mcd between lower Chron 230Q0 mcd) ity interval at 80 med (Fig. 3b) at each site has been flagged
and C22n {50 mcd) (Suganuma and Ogg, 2006) (Fig. 3). a5 a pervasive overprint because it lies between C22n and
The interpretation of Suganuma and Ogg (2006) resultedc23n (see also Fig. F5 in Suganuma and Ogg, 2006). These
from the comparison of sedimentary features based on magsnomalous normal polarities lead Suganuma and Ogg (2006)
netic susceptibility data and biostratigraphic datums. In
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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 spec-
6000 — * tral power is located at distinct periods (Fig. S4) (Wavelet
software was provided by C. Torrence and G. Corhfip:
/lpaos.colorado.edu/research/waveldtulti-Taper Method
(MTM) spectra were calculated by the kSpectra Toolkit soft-
ware from SpectraWorks using 3 tapers and a resolution of
2 (Ghil et al., 2002). Background estimate and hence confi-
dence levels are based on a robust red noise estimation (Mann
and Lees, 1996). Bio- and magnetostratigraphic data as well
Kok e - . .
R?= 0.76 ” as diagnostic frequency ratios clearly relate these bands to
0 — T T T T T 7 Milankovitch cycles. We could identify all long (405-kyr)
and short (100-kyr) eccentricity, obliquity, and precession
0 20 40 60 80 components. In order to extract the long and short eccen-
Ca Cos (wWt%) tricity 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 ec-
Fig. 2. Plot of XRF Fe intensity data versus shipboard C8CO oo nyricity, obliquity and precession cycles resulted in revised

wt%) measured on the same sample position. The negative lin-__.. .
(wt%6) o ample P 9 stimates for the durations of magnetochrons C21r through
ear regression line shows an anti-correlation between the amount o

CaCQ; and XRF Fe intensity at ODP Site 1258, suggesting that the =241 (Figs. 4 and 5). Due to lowered sedimentation rates
Fe (cps) is related to the amount of terrigenous component in thePove the C22r/C23n boundary the clear recognition of pre-
sediment. cession cycles at ODP Site 1258 is restricted and precession

cycle counting in the interval from C21r to C22r is not pos-

sible at all. Nevertheless, both the short and the stable long
to the conclusion that either the upper part of the sectioneccentricity cycle can still be extracted. We used both direct
was not effectively demagnetized or a hypothetical fault du-cycle counting and Gaussian band pass filtering of the data
plicated some portion of the record. This interpretation ofto construct a cyclostratigraphy from the base of C21r down
Suganuma and Ogg (2006) now definitely needs revision ao the base of C24n (Figs. 4 and 5).
updated nannofossil datums are available (Fig. 3). We are Due to the still existing discrepancy between astronom-
confident that the recalibrated nannofossil events of Agniniical solutions and radiometric dating in the late Paleocene
et al. (2006) and Agnini et al. (2007) are much more reli- and early Eocene in combination with the lack of absolute
able than the planktonic foraminifera zonation of Berggren etages 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 aalike (2004) for
Occurrence) of Nfulgensis in the middle part of magne- their Oligocene record cannot be applied for the Eocene right
tochron C21n, the HO (Highest Occurrence) of@loensis  now. However, we follow a similar approach and propose
is within C21r, and the HO of Torthostylusis close to the  an Eocene stratigraphic nomenclature related to the recogni-
base of 22r. The LO of Dlodoensisis close to the top of tion of short and long eccentricity cycles. The cycle count
C24n (Agnini et al. 2006), the LO of Sadiansis 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. orthostyluss close to the top of C24r (Agnini etal., 2007). and 4). The stable long eccentricity cycles are referred to as
Based on this data the normal chron described as a pervasiecyosl, Egos2, ..., Eqos21 (Ec for Eocene) upwards. The
overprint (Suganuma and Ogg, 2006) from 68 to 78 rmcdshort eccentricity cycles are referred to asdgt, Ecoo2,
must be instead C23n. The normal polarity frevi00 to ..., Eqoo85 upwards. We start counting at the Eocene Ther-
~128rmcd would be assigned to C24n. This then leads tamal Maximum 2 (ETMZ2, Lourens et al., 2005) which is lo-
the interpretation as used in this study (Table S6). The excated in precession cycle 88, the middle ofgt9 and be-
cellent matching of XRF scanner Fe data which refined thefore the maximum of the EBgsb cycle (Westerhold et al.,
splice clearly does not allow moving cores to align the rever-2007).
sal boundary at-84 rmcd in Hole 1258A with the boundary
at ~94rmcd. In addition the sediment color changes from4.1 Chron C24n
red to gray at~84 rmcd in Hole 1258A indicates geochem-
ical changes. We therefore define the reversal boundary ate counted 6&2/, precession cycles (precession cy-
~94 rmced in Hole 1258B in accordance with the nannofossilcles 101 to 161) and 1&+1/, short eccentricity cycles
datum positions as the top of C24n. (Ec10022 to EQo35) for C24n (Fig. 4a, Table 1). Wavelet

Fe (Area)
F -
o
o
o
|
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Fig. 3. Polarity rating scheme of the inclination data from ODP Holes 1258A (triangles) and B (dots) (Suganuma and Ogg, 2006) with
the paleomagnetic reversal pattern interpretation of this stajdgnd the original interpretatiofp) 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
magnetostratigraphy of ODP Site 1258 in relation to the revised composite depth (rmcd) is given in Table S6. For details of the polarity
rating scheme see Suganuma and Ogg (2006). Legends for nannofossil datums from Hole 1258A (Shipboard Scientific Party 2004a): 1LO
N. fulgens2 HOD. sublodoensis3 HOD. lodoensis4 HOT. orthostylus5 LO D. lodoensis6 LO S. radians 7 LO T. orthostylus8 LO D.

diastypus9 HO D. multiradiatus 10 HOFasciculitus spp.

analysis (Fig. S5a) indicates that this interval is characterizedt.2 Chron C23n and C23r
by precession cycles strongly modulated by eccentricity but

with a significant obliquity component in the lower part. A co3 equals 34,3 precession cycles (precession cycles
change in amplitude and cycle thickness from thicker to thin-50q to 232) and ¥,+1/, short eccentricity cycles (Ego44
ner cycles occurs around 112 rmcd (revised meters compositg, Eciod51) (Fig. 4b, Table 1). For C23r (Fig. 4b, Table 1)
depth) between B6o25 and Egoo26 in the middle of mag- e counted 383 precession cycles (precession cycles 161
netochron C24n.3n. In additio_n, the prominent “X” event to 199) and 8,43/, short eccentricity cycles (E6s36 to
(ETM3, Rohl et al., 2005, 2009) is represented by precessiorgc, ,44). Wavelet analysis shows that the strong precession
cycles 146 and 147, and lies in the middle ofi&82, andin  component apparent with a period of 42 cm during the entire
the middle of Egos8. _ magnetochron C24n continues upward to a depth of 80 rmcd
If we use 21 kyr and 95 kyr as the mean durations for the(rig. S5p). A small change in cycle thickness from thicker to
counted precession and short eccentricity cycles (Herbert 6hinner cycles appears around 80 rmcd betweendd2 and
al., 1995), the duration of C24n is estimated as ¥288kyr ¢, ;43 close to the top of magnetochron C23r. A very inter-
and 125&-48 kyr, respectively. This is more than 100kyr esting feature is the rather low amplitude of the eccentricity
longer than the GPTS2004 estimate and 277 kyr longer thaRomponent in cycle Egs10 (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 @Rl et al., 2003). The  yery Jong eccentricity cycle~2.4 myr) covering the period
base of C24n.1n lies in Ego31 and the top in E@e35. The  from Eg 0039 to Eqoed3. The precession component is well
paleomagnetic interpretation of C24n.2n at ODP Site 1258 igygcumented in magnetochron C23n. Because of the lowered
weak and thus the proposed duration of 84 to 90 kyr is un-gedimentation rate some short eccentricity cyclesd,
certain. The base of C24n.3n is ingg22 and the top is E10051, E10g50) are clearly visible while precession cycles
between Ego27 and Egoo28. are suppressed. Cycle counting suggests that the duration of
magnetochron C23r is 72863 kyr using precession cycles
and 83172 kyr using short eccentricity cycles. For C23n we
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Fig. 4. High-resolution XRF Fe intensity data and cyclostratigraphy across magnetochrongafa#d C23(b) (Ecyosb to Egosl2) for

sediments from ODP Site 1258. The positions of the ETM2 (EImo) and ETM3 (“X” event) are indicated (blue bars). The short (green)
and long (thick black) eccentricity-related cycles have been extracted by Gaussian filtering. The filters have been adjusted according to the
proposed change in cycle thickness by detailed wavelet analysis (for details see supplementarh&m/&8sw.clim-past.net/5/309/2009/
cp-5-309-2009-supplement.pdisreen arrows indicate changes in the width of the applied bandpass filter. Gray numbers indicate the short
eccentricity (Eggg) maxima and the black labels indicate the long eccentricitygEjanaxima relative to the P/E boundary. For further
discussion see text. For MTM spectra see Fig. 6. (Filter details: a, 112 to 127 rmcd 405-kyr filtertsd 03 tycle/meter (c/m) and 100-kyr

filter at 0.39£0.12 c¢/m. 90 to 112 rmcd 405-kyr filter at 0£0.03 c/m and 100-kyr filter at 0.540.16 c/m. b, 80 to 95 rmcd 405-kyr filter

at 0.12+0.03 c¢/m and 100-kyr filter at 0.340.16 c/m. 65 to 95 rmcd 405-kyr filter at 046.05 ¢/m and 100-kyr filter at 0.25.22 c/m.)

calculated a duration of 6833 kyr and 713-48 kyr, respec-  interval. However, C22n equalst/4 short eccentricity cy-
tively (Table 1). Itis interesting to note that C23n.2n is much cles (EGog66 to Eqpo72) (Fig. 5a, Table 1). We counted
shorter and C23r is a little bit longer according to our results14%/4£1 short eccentricity cycles (Eg52 to Eqgg66) for
than in CK95 and GPTS2004. The base of C23n.1n lies infmagnetochron C22r (Fig. 5a, Table 1). Wavelet analysis
Ec10049 and the top lies between {5651 and Egpg52. The  demonstrates that from 65 to 55 rmcd the eccentricity com-
base of C23n.2n lies in Eg44 and the top lies in Bg48. ponent with a period of 125-133cm (Fig. S4c) is replaced
In summary, the duration of magnetochron C23 as definedy a strong cycle with a 46-cm period. Thesé6-cm cycles

at ODP Site 1258 is 148163 kyr based on precession cy- diminish in power after 55rmcd and shift towards a thick-
cle 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 45rmcd. A decrease in sedimentation rates is
documented by the decrease of the short eccentricity cycle
4.3 Chron C22n and C22r period from 125cm/cycle in the interval 65 to 70rmcd to

97 cm/cycle from 55 to 45rmcd. On the basis of the over-
The relatively low sedimentation rate of these magne-all Milankovitch cycle relationship and assuming a smooth
tochrons at Site 1258 does not allow clear identification offather than rapid shift in the sedimentation rate within the
precession cycles from 67 rmcd to the top of the investigatednterval from 70 to 45rmcd as well as a persistent main
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Table 1. Duration of magnetochrons derived from cyclostratigraphy based on XRF Core Scanner data.

Chron standard GPTS tuniﬁg cycle counting

CK95 GPTS2004 Precession short Eccentricity

(kyr) (kyr) (kyr) no. of cycles (kyr§ no. of cycles (kyr¥
c21r 1131 1364 126540 13+ 1235+48
c22n 677 828 63858 eigz 570+£72
c22r 1064 1303 146863 14341 140195
C23n 965 1171 67845  323+3 68363 73+l  713t48
C23n.1n 168 202 22461  103+3%  226:68 23+1 26195
C23n.lr 101 125 7253  31+23 74453 1+1 95+95
C23n.2n 696 844 37855 19k3 399:63 4x1 380+95
Cc23r 621 747 80046 38:3 798:63 83 +3 83172
C24n 983 1159 129842  60E23  1260£53 137+ 3 125448
C24n.in 299 355 39852 183+13 389463 41 380+48
C24nlr 94 112 125 511 105+32 13 119
C24n2n 44 52 75 4 84 1 95
C24n2r 102 119 142 1 14721 11 119
C24n.3n 444 521 56737 25k2 525:42  53+3  523t48

T 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 tocycle thickness from thicker (97 cm) to thinner (58 cm) at
125 cm, we interprete that the observed strong 46-cm cyclicaround 45rmcd. The obliquity component (39-cm and 20-
ity is obliquity related. We extracted the obliquity com- cm cycles, respectively; Fig. S4d) is apparent throughout the
ponent and counted 19 cycles fron65.6 to ~55.0rmcd  entire C21r interval. According to cycle counting the dura-
(Fig. 5). For the same interval we were able to extract 8 relation of C21r is 123548 kyr using short eccentricity cycles.
tively weak eccentricity cycles. Applying average durations This is 104 kyr longer than in CK95 and 129 kyr shorter than
of 41 kyr for an obliquity cycle and 95 kyr for a short eccen- in GPTS2004. The base of C21r is at the base @pt@ and
tricity cycle (Herbert et al., 1995) the interval would span the top is in Eggp85.

779 kyr or 760 kyr, respectively. This exceptionally strong

and unique obliquity component could be related to a mini-4.5  Orbital calibration to the stable long eccentricity

mum in the very long eccentricity cycle covering the period cycle

from Ec10055 to Eqpg62 and will be discussed below.

Cycle counting suggests that the duration of C22r isThe precision of the orbital solution for the time interval
140H-95 kyr using short eccentricity cycles. For C22n we older than 42 Ma is limited (Laskar et al., 2004; Machlus
calculated a duration of 5772 kyr (Table 1). The base of et al., 2004; Westerhold et al., 2007). Therefore, a defi-
C22nis in Egoo66 and the top is at the base ofige72. The  nite tuning of the early Eocene record of ODP Site 1258
base of C22r is in E@052 and the top is in Bgo72. The  to orbital solutions is not possible at this stage. However,
total duration of magnetochron C22 is 19236 kyr, 182kyr  orbital tuning should be feasible using the long eccentric-
longer than in CK95 and 208 kyr shorter than in GPTS2004.ity cycle, because of its stability far back in time (Laskar

et al., 2004; Varadi et al., 2003), resulting in a still float-
4.4 Chron C21r ing time scale (i.e. Hinnov and Ogg, 2007). We tuned the

ODP Site 1258 Fe record by assigning the extracted long
We counted 13/, short eccentricity cycles (Eg72 to eccentricity related maxima to maxima in a cosine function
Ec10085) for C21r (Fig. 5b, Table 1) where the Eocene com-with a period of 405-kyr (see Laskar et al., 2004; namely
posite record ends at this site (Shipboard Scientific Partyformula (47) therein). Arbitrarily, we set the maxima in the
2004a). Wavelet analysis shows a shift in short eccentricityEc40521 cycle to 1 Ma as a reference point for this relative
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Fig. 5. High-resolution XRF Fe intensity and cyclostratigraphy across magnetochrongal’a8d C21r(b) (Ecsos12 to Eggs21) for

sediments from ODP Site 1258. The short (green) and long (thick black) eccentricity-related cycles and obliquity-related (blue) cycles have
been extracted by Gaussian filtering. The filters have been adjusted according to the proposed change in cycle thickness by detailed wavele
analysis (for details see supplementary Fig.t18&://www.clim-past.net/5/309/2009/cp-5-309-2009-supplement.@ify arrows indicate

changes in the width of the applied bandpass filter. For legend of figure see caption of Fig. 4, for discussion see text. For MTM spectra
see Fig. 6. (Filter details: a, 55 to 70 rmcd 405-kyr filter at 8:Q26 cycle/meter (c/m), 100-kyr filter at 0480.24 c/m. 90 and 41-kyr

filter at 2.18+0.65 c/m. 45 to 55 rmcd 405-kyr filter at 028.07 c/m and 100-kyr filter at 1.83).32 ¢c/m. b, 45 to 55 rmcd 405-kyr filter at
0.25+0.07 ¢/m and 100-kyr filter at 1.63.32 c¢/m. 37 to 45 rmcd 405-kyr filter at 048.13 ¢/m and 100-kyr filter at 1.220.52 ¢/m.)

time scale (Table Shttp://www.clim-past.net/5/309/2009/ 5 Discussion
cp-5-309-2009-supplement.pdf Nevertheless, because of
these given uncertainties in time scale construction in theThe major objective of this study is to provide a cyclostrati-
early Eocene (Westerhold et al., 2007) we do not providegraphic framework for the Eocene interval equivalent to
tuned absolute ages. A detailed comparison between thmagnetochrons C21r to C24r48 to 54 Ma) from a high-
tuned relative and the cycle-counting age scales reveals onlgesolution record drilled at ODP Site 1258. If we assume
minor differences. The almost identical sedimentation rateghat the Site 1258 record is complete and that the stable
document the slow decline frony2.5cm/kyr at 120rmecd  long eccentricity cycle was correctly identified we can es-
to ~0.75cm/kyr at 32rmed (Fig. 7). Sedimentation rates timate the durations of magnetochrons C21r through C24n.
derived from the CK95 and GPTS2004 time scales generin the following we will discuss these new/revised data in re-
ally 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 impli-
linked to magnetochron C23n.2n. The new data suggest thatations of the new chronostratigraphy for this critical time
the estimates for the duration of C23n.2n in both CK95 andinterval, which includes the Early Eocene Climate Optimum
GPTS2004 are too long. (EECO, Zachos et al., 2001) with the highest global temper-
ature recorded in the past 70 Ma, and the changeover to the
Cenozoic long-term cooling trend.
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Fig. 6. MTM power spectra (bold black line) for specific depth intervals. The spectra have been calculated by the kSpectra Toolkit using

3 tapers and resolution of 2; BW indicates bandwidth. Background estimate and hence confidence levels (90%, 95%, 99%) are based or
a robust red noise estimation (Mann and Lees, 1996). Based on bio- and magnetostratigraphy we have identified spectral peaks that ar
related to the short (100-kyr; green arrows) and long (405-kyr; orange arrows) eccentricity cycles as well as obliquity (41-kyr, blue arrow)
and precession (21-kyr, red arrow). MTM sped@aand(b) are the basis for the filter frequencies used for Fig. 4a. MTM spéctiand

(d) are the basis for Fig. 4b filters. MTM speci&), (f) and(g) are the basis for Fig. 5a filters. MTM spectra g gh§lare the basis for

Fig. 5b filters.

5.1 Duration of individual magnetochrons and compar-  discrepancy results from ar800-kyr difference in the radio-
ison to standard geomagnetic polarity time scales metric age for the same tuff in magnetochron C21n(.33) (in-
verse stratigraphic position with respect to magnetochrons)
For the interval from the top of magnetochron C21r to the on-and an~800-kyr difference in the absolute age for the
set of the Paleocene-Eocene Thermal Maximum (PETM), th®ETM (Fig. 8) (Machlus et al., 2004; Berggren et al.,
GPTS2004 estimate is 1470 kyr longer than in CK95. This1995; Ogg and Smith, 2004). As a result, the durations
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Fig. 7. Resulting sedimentation rates for the ODP Site 1258 record in cm/kyr based on orbital tuning to the stable 405yr cycle (dash
red), on cyclostratigraphy (dashed blue), on the Cande and Kent (1995) (CK95, gray) time scale and Geomagnetic Polarity Time Scale
2004 (GPTS2004, black) time scale plotted against depth (rmcd) and magnetostratigraphy. The sedimentation rate based on the unlikely
assumption that the 42-cm cycles observed in Chron C22r are precession rather than obliquity cycles are also added (dashed green). Fc
further explanation see text.

of magnetochrons between the calibration points are relaare only anomaly profile records available with poor magne-
tively longer in GPTS2004 compared to CK95 (Fig. 8a). The tochron assignments (see Table 4 in CK95).

ODP Site 1258 record indicates that the interval from the on-

set of the PETM to the top of magnetochron C21r is 868 kyr5.2 The role of the Green River chronostratigraphy

(1051 kyr) (first number from cycle counting, number in 40n-/39 ) ) o
brackets from tuning to the stable 405-kyr cycle) longer thanS€veral™"Ar/*Ar ages derived from tuff horizons within
CK95, but 601 kyr (419 kyr) shorter than GPTS2004. TheselN€ lacustrine Green River Formation of Wyoming (USA)
new data point to an age for the C21n(.33) ash of somewherfa@ve been generated in order to reevaluate_ and recalibrate
between the values given by GPTS2004 (45.6 Ma) and Ckoghe early Eocene part of the GPTS (e.g. Smith et al., 2003,
(46.8 Ma). This implies that the age for the C21n(.33) ash in2004, 2006; ; Machlus et al., 2004; Wing et al., 1991).
GPTS2004 has to be slightly older, roughly 45.9 Ma. This In combination with existing paleomagnetic and biostrati-

would also fit to the proposed age for the FCT standard ofdraphic records some of these radiometric ages were used
28.20 Ma rather than 28.02 Ma (Kuiper et al., 2004). to construct a chronostratigraphy for the Eocene Green River
' Formation. However, a consistent and reliable basin-wide

Our detailed analysis reveals additional differences be-chronostratigraphy for the Green River Formation does not
tween the timescales: e.g. Chron C24 in this study isexist as it is still difficult to correlate the available records in
~830 kyr longer than in CK95 and450kyr longer than in  all detail (Smith et al., 2004; Clyde et al., 2004). Hence, a
GPTS2004, which solely derives from the revised durationmodification of the GPTS is proposed to resolve the dating
of Chron C24r (Westerhold et al., 2007). Magnetochron C23dilemma of Clyde et al. (2001) in the Green River Formation
seems to be-100 kyr and~400 kyr shorter than in CK95and (GR Fm) (Machlus et al., 2004). Based on the assumption
in GPTS2004, respectively, probably due to the much shortethat the single-crystei®Ar/3°Ar ages from the Sixth (6th)
normal C23n with a problematic top at Site 1258 (see Fig. 3).Tuff are time equivalents of the top of magnetochron C23nin
Alternatively, the rather large error in the width of C23 in the GR Fm, combined radiometric ages and published mag-
the South Atlantic anomaly profile (Cande and Kent, 1995)netostratigraphic constraints suggest that the magnetochron
of about 274 kyr with respect to CK95 and 332 kyr with re- C22/C23 boundary is 1.5-2.5 myr too old in CK95 (Machlus
spect to GPTS2004 could be the reason for the differenceet al., 2004; Smith et al., 2006) (Version C of Machlus et al.,
Here, it is also important to note that the biggest stretch ef-2004 in Fig. 8).
fect for spline-function calibrations occurs between two tie- Recently, the Green River chronostratigraphy has been
points, which in this case (roughly) coincides with C23n. refined based on a suite of twenty-tf®Ar/3°Ar ages for
Thus, the strong shift in sedimentation rates at Site 1258 calash beds in several different terrestrial basins (Smith et al.,
culated on CK95 and GPTS2004 ages (Fig. 7) might be &2008a). Moreover, seven out of the twenty-thRar/3°Ar
consequence of the overestimated C23n duration. Finallydated ash layers were identified within paleomagnetically
magnetochrons C22 and C21r also both seem to be longerharacterized strata or their correlative equivalents (Table 4
than in CK95 but shorter than in GPTS2004. In general, thein Smith et al.,, 2008a) and were used to recalibrate the
C24n to C20n interval seems to be a difficult interval as thereearly to middle Eocene GPTS (Fig. 8). The revision clearly
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Fig. 8. Duration of magnetochrons from the Paleocene/Eocene boundary (Paleocene-Eocene Thermal Maximum(af ER&Rtive

distance of magnetochron reversals to the PETM (@)dAbsolute age (and distance) of magnetochron reversals based on the duration of
magnetochrons published by Cande and Kent (1995) (CK95), Ogg and Smith (2004) (Geomagnetic Polarity Time Scale 2004 — GPTS2004),
Machlus et al. (2004) (Version C), Smith et al. (2008a) (Green River Formation) and the new estimates based on the ODP Site 1258
cyclostratigraphy. The red dots (with 2 sigma error bars) mark the positions of the radiometric tie-points used by the respective study. For
details about the ash layers see Smith et al. (2008a). Note that CK95 and GPTS2004 utilize the same ash layer in C21n (position is C21n.33
but with a different absolute age of 46:8.5 Ma and 45.6:0.38 Ma, respectively. For further discussion see text.

shows that Version C of Machlus et al. (2004) overestimates'®Ar/3°Ar ages from the 6th Tuff are time equivalents of
the duration of magnetochrons C23 and C22 due to a toothe top of Chron C23n. Due to the tentative correlation of
young age estimate of the 6th tuff (Fig. 8). However, the tuff-containing intervals in the GR Fm and the potential di-
revised chronostratigraphy of the GR Fm still suggests thataichrony between the basin center and margin (for discussion
the C22/C23 boundary is 1.5 myr younger than in CK95 andsee Clyde et al., 1997, 2001, 2004; Machlus et al., 2004;
also suggests a much longer duration for C23r. Smith et al., 2003, 2004, 2006) we propose that the corre-
lation of ash layers to magnetochron C23n in the GR Fm is
Both the new results from ODP Site 1258 and the revisedhighly questionable.
Eocene GPTS by Smith et al. (2008a) are consistent for C24n
and roughly for C22n with substantial differences for magne- We have additional arguments to doubt the correlation of
tochrons C23r, C22r, and 21r: magnetochrons C23r and C2lash layers to magnetochron C23n in the GR Fm chronos-
seem relatively stretched in Smith et al. (2008a) comparedratigraphy. 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 layer§he PETM cannot be younger because then the complete Pa-
from 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 Mach-age of the Cretaceous/Paleogene (K/Pg) boundary would be
lus et al. (2004, Version C), the new chronostratigraphy forin strong conflict with recently established radiometric age
the GR Fm is based on the assumption that the single-crystastimates (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 CK95 GPTS2004 ohletal. Smithetal. Machlus et al. this study
(2003) (2008a) (2004)

(kyr) (kyr) (kyr) (kyr) Version B Version C  Version D tuné(kyr) cycle count
C21n 1642 1889 810 1930 2030 1740
C21r 1131 1364 1780 1380 1570 1300 1289 1235+487
C22n 677 828 770 840 1000 800 6383 570+72%
C22r 1064 1303 902 640 1310 1650 1300 14638 1401957
C23n 965 1171 738 790 1160 1560 1210 £45 683:63*
C23n.1n 168 202 170 200 270 210 2281 226+68°
C23n.1r 101 125 160 120 160 120 723 7453
C23n.2n 696 844 460 840 1130 880 325 399+63*
C23r 621 747 533 1730 740 1010 780 8015 798t63*
C24n 983 1159 1230 1210 1130 1550 1230 g9 12606£53F
C24n.1n 299 355 360 350 480 370 3% 389t63F
C24n.1r 94 112 120 110 150 120 125 HeE*
C24n.2n 44 52 40 50 70 50 75 B4
C24n.2r 102 119 140 110 160 130 142 won*
C24n.3n 444 521 550 510 560 560 5637 525+42F

T 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 bound- Tuff must be close to the C21/C22 boundary, which would
ary, then the PETM and the K/Pg boundary would be 1.5 toagree with the interpretation that magnetochron C23n might
2myr younger then recent estimates (Kuiper et al., 2008)be missing in the lacustrine strata of the Tipton and Wilkins
This and the resulting stretch within C23r (see Fig. 8b) seemPeak Members (Smith et al., 2004). Applying the calibrated
to be rather unrealistic. Hence, the discrepancy might be reage of 28.2010.046 Ma for the FCT standard (Kuiper et
lated to either (1), the full propagated uncertainty of the ra-al., 2008), the 6th Tuff would then becomed.65% older
diometric ages of the ash layers in the GR Fm itself, or (2),(~49.94 Ma), which would be consistent with the cyclostrati-
the correlation between the South Pass and Bridger Basigraphic estimate of 49.8 Ma for the C21/C22 boundary using
sections (for discussion see Clyde et al., 2004) as well asuning option 3 of Westerhold et al. (2008). This is consis-
the correlation to relevant ash layers (or the exact positiortent with the revised age of the K/Pg boundary (Kuiper et
of the Wasatchian/Bridgerian boundary). Correlation of theal., 2008) of 65.95Ma. Due to the uncertainty in the exact
Smith et al. (2008a) ages with our cyclostratigraphy showsposition of ash layers in the GR Fm in relation to the geo-
that the relative distances between the PETM and the top ofmagnetic polarity pattern it is impossible to provide revised
C22n roughly agree (Fig. 8), therefore we assume that thege calibrations of the ash layers in the GR Fm.

uncertainty of the radiometric ages of the ash layers pro- The dominant cyclicity in the GR Fm has recently been
vided by Smith et al. (2008a) is not the reason for the dis-tested for its orbital origin (Machlus et al., 2008; Meyers,
crepancy. The correlation of the 6th Tuff (496@.86 Ma) 2008). Orbital age models based on the tuning of oil-yield
with full propagated uncertainty; Smith et al. (2008a) to values from the Wilkins Peak Member of the lower Eocene
the C22/C23 boundary is much more challenging. If we GR Fm have been reported to overlap witr/3%Ar dates
apply the three alternative absolute age estimates for théMachlus et al., 2008). Our results, although slightly differ-
PETM (Westerhold et al., 2008) in combination with the ent, are not in conflict with this interpretation because Mach-
ODP Site 1258 cyclostratigraphy, then the C22/C23 bounddus et al. (2008) are looking at relative age differences be-
ary would be 50.8 Ma, 51.2 Ma, or 51.6 Ma. For the C21/C22tween ash layers (Smith et al., 2008a), which, as we demon-
boundary we would obtain ages of 49.0 Ma, 49.4 Ma andstrated, roughly agree between the PETM and the top of
49.8 Ma, respectively. These results lead to the conclusioimagnetochron C22n. However, it will still be challenging
that the 6th Tuff can not be related to the C22/C23 bound-to compare the oil-yield data with marine cyclic sedimentary
ary because it is too young, even considering the full propa-successions in detail.

gated uncertainty. In fact, the age estimates imply that the 6th
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Our study shows that the discrepancy between the GR Fm However, the low-latitude Fe intensity record from
and the cyclostratigraphy at ODP Site 1258 is substantialODP Site 1258 adds important hints toward understand-
Due to the missing section in the GR Fm, which would con-ing the early to middle Eocene climate evolution. The cy-
tain both well-dated ash layers and good magnetostratigraelostratigraphy reveals that climatic cyclicity in the deep
phy, the calibration of early and middle Eocene paleomag-ropical Atlantic is strongly dominated by precession and
netic polarity records by ash layers from the GR Fm is prob-eccentricity with the temporarily increased influence of or-
lematic. However, we are confident that the astronomicallybital obliquity. Sedimentary records from both the South
calibrated stratigraphic framework from ODP Site 1258 for Atlantic (Walvis Ridge, ODP Leg 208) and the Northwest
the early Eocene is robust, as we could clearly identify thePacific (Shatsky Rise, ODP Leg 198) covering the entire Pa-
stable long eccentricity cycle. Future challenges will be toleocene and earliest Eocene are characterized by precession
solve the pending GR Fm internal stratigraphy and inconsiscycles modulated by eccentricity with virtually no apparent
tencies of pelagic marine cyclostratigraphy with radiometric obliquity component (Bhl et al., 2007; Westerhold et al.,

dating. 2007, 2008). Hence, the early Paleogene climate shows the
clear imprint of orbital forcing, most likely through an influ-
5.3 The end of the Early Eocene Climate Optimum —  ence on the carbon cycle as well as temperature (i.e. Shackle-
evidence for high-latitude influence at the beginning  ton, 2000; Rlike et al., 2006). The dominance of precession
of the Cenozoic long-term cooling trend and eccentricity cycles as well as the almost absent oblig-

uity component in most of these early Paleogene sedimentary

The early to middle Eocene Earth has been characterized asrgcords supports the idea that the overall influence of oblig-
greenhouse world with high Concentrations in the atmo-  uity on global climate during ice-free periods without an ice-
sphere partly due to increased volcanic emissions (Pearsosheet amplifier might have been weaker (Zachos et al., 2001).
and Palmer, 2000; Royer et al., 2007). Global temperatureThe observed strong precession cycles might be related to
reached a long-term maximum with its climax within the the existence of a seasonal-cycle rectifier (e.g. Huybers and
2 million year long Early Eocene Climatic Optimum (EECO; Wunsch, 2003).
~53 to 51 Ma) (Sloan and Rea, 1996, Zachos et al., 2008) For this reason it is very remarkable that we found strong
(Fig. 9a). The termination of the EECO is globally expressedobliquity cycles at ODP Site 1258 that lasted for a period of
by the onset of increasingly cooler deep-water temperatures-800 kyr in the middle of magnetochron C22r, right at the
and marks the onset of the long-term cooling trend towardsonset of the long-term cooling trend (Fig. 9b and Fig. S5).
the icehouse world (Shackleton, 1986; Zachos et al., 2001)This phase coincides with a minimum in the very-long ec-
This trend has been attributed to the permanent removal ofentricity cycle, an increase in benthic oxygen isotope values
atmospheric C@by enhanced silicate weathering (Fig. 9a) by ~0.5%., and a small shift in strontium isotope values. Ap-
(Raymo and Ruddiman, 1992; Walker et al., 1981; Smith etparent obliquity cycles at this low-latitude site probably point
al., 2008b) and/or enhanced burial of organic carbon (Franceto a high-latitude influence on low-latitude climate and/or on
Lanord and Derry, 1997). Recently, new oxygen-isotopedeep ocean geochemistry.
records and tropical sea-surface temperature reconstructions A pair of closely spaced hiatuses in onshore New Jer-
have revealed that the cooling probably largely took place akey boreholes (ODP 150X), with the lower event eroding
higher latitudes (Pearson et al., 2007). part of magnetochron C22r (Browning et al., 1997; their se-

Boron-based pH reconstructions (Pearson and Palmeguence E4), point to submarine erosion that took place in
2000) indicate a relatively sudden drop imCO, val- the North Atlantic about 50 Ma ago. Indications for sim-
ues during the EECO within the interval between mag-ilar erosional events have been observed on Blake Nose
netochrons C24n.3n and C23n (Bralower and Mutterlose(ODP Leg 171B) during the same time interval, and these
1995) (Fig. 9a). A lowering of the sea level (Miller et al., were attributed to brief periods of intensified bottom currents
2005) as well as an increase in deep-sea strontium isotopgNorris et al., 2001). If the cooling at50 Ma took place only
values (Hodell et al., 2007) both support the assumption ofat high latitudes (Pearson et al., 2007), as e.g. reported from
a decrease in volcanic G@utgassing. Subsequently, global the Lomonossov Ridge in the Arctic Ocean (Stickley et al.,
deep-sea benthic oxygen-isotope records reflect the onset @08) and the Tasman Sea in the Southern Ocean (Brinkhuis
the long-term cooling trend at the termination of the EECO et al., 2003), then the increased latitudinal temperature gra-
(Zachos et al., 2001). All these facts indicate that the coolingdient might have caused stronger wind-driven ocean circula-
trend was driven by the combined effects of both a decline oftion and an intensification of bottom-water formation in high
greenhouse gases due to weathering and a decreaseyin C@titudes (Bice and Marotzke, 2001), and thus promoted the
outgassing. However, at present the exact timing of the earlypbserved erosion patterns on the western Atlantic continen-
to middle EocengpCO, drop is not known in detail as well tal margin. Subsequent changes in ocean chemistry are indi-
as the relationships between greenhouse climatep &} cated by CCD shoaling and carbonate accumulation collapse
are not yet fully understood (Lowenstein and Demicco, 2006;in the South Atlantic at-50 Ma (Shipboard Scientific Party,
Fletcher et al., 2008). 2004b).
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Fig. 9. Evolution of late Paleocene to middle Eocene climd#, global deep-sea oxygen and carbon isotope records (5-point running
mean of Zachos et al., 2001), atmospheric;G@earson and Palmer, 2000), and Sr isotopes (Hodell et al., 2007). Also shown are the
Early Eocene Climatic Optimum (EECO), the more transient Mid-Eocene Climatic Optimum (MECO), and hyperthermal events of the early
Eocene such as the PETM (Paleocene-Eocene Thermal Maximum, ETM1), ElImo (ETM2), and X-event (ETM3). The blue bar indicates the
pCOy, threshold between 2- and 3-times the pre-industrial level (PAL) where ice sheets may have formed (DeConto and Pollard, 2003a).
(b), Zoom in from 54 to 47 Ma showing deep-sea oxygen (upper panel) and carbon isotope (middle panel) records, and strontium isotope
and Fe intensity record (lower panel). We also plotted the magnetostratigraphy of ODP Site 1258 as well as the intervals of minima in the
very-long eccentricity cycle (orange bars) and the interval with dominant obliquity cycles. Note that isotope data have been collected on
multiple species and converted to GPTS2004 (Ogg and Smith, 2004). Source of data: (1) Sexton et al. (2006), (2) Zachos et al. (2001), (3)

Hodell et al. (2007).
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The question arises: why do we see pronounced obliquityintensification of high-latitude bottom water formation.
cycles at deep sea Site 1258 in this particular period? The Was it possible that ephemeral ice-sheets did exist on the
point could be raised that due to changes in sedimentatiopoles at the termination of the EECO? More than three mil-
rate we have misinterpreted precession cycles as obliquityion years after the obliquity-dominated phase, &6 Ma,
cycles in magnetochron C22r. But, if the sedimentary cyclesthe first occurrence of ice-rafted debris (IRD) in the central
with a period of 46 cm would be related to precession, sed-Arctic (Moran et al., 2006; Backman et al., 2008; St. John,
imentation rates of 1-1.5 cm/kyr before and after the desig2008) slightly precedes the earliest evidence of ice found in
nated interval would be twice as high within the interval, and the Antarctic so far (Moran et al., 2006; Backman et al.,
be at 2—-3 cm/kyr (Fig. 7). Additionally, the duration of C22r 2008; St. John, 2008). Glacial ice may have existed well
would be shortened by substantialOO kyr. However, all  before 46 Ma during short intervals of orbitally driven inso-
the sedimentation rate estimates based on the GPTS, the pdation minima, even in some intervals during the Late Cre-
sistent period of short eccentricity in the ODP Site 1258 sedtaceous to early Eocene (Miller et al., 2005; Pekar et al.,
iments, and the relationship of Milankovitch cycles strongly 2005; Bornemann et al., 2008). Modeling results for the
argue against a doubling of sedimentation rates within thisglaciation of Antarctica show that declining Cenozpi€O,
brief period in C22r. Nevertheles, we definitely can not proof may have played the dominant role (DeConto and Pollard,
the existence of a brief interval of increased sedimentatior2003b) in the initiation of large continental ice sheets on the
rates or alternatively a substantial gap in the sedimentarypoles. The first highly dynamic terrestrial ice sheets may
record of Site 1258 because no published deep sea recotthve formed when aCO; threshold between 2- and 3-times
across Chron C22r is available. But there is no good reasotthe pre-industrial level (PAL) was crossed and orbital periods
other than assuming a smooth progression of the sedimerwith cold austral summers prevailed (DeConto and Pollard,
tation rate. Therefore, we suggest that the dominant cycle2003a). For our example the proposed drop@®0, (Pear-
in the middle of C22r are obliquity related. From an orbital son and Palmer, 2000) might have crossed this threshold at
forcing perspective it is not surprising to observe a strongerthe termination of the EECO (Fig. 9a). The special orbital
obliquity component in long-eccentricity minima. Interest- configuration with the very-long eccentricity minimum and
ingly we have not identified a significant obliquity compo- high-amplitude obliquity variations might have favored the
nent for the other two periods of very-long eccentricity min- nucleation of ephemeral ice sheets and/or favor the formation
ima in the investigated ODP Site 1258 record (Fig. 9b). Thisof extended sea-ice as early-a50 Ma ago. Around 50 Ma
might indicate that during the observed 800 kyr period thethe first biosiliceous sediments appear at the Lomonossov
amplitude of the obliquity component was particularly high. Ridge in the Arctic Ocean (Backman and et al., 2008; Stick-
As current orbital solutions are still likely to be incorrect be- ley et al., 2008) indicating lower sea-surface temperatures.
yond~42 Ma due to the chaotic diffusion in the solar system There is not yet evidence for ephemeral ice on or sea-ice
(Laskar et al., 2004), an accurate determination of succesaround Antarctica at-50 Ma. However, we found oblig-
sive minima in the very long eccentricity cycle (Westerhold uity cycles at the deep sea ODP Site 1258 throughout the
etal., 2007) as well as the obliquity cycle itself is not possible entire magnetochron C21r interval, suggesting a continued
for the period presented here. Another example of a similahigh-latitude influence probably via deep ocean circulation
orbital configuration with the combination of low eccentric- beginning at~50 Ma.
ity — high obliquity component can be found in the period If cooling was triggered by the drawdown pO, where
from 3.0 to 2.3 Ma, in direct relation to the intensification of did all the carbon go? Biological sequestration of CO
the Northern Hemisphere glaciation (Haug and Tiedemannand thus enhanced burial of organic carbon, is observed
1998). However, the low-latitude record of Site 1258 is in the Arctic Ocean sediments from PETM to theolla
very special because, unlike at high latitudes, local insolatiorfreshwater event~55—-49 Ma) (Stein et al., 2006; Knies et
forcing due to obliquity oscillations is quite small. Obliquity al., 2008; Moran et al., 2006). The massive occurrence of
influences the relative strength of the seasons and it predonthe fresh-water ferrAzolla confirms the presence of fresh
inantly affects the high latitudes. Especially high-obliquity surface-water conditions with cooler temperatures d6°C
configurations increase insolation at latitudes aboveid5  (Brinkhuis et al., 2006). Associated fresh and relatively cool
both hemispheres and decreases the solar energy receivedsarface waters may have enabled winter ice formation, mark-
the tropics and subtropics (Liu and Herbert, 2004). In the ab-ng the start of a middle Eocene transition to a bipolar “ice-
sence of an ice-sheet, strong obliquity forcing might be am-house” world (Moran et al., 2006). The termination of the
plified by moisture and heat transport in the atmosphere andzollaphase occurred within magnetochron C21r but the on-
ocean. Thus, strong obliquity cycles observed at Site 125&et is less well defined (Brinkhuis et al., 2006) (Fig. 9b).
indicate that, during an 800 kyr interval, high-latitude pro-
cesses 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/ Clim. Past, 5, 3624 2009



324 T. Westerhold and U.@hl: High resolution cyclostratigraphy of the early Eocene
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