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Abstract

I present a new method for reconnaissance cyclostratigraphic study of continuously cored boreholes: the generation
of detailed sediment color logs by digitizing Ocean Drilling Program (ODP) core photographs. The reliability of the
method is tested by comparison with the spectrophotometer color log for the uppermost Paleocene^lowermost Eocene
section (Chron C24r) at ODP Hole 1051A. The color log generated from Hole 1051A core photographs is essentially
identical to the spectrophotometer log. The method is applied to the Chron C24r section at Holes 1051A and 690B,
producing the first high-resolution geophysical log for the latter section. I calculate astronomically calibrated durations
between bio- and chemostratigraphic events within Chron C24r by correlating the cyclostratigraphies for Holes 1051A
and 690B. These durations are significantly different from previous estimates, indicating that the chronology of events
surrounding the Paleocene/Eocene boundary will have to be revised. This study demonstrates that useful geophysical
logs can be generated from digitized ODP and DSDP core photographs. The method is of practical use for sections
lacking high-resolution logs, as is the case for most lower Paleogene sections. ß 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Since the recognition of `Milankovitch' orbital
forcing as the `pacemaker of the ice ages' [1], cy-
clostratigraphy has become widely used as a met-
ronome to parse time in the geologic record at a
resolution of 10^100 kyr (e.g. [2^4]). Cyclostratig-
raphy is the only known method useful through-
out the geologic record for correlation of the

stratigraphic record to a numerical timescale at
such a high resolution. Where cyclostratigraphies
can be linked to the present, they have superseded
radiometric dating as the primary tool for esti-
mating the ages of events in geologic time (e.g.
[5,6]).

In marine sections, numerical ages of speci¢c
stratigraphic horizons and sedimentation rates
between horizons are typically estimated by cor-
relation with the integrated magnetobiochrono-
logic scale of Berggren et al. ([7] ; henceforth
BKSA95). Essentially, BKSA95 correlates the
Cenozoic planktonic foraminiferal and calcareous
nannoplankton biozonations via magnetostratig-
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raphy with the geomagnetic polarity timescale of
Cande and Kent ([8,9] ; henceforth GPTS). The
GPTS exploits the sea£oor magnetic anomaly
pattern and the hypothesis that sea£oor spreading
rates vary smoothly through time to calibrate the
age of magnetic polarity reversals against an in-
terpolated age for the oceanic crust.

The astronomical polarity timescale (APTS) ex-
ploits lithologic cycles in sedimentary successions
that can be correlated with cycles in the preces-
sion, obliquity, and eccentricity of the Earth's or-
bit around the Sun. The orbital periodicities are
physically predictable, and so sedimentary cycles
can be correlated with a calculated history of in-
solation variations [10]. This allows extremely pre-
cise dating of magnetic polarity reversals in the
sedimentary record, ideally to within a fraction
of an average precession cycle (V21 kyr). Conse-
quently, the APTS was used to constrain the sea-
£oor spreading rate curve from the present to 5.23
Ma in the GPTS.

The Earth's orbit is not fully predictable be-
cause of chaotic elements and uncertainties in ti-
dal dissipation [11]. As a result, an APTS con-
structed by direct correlation with the calculated
orbital solution is probably only reliable to V10
Ma. Alternative methods must be used for older
sections. Although more sophisticated methods
exist, simple cycle counting using the assumption
that cycle durations are similar to the present is a
useful ¢rst step in evaluating the durations of bio-
chrons estimated in BKSA95 [12]. It must be em-
phasized that the assumption that cycles re£ect
orbital forcing is not tested by cycle counting.
This assumption can be bolstered if (1) the cycle
counts are approximately consistent with magne-
tobiochronology or other age information, (2) the
cycles can be shown to be periodic, and (3) the
lithologic proxy being used is shown to vary in
response to orbital forcing in a similar sedimen-
tary environment.

Cycles are expressed as lithologic changes in
sedimentary sections. In order to determine
whether such cyclicity is periodic it is necessary
to parameterize the lithology. One option is to
assign a numerical scale to sediment type and
simply characterize the lithology with a number
(e.g. [4]). Because it is labor-intensive to generate

a high-resolution log in this manner, it is more
common to use a core or downhole geophysical
log as a lithologic proxy. By default, magnetic
susceptibility, GRAPE and spectrophotometer
logs have been used because they are rapidly gen-
erated with a minimum of equipment (e.g. [3]).

The oxygen isotope records that have been used
to calibrate the Plio^Pleistocene APTS are a more
direct proxy for Earth's climate (as re£ected by
the size of continental ice sheets) rather than for
lithology. The spectral pattern of variations in
N18O and consistency with climate models have
conclusively demonstrated that these records re-
£ect orbital forcing of climate [1,3,5,10]. They
can therefore be taken as a `standard' example
of orbital forcing in a sediment sequence. During
the Plio^Pleistocene prior to 1 Ma, obliquity (41
kyr) forced £uctuations in the size of ice sheets
resulted in variations in N18O of amplitude 0.7^
1.0x [5] while during the late Oligocene this am-
plitude was only 0.5^0.6x [13]. It is likely that
N18O measurements are not su¤ciently sensitive to
resolve orbitally forced changes in early Paleogene
ice sheets ; even if ice sheets existed during the
Paleocene^Eocene they were small and would re-
sult in 6 0.3x variations in N18O on a Myr time-
scale [14]. Moreover, using N18O in this manner
requires closely spaced (V2^4 kyr) samples and is
time consuming and expensive. Hence, the devel-
opment of cyclostratigraphy virtually requires a
cheap, rapid geophysical log.

The e¡ort to use cyclostratigraphy as a corre-
lation tool is hindered by the lack of high-resolu-
tion geophysical logs for many of the Deep Sea
Drilling Project (DSDP) and Ocean Drilling Pro-
gram (ODP) sections that have become widely
used for paleoceanographic reconstruction, espe-
cially in the older record. This study addresses
that problem by exploiting the archive of high-
quality color core photographs that are available
for all DSDP and ODP cores. It is shown here
that, by digitizing these photographs, it is possible
to generate a high-resolution, accurate sediment
color log with minimal e¡ort. Previous studies
have used core photographs to generate gray-scale
re£ectance logs useful for cyclostratigraphic (e.g.
[12,15]) and sedimentologic (e.g. [16]) analysis.
This study builds on that work by (1) demonstrat-
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ing that background lighting e¡ects can be cor-
rected, allowing more rigorous analysis of the
spectral content of the logs, and (2) utilizing the
color information contained in core photographs
rather than simply gray-scale.

The spectrophotometer log available for ODP
Hole 1051A [17] provides a direct means of eval-
uating the accuracy of logs generated from core
photographs as a measurement of sediment color.
Because the spectrophotometer log and the log
generated from core photographs measure the
same parameter (sediment color) on the same
core, correlation between them should be high
regardless of the forcing mechanism or sedimen-
tation rate changes. The method also produces
similar results to recently published XRF Fe
and Ca intensity logs [3] in a V7 m section in
ODP Hole 690B.

1.1. Latest Paleocene^earliest Eocene
chronostratigraphy

I demonstrate the potential utility of color logs
by constructing a cycle-based correlation between
the latest Paleocene^earliest Eocene (magnetic po-
larity Chron C24r) sections in ODP Holes 690B
and 1051A (Fig. 1). Chron C24r has received spe-
cial attention recently for two primary reasons:
(1) It contains the latest Paleocene thermal max-
imum (LPTM), a runaway greenhouse event that
has been the subject of intensive study over the
last decade (e.g. [18^21]). (2) It contains the Pa-
leocene/Eocene Series boundary and all candidate
levels being considered by the International Glob-
al Correlation Project (IGCP) Project 308 for re-
de¢nition of the P/E boundary (e.g. [22]). The
sections from ODP Sites 690 and 1051 are crucial
both to the study of the LPTM (e.g. [18,21,23^
25]) and to the construction of a Chron C24r
chronostratigraphy (e.g. [24,26]). However, logs
suitable for cyclostratigraphic analysis have only
been available for Site 1051.

Attempts at magnetobiostratigraphic correla-
tion between Chron C24r sections have concluded
that very few, if any, sections are complete
through all of Chron C24r [26,27]. As a result,
stratigraphic correlation between sites has not
been straightforward. The BKSA95 calibration

of biostratigraphic data within Chron C24r and
the calibration for the age of the LPTM by Aubry
et al. [26] (Fig. 1) relies on splicing the sections
from Hole 690B and DSDP Hole 550 using bio-
stratigraphic and isotopic correlation [26,28]. The
interpolation of ages within the 690B-550 compo-
site section must be tested by constructing a cycle-
based chronostratigraphy.

In constructing the 690B-550 composite section,
it was realized that the 55 Ma tiepoint used in
estimating the sea£oor spreading history that
forms the basis for the GPTS was substantially
in error. This age was calculated for the NP9/
NP10 contact at DSDP Site 550 by extrapolating
sedimentation rates down from two 40Ar/39Ar-
dated ash layers which occur within Zone NP10
[29]. Aubry et al. [26] determined that the NP9/
NP10 contact is unconformable at Hole 550 and
that the tiepoint used in constructing the GPTS
was misplaced. In order to maintain consistency
with both the GPTS and the original radiometric
dates at Hole 550, the NP9/NP10 Zonal boundary
was ¢xed at 55 Ma in BKSA95, despite the rec-
ognition that this was inconsistent with extrapo-
lation of sedimentation rates derived from mag-
netostratigraphy [26,28]. As a result, the durations

Fig. 1. Integrated magnetobiostratigraphic timescale for the
latest Paleocene^earliest Eocene (after [7], with the age of the
LPTM from [26]).
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of Zones NP9 and NP10 given in BKSA95 were
almost guaranteed to be wrong.

Recently, a section was drilled at Site 1051 that
is likely complete through Chron C24r and ap-
pears to have a good magnetic polarity record
[17]. A cyclostratigraphic calibration of the age
of the LPTM relative to the base of Chron C24r
has been proposed using magnetic susceptibility
and Fe intensity logs at Site 1051 [24]. This was
the ¢rst application of cyclostratigraphy in Chron
C24r, primarily because nearly all other LPTM
sites lack high-resolution geophysical logs. Fe
and Ca intensity logs have also been generated
for a V7 m section containing the LPTM in
Hole 690B and were used to facilitate cycle-based
correlation of the LPTM interval between Sites
690 and 1051 [25]. The cycle-based age of
V54.94^54.96 Ma for the LPTM is at odds
with the estimate of 55.52 Ma based on interpo-
lation of sedimentation rates between the base of
C24r and the top of Zone NP9 at Site 690 [26]. It
is also at odds with the 55 Ma age assigned to the
base of Zone NP10 [7,26], a level which is strati-
graphically above (and therefore must be younger
than) the LPTM.

2. Methods

Core photographs (35 mm color slides) ob-
tained from ODP were digitized using a £atbed
scanner at a resolution of 1200 ppi (pixels per
inch), which results in a scaling of approximately
1 pixel in the digitized photograph per mm in the
actual core. Each photograph displays one ODP
core, with sections of the core arranged parallel to
one another (Fig. 2). Individual sections were
cropped from the photograph using Adobe Pho-
toshop 4.0 for Macintosh and rescaled with a
standard scaling factor of 1 pixel per mm in the
actual core (a 1.5 m section is then 1500 pixels
long). Processing of the photographs into a color
log was performed using a macro written for
Wavemetrics Igor Pro 3.14 for Macintosh. Color
logs re£ect the mean value for each row of pixels
in the central 3 cm of each core, resulting in a
`sampling' interval equivalent to 1 mm. The re-
sulting log contains three channels, representing

red, green, and blue (RGB) values of the digitized
photograph.

The e¡ects of lighting are clearly visible in the
photographs, with the edges of the photograph
darker than the center, and the bulk of the pro-
cessing macro is devoted to correcting for the
background lighting. I remove the background
using a simplistic model in which it is assumed
that the lighting e¡ects can be characterized by
two third-degree polynomials, one along-section
and one across-section (Fig. 2). Third-degree poly-
nomials are appropriate because the lighting ef-
fect results from a line rather than a point source.
The along-section background is approximated by
averaging all sections from a single core and per-

Fig. 2. Illustration of a typical ODP core photograph. Pho-
tographs are obviously darker at the edges than in the cen-
ter. The model used to correct for this lighting e¡ect is illus-
trated by the arrows: correction is ¢rst made for along-
section variations in lighting and then for variations in light-
ing between sections.
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forming a least-squares ¢t of a third-degree poly-
nomial to the resulting curve. The across-section
background is approximated by calculating a
mean value for each section (after correcting for
along-section background), identifying these val-
ues by tray position in the photograph, and per-
forming a least-squares ¢t to the resulting distri-
bution of values for all cores analyzed from an
individual hole. Although this model is not so-
phisticated, it is su¤cient for the cores analyzed
here.

Core depths (mbsf: meters below sea£oor) were
adjusted by removing all voids and contracting
cores for which the measured length is longer
than the drilled length (adjusted depths are given
the units `ambsf'). This preserves the logged depth
at the top of every core. For analysis, I have re-
sampled the logs at 2 cm (using adjusted depths)
equivalent sampling interval by taking the mean
value in each 2 cm length.

Separate Blackman^Tukey spectra using a tri-
angular window were calculated for each of the
RGB channels and then averaged to obtain a
spectral estimate for the lithologic variations.
Evolutive spectra were calculated using a window
length of 10 m with a step of 5 m between anal-
yses. A Gaussian ¢lter was used to remove varia-
tion with wavelength s 10 m prior to calculation
of evolutive spectra.

Because cycle counting provides no signi¢cance
test for cycle recognition, there is an inherent
error due to non-cyclic variations (i.e. `noise') in
lithology. In order to estimate the magnitude
of this error, minimum and maximum cycle
counts were made using conservative and liberal
criteria for cycle recognition. Bandpass ¢lters
were designed to visually enhance the dominant
cyclicity in each section; a large bandwidth was
used to minimize `forcing' the signal into the
wavelength of the ¢lter. Counting was performed
on the original logs, using ¢ltered logs as a refer-
ence. An estimate was made for the number of
cycles missing in coring gaps based on an assump-
tion of constant cycle length. Cycle counts were
converted to temporal duration by assuming an
average precessional cycle length of 0.021 Myr
[12].

Published magneto- and biostratigraphies were

used to tie the cyclostratigraphy to the integrated
magnetobiostratigraphic timescale [7] (Table 1).
Calcareous nanoplankton biozonations were as-
signed using the de¢nitions of Martini [30] as dis-
cussed in BKSA95 and Aubry et al. [26]. For
Hole 690B, calcareous nanoplankton biostratigra-
phy was taken from Aubry et al. [26] and Pospi-
chal and Wise [31]. Ali et al. [32] made a careful
paleomagnetic study of Hole 690B and concluded
that the polarity record primarily represents a
drilling overprint rather than the original magnet-
ization of the sediment. The extent of Chron C24r
in the section is obscured by this overprint. For
Hole 1051A, the calcareous nanoplankton bio-
stratigraphy and magnetostratigraphy were taken
from the Site Report [17]. The LPTM can also be
used as a point of stratigraphic correlation. The
level of the LPTM in Hole 690B was taken from
[18]. Although the LPTM occurs in a coring gap
in Hole 1051A, the event was recovered at Hole
1051B [21,23]. The error introduced by extrap-
olation to the level of the LPTM within the cor-
ing gap in Hole 1051A is minimal and can be
evaluated by comparison with the analysis of
Norris and Ro«hl [24]. Hole 1051A was used
here rather than Hole 1051B because of the better
delineation of magnetic polarity reversals and bio-
stratigraphic zones in the former. For the sake of
simplicity I assume that all magnetobiostrati-
graphic horizons are associated with discrete
depths (Table 1), ignoring error in the location
of those horizons.

Table 1
Levels used for stratigraphic correlation in Holes 1051A and
690B

Stratigraphic datum levels

Datum Hole 1051A depths Hole 690B depths

mbsf adj. mbsf mbsf adj. mbsf

Base C24n 450.75 450.677 ^ ^
Base NP11 460.65 460.611 137.8 137.652
Base NP10 ^ ^ 148.9 148.874
LPTM coring gap 513 170.26 170.26
Base C24r 524.5 524.5 ^ ^
Base NP9 528.95 528.815 185.9 185.9

Note that errors due to sampling interval are ignored here
and in the discussion in the text. The level of the LPTM is
approximated based on the record in Hole 1051B.
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3. Evaluation of the accuracy of the logs

3.1. Hole 1051A: comparison with
spectrophotometer measurements

Shipboard spectrophotometer measurements
for Hole 1051A, taken at 5 cm intervals [17], are
available from ODP. The spectrophotometer di-
rectly measures the re£ected light intensity in 10
nm wavelength bins. The resulting spectrum can
be converted into a tricoordinate color space (i.e.
RGB) using standard conversion tables [33]. In
this case, the standard CIE (Commission Interna-
tionale de l'Eclairage) XYZ color space was used.

The RGB logs generated from core photo-
graphs are measurements made within a tricoor-
dinate color space. In order to compare this with
the spectrophotometer log, one log must be con-
verted into the tricoordinate space of the other.
Any tricoordinate color space is a linear trans-
form of any other tricoordinate color space, re-
lated by the equation [33] :

R0

G0

B0

24 35 � c11 c21 c31

c12 c22 c32

c13 c23 c33

24 35 R
G
B

24 35
Consequently, core photograph RGB values

should be related to XYZ values through the
equation above. Values for the constants (cmn)
in this equation must be determined empirically,
because they depend on uncontrolled factors such
as lighting conditions at the time the photographs
were taken, the ¢lm used, and the development
process. The constants were determined by least-
squares ¢t of the XYZ values to the RGB values,

resulting in spectrophotometer logs that can be
displayed in color.

There is a very high correlation between sedi-
ment color logs from spectrophotometer measure-
ments and core photographs (R (linear correlation

C
Fig. 3. Hole 1051A spectrophotometer and digitized photo-
graph color logs. The spectrophotometer log has been ¢tted
to the same color space as the digitized photograph log. The
rightmost two traces are the digitized photograph color log
bandpass ¢ltered with ¢lters centered on 1.25 and 0.40 m
wavelength. In the magnetostratigraphy, black represents
normal polarity intervals, white represents reversed polarity
intervals. Ticks along the right side represent `best-guess'
cycle counts, with every 10th cycle emphasized (emphasis
uses an estimated cycle count through coring gaps, to be
consistent with Table 2).
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coe¤cient), R = 0.87 for red, R = 0.87 for blue,
R = 0.89 for green). Visual examination of the
two logs shows that variations in the spectropho-
tometer logs are of slightly larger amplitude than
variations in the logs from digitized photos (dark
areas are darker and light areas are lighter; Fig.
3). This may be attributed to a smoothing e¡ect
introduced by downsampling the much higher res-
olution logs from the digitized photos or to the
fact that the spectrophotometer gives a linear
measure of the intensity of all re£ected light while
the sensitivity of the slide ¢lm is most likely some-
what non-linear with respect to light intensity. In

any case, this lower amplitude is of no conse-
quence to cyclostratigraphic analysis.

The power spectrum for the spectrophotometer
and photograph logs is also essentially identical
(Fig. 4A). There is one signi¢cant di¡erence be-
tween the two spectra: the peak at V0.7 cycles/m
(V1.4 m wavelength) in the spectrophotometer
spectrum is signi¢cantly reduced in the digitized
photograph spectrum. This is almost certainly the
result of the correction for lighting e¡ects at the
core section (1.5 m) scale.

3.2. Hole 690B: comparison with XRF Ca and
Fe intensity

Ro«hl et al. [25] have published Ca and Fe in-
tensity logs generated using an XRF scanner for
the V7 m core containing the LPTM in Hole
690B (core 19H). Sediment color logs generated
for the same interval are very similar to these logs,
especially to the Fe log (Fig. 5). As Ro«hl et al. [25]
noted, cyclicity disappears in Fe intensity in the

Fig. 5. Lithologic logs for ODP Core 690B-19H. Heavy lines
on the left and right are XRF Ca and Fe counts, respectively
(from [25]). Thin lines in the center are saturation in RGB
color channels (refer to Fig. 6 to identify channels).

Fig. 4. Power spectra for Hole 1051A. A: Blackman^Tukey
power spectrum (lag 10% of series length) for the digitized
photograph color log (solid) and the spectrophotometer color
log (dashed). B: Evolutive spectrum (lag 70%) for the digi-
tized photograph color log.
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upper part of the section and the color logs are
similarly a¡ected. Similar intervals (although typ-
ically less severe) contribute to the error in cycle
counting.

3.3. Summary

It is clear from the comparison of core photo-
graph and spectrophotometer logs at Hole 1051A
that the former is an accurate measure of sedi-
ment color. One shortcoming of these logs results
from the necessary correction for background
lighting: the amplitude of any cyclicity with a
wavelength of V1.5 m will likely be dampened
in the color logs. This observation suggests anoth-
er probable shortcoming: background lighting ef-
fects will be more dominant in sections with
smaller amplitude variations in sediment color.
In the sections analyzed in this study, the ampli-
tude of sediment color variations is large com-
pared with the background lighting e¡ect. It
may be more di¤cult to create usable color logs
for sections in which the amplitude of color var-
iations is of the same magnitude as the back-
ground lighting e¡ect.

4. Chron C24r cyclostratigraphy

4.1. Results

The most well-developed cyclicity at Hole

1051A occurs at 20^30 cm wavelength between
515 and 525 ambsf and at a wavelength of 75^
100 cm between 455 and 485 ambsf (Fig. 3). Cy-
clicity in the latter interval is not as well devel-
oped as in the former. In the evolutive spectrum,
the 20^30 cm cyclicity appears as several discrete
peaks between 3 and 6 cycles/m; the 75^100 cm
cyclicity appears as a high peak between 0.8 and
1 cycles/m with several surrounding peaks (Fig. 4B).
The ratio of the peaks between 3 and 6 cycles/m is
consistent with that of the several precessional
peaks (16, 19 and 23 kyr in the Plio^Pleistocene)
caused by modulation of precession by eccentric-
ity. It is di¤cult to trace these peaks upsection, in
part due to the coring gap at 510.5^515 ambsf.
One possibility is that the very low amplitude
peaks in the range 2^3 cycles/m represent preces-
sional peaks, whereas the high-amplitude peak at
V1 cycle/m is the result of obliquity forcing. Al-
ternatively, there is a large increase in sedimenta-
tion rate between 500 and 490 ambsf (as suggested
by [24]) and the several peaks in the range 1^2
cycles/m are the result of precessional forcing. It
is noted that the ratio of the low frequency peaks
is not the same as that of the precessional peaks
below 510 ambsf. However, cycle counting indi-
cates that the longer cycles must be precessional :
if they were obliquity it would require almost a
doubling of the duration of Chron C24r (Table 2).
Bandpass ¢lters were designed to isolate cyclicity
with wavelength 15^50 cm (6^2 cycles/m) and 60^
150 cm (1.7^0.7 cycles/m) (Fig. 3). The ¢ltered

Table 2
Comparison of durations between stratigraphic horizons from referenced timescales [7,9,26] and from cycle counting at Holes
1051A and 690B

Cycle-based interval durations

Interval Cycle counts Durations

Hole 1051A Hole 690B Timescale Hole 1051A Hole 690B

Chron C24r 115^157 ^ 2.557 2.856 þ 0.441 ^
Base NP11-Base C24n 14^17 ^ 0.26 0.330 þ 0.032 ^
Zone NP10 ^ 25^31 1.39 ^ 0.588 þ 0.063
LPTM-Base NP10 ^ 48^60 0.52 ^ 1.134 þ 0.126
Base C24r-LPTM 41^45 ^ 0.38 0.903 þ 0.042 ^
LPTM-Base NP11 60^95 73^91 1.91 1.628 þ 0.368 1.722 þ 0.189
Base NP9-LPTM 59^64 35^40 0.68 1.292 þ 0.053 0.788 þ 0.053

Ranges re£ect only the di¡erence between conservative and liberal cycle counts; errors in the position of magnetobiostratigraphic
datums are not incorporated in these estimates.
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record clearly demonstrates the poorly developed
cyclicity in the interval 495^510 ambsf with well-
developed short-wavelength cyclicity below and
long-wavelength cyclicity above.

At Hole 690B, well-developed cyclicity occurs
at wavelengths of 40^60 cm between 150 and
160 ambsf and between 180 and 185 ambsf (Fig.
6). Spectral analysis shows several peaks in this

Fig. 7. Power spectra for Hole 690B. A: Blackman^Tukey
power spectrum (lag 20%) for the digitized photograph color
log (solid, plotted against bottom axis) and calculated mean
January insolation at 60³S (dashed, plotted against top axis)
[11]. B: Evolutive spectrum (lag 70%) for the color log.

Fig. 6. Hole 690B digitized photograph color logs and
benthic foraminiferal N13C record (from [18]). The middle
two traces are the color log bandpass ¢ltered with ¢lters cen-
tered on 1.00 and 0.50 m wavelength. Ticks along the right
side represent `best-guess' cycle counts, with every 10th cycle
emphasized.
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range (1.7^2.5 cycles/m) that are consistent with
precessional forcing (Fig. 7A). Most of the peaks
in the spectrum can be explained by Milankovitch
forcing with constant sedimentation rate,
although there are obvious mis¢ts that suggest
some change in sedimentation rate. It is di¤cult
to trace the peaks from the lower part of the
section (175^190 ambsf) to the upper part of
the section in the evolutive spectrum (Fig. 7B),
primarily because of the perturbation caused by
the LPTM (V170 ambsf). Therefore, it is di¤cult
to interpret con¢dently the dominant peak in
the spectrum between 150 and 160 ambsf at
V2 cycles/m (50 cm wavelength) as either preces-
sional or obliquity forcing, although if this is an
obliquity peak it suggests a large decrease in sed-
imentation rate between this interval and the sec-
tion below. Again, because of magnetobiostrati-
graphic constraints on the duration represented
by this interval [7], the cycle count is more com-
patible with interpreting this as a precessional
peak (Table 2). Bandpass ¢lters were designed to
isolate `precessional' cyclicity (30^70 cm wave-
length) and `obliquity' cyclicity (70^130 cm wave-
length) (Fig. 6).

Using the identi¢cation of cycles and an as-
sumed average cycle duration of 21 kyr, it is pos-
sible to reconstruct sedimentation rates through-
out the sections analyzed (Fig. 8). While
sedimentation rates reconstructed for Hole 690B
remain essentially constant at V2 cm/kyr, sedi-
mentation rates for Hole 1051A more than double
from V1.5 cm/kyr in the lower portion of the
section to s 3 cm/kyr in the upper portion. These
results are consistent with cycle identi¢cation
made for parts of these sections by Norris and
Ro«hl [24] and Ro«hl et al. [25] using Fe and Ca
intensity and magnetic susceptibility logs. A mini-
mum and maximum cycle count was made in each
section between stratigraphic datums (Table 2).
The largest error in the cycle count occurs at
Hole 1051A in the interval between 495 and 510
ambsf. The gradual increase in cycle wavelength
that occurs in this interval leads to greater uncer-
tainty in cycle identi¢cation (Fig. 8). As a result,
there is a large discrepancy between `conservative'
and `liberal' delineation of cycles.

4.2. Discussion

Based on the cycle count presented here for
Hole 1051A, the LPTM is 903 þ 42 kyr younger
than the base of Chron C24r (Table 2). This is
consistent with the estimate of 924^966 kyr made
by Norris and Ro«hl [24] using magnetic suscepti-
bility and Fe intensity logs for Site 1051. It con-
trasts with the estimate of V480 kyr made by
Aubry et al. [26] based on interpolation of sedi-
mentation rates in Hole 690B. The estimate made
here is less accurate than that of Norris and Ro«hl
[24] because the LPTM occurs in a coring gap in
Hole 1051A; Norris and Ro«hl [24] spliced logs
from Holes 1051A and 1051B to cover this gap.
The full duration of Chron C24r at Hole 1051A
(2.856 þ 0.441 Myr) is not very well constrained
due to uncertainty in cycle identi¢cation caused
by the gradual increase in cycle length in the in-
terval above the LPTM (Fig. 8). Although the
mean duration calculated for Chron C24r is lon-
ger than the duration estimated in the GPTS, the
cycle-based estimate for the duration of Chron
C24r cannot be used to evaluate the accuracy of

Fig. 8. Cycle length and sedimentation rate through the sec-
tions analyzed in Holes 690B (open circles) and 1051A (¢lled
circles). Cycle length was transformed into sedimentation
rate using an assumed 21 kyr cycle duration. Individual
points represent individual cycles; lines are a 41 point run-
ning average. Note that precessional cycles are not expected
to be of constant duration, so the running average is more
meaningful than the individual points.
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the GPTS because of this large error on the cycle
counts (Table 2).

The carbon isotope excursion (CIE) which
marks the onset of the LPTM can be assumed
to be globally synchronous and this event togeth-
er with the cyclostratigraphy can therefore be
used to correlate Holes 1051A and 690B (Fig.
9). There are two reasons to make this correla-
tion. (1) The NP9/NP10 boundary is not de-
lineated in published data from Hole 1051A.
The cycle count at Hole 690B allows a calibration
for this biostratigraphic datum. (2) The error in
cycle counting is much smaller in Hole 690B in
the interval above the LPTM. Correlation be-
tween the two sites and creation of a `spliced'
section allows a more accurate estimate for the
duration of Chron C24r. The magnetostratigra-
phy for Hole 690B is strongly overprinted and
so the cyclostratigraphy can not be directly tied
to magnetostratigraphy [32]. The quality of mag-
netobiostratigraphic data available for Holes
690B and 1051A is typical of Chron C24r sec-
tions. No single section can be relied on to pro-
duce a standard (chrono)stratigraphy. Instead, it
will be necessary to tie numerous sections together
using available magnetobiostratigraphic data and
test the resulting correlations through cycle-based
estimates of temporal duration. The analysis pre-
sented here is intended to represent a preliminary
step in this process which will be further advanced
as more data become available.

In order to splice the sections a second correla-
tion level must be used in conjunction with the
CIE. Because the biostratigraphy at Hole 1051A
is incomplete, the only level that can be used is
the NP10/NP11 contact. This introduces a sub-
stantial amount of uncertainty because it has
been inferred that biochron NP10 is not com-
pletely represented in Hole 690B [26,27]. How-
ever, because the cycle-based duration between
the LPTM and the base of Zone NP11 is consis-
tent at both sites (Table 2) it is likely that the
duration of any hiatuses in Hole 690B must be
less than the error in the cycle counts. Eventually,
the duration of these inferred hiatuses and the
timescale on which diachrony of biostratigraphic
data is important can be tested using cycle-based
correlation with other sections. For simplicity, the

interval between the LPTM and the base of Zone
NP11 is taken to be complete in Hole 690B in this
discussion.

The duration of Chron C24r should be equiv-
alent to (or slightly longer than) the summed du-
rations in the spliced section of the intervals Base
NP11-Base C24n (1051A), NP10 (690B), LPTM-
Base NP10 (690B), and Base C24r-LPTM
(1051A) (Table 2, Fig. 9). The total duration of
this spliced section is 2.955 þ 0.263 Myr, within
the error for the Chron C24r cycle count at
Hole 1051A. However, this duration is 5^25%
longer than the duration estimated in the GPTS.

Fig. 9. Correlation between Holes 1051A and 690B. The cor-
relation allows a more precise calculation for the duration of
Chron C24r and calculation for the duration between the
NP9/NP10 boundary (which is not delineated at Site 1051)
and other stratigraphic datums. Note that the position of the
Zone NP9/NP10 boundary in Hole 1051A is predicted based
on cycle correlation with Hole 690B.
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This duration may be an underestimate because
the duration of any hiatuses within Zone NP10 in
Hole 690B are not included.

Both the cycle count in Hole 1051A and the
duration in the spliced 690B-1051A section sug-
gest that Chron C24r may be 300^400 kyr longer
than the 2.557 Myr duration estimated in the
GPTS. However, it is likely that this discrepancy
is at least partially due to other factors, including:
(1) The limits of Chron C24r may be incorrectly
delineated at Hole 1051A. (2) Biostratigraphic da-
tums may be diachronous between Holes 1051A
and 690B, so that the record is incorrectly spliced.
(3) The duration of an average precessional cycle
may have been shorter than 21 kyr at 55 Ma. It
would be premature to conclude that any one of
these factors is primarily responsible for the dis-
crepancy based on the data presented here. The
duration for Chron C24r estimated in the GPTS
is much more robust than any estimate that could
be made based on existing cyclostratigraphic data.

The following testable hypotheses can be drawn
from the correlation between Holes 1051A and
690B (Fig. 9):

1. A V500 kyr hiatus occurs in the interval be-
tween the base of NP9 and the LPTM in Hole
690B, accounting for the di¡erence in the num-
ber of cycles between these two data in Holes
690B and 1051A (Table 2, Fig. 9). Zone NP8 is
very thin in Hole 690B, suggesting that the
hiatus is longer than 500 kyr and encompasses
most of Zone NP8 and the base of Zone NP9.
As a result, the age estimate for the LPTM
based on the assumption of a conformable
NP8/NP9 boundary and good magnetostratig-
raphy at Site 690B [26] is too old.

2. The duration of nannofossil Zone NP9 was
greatly underestimated and the duration of
NP10 was overestimated in BKSA95 (Table
2, Fig. 9). Zone NP9 is V2.4 Myr long (rather
than 1.18 Myr) and NP10 is V0.6 Myr long
(rather than 1.39 Myr). This di¡erence was
predictable, since the NP9/NP10 Zonal bound-
ary was forced to be 55 Ma in order to be
consistent with certain assumptions made in
constructing the GPTS (see above). The error
introduced into the GPTS by using the 55 Ma

tiepoint can be estimated (very roughly) by ex-
amining the cyclostratigraphic calibration pre-
sented here. The 40Ar/39Ar date for the lower
ash layer at Hole 550 is 54.51 þ 0.05 Ma. Be-
cause this ash layer occurs within Zone NP10
it provides a constraint on the minimum age at
the base of that zone. Using 54.6 Ma for the
base of Zone NP10 and the cycle-based dura-
tions, the top of Chron C24r is V53.7 Ma
rather than 53.347 Ma as given in the GPTS.
The age of the LPTM would then be between
55.3 and 55.7 Ma, depending on the total du-
ration used for Chron C24r.

3. The NP9/NP10 boundary should be found at
V485 mbsf in Hole 1051A (Fig. 9). This pre-
diction is made based on cycle counting down
from the NP10/NP11 boundary but is consis-
tent with counting up from the LPTM.

4.3. Future work

Using only Holes 1051A and 690B it is impos-
sible to improve the age calibrations for the GPTS
in this interval because there is no independent
age for any level in either section. In order to
modify the GPTS it will be necessary to directly
tie a cyclostratigraphy to the 40Ar/39Ar dates us-
ing Hole 550 or another section with datable ash
layers. Similarly, diachrony of biostratigraphic
datums cannot be evaluated using the data pre-
sented here because the errors in the cycle count
are too large and published biostratigraphies for
Hole 1051A do not permit full delineation of all
zones and subzones recognized by Aubry et al.
[26,27] in Hole 690B.

Although cycle counts can be very accurate,
there is no means of estimating that accuracy oth-
er than making a conservative and liberal count
as I have done. A more robust, astronomically
based chronostratigraphy can be produced by
tuning logs to exploit the full spectrum predicted
by orbital theory [3,4,11]. Ultimately, the test of
any timescale is consistency between geographi-
cally separate sections. This can only be gauged
through attempted correlation between available
sections, even when the points of correlation are
not ideal. Using sediment color logs from core
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photographs will greatly advance this process by
providing a means to `retro¢t' high-resolution
lithologic logs for many sections which have be-
come crucial for paleoceanography and chrono-
stratigraphy.

5. Conclusions

Color logs produced by digitizing core photo-
graphs provide an easy means of generating high-
resolution geophysical logs for ODP and DSDP
sites which lack such logs. This method will be
useful for cyclostratigraphic calibration of many
sites which were drilled before core and downhole
logging was standard practice. The logs are reli-
able both as absolute measures of sediment color
and as accurate recorders of sediment cyclicity,
although the amplitude of cyclicity at the core
section (1.5 m) scale is somewhat dampened.

The discrepancy between the cycle counts in the
Chron C24r sections at Holes 1051A and 690B
and the GPTS is fairly small, but too large to
be reconciled based solely on the data from these
two sections. The astronomically calibrated dura-
tions of calcareous nannofossil zones within
Chron C24r presented here is substantially di¡er-
ent from that in BKSA95 and Aubry et al. [26].
Using color logs generated from core photographs
will make it signi¢cantly easier to test these cali-
brations in other sections and, eventually, to re-
vise the GPTS in this interval. Because chrono-
stratigraphy provides the sole means of assessing
rates and relative timing of climate processes, it
can be expected that future, astronomically based
revisions to the timescale will have repercussions
in the interpretation of Earth's climate history in
the late Paleocene^early Eocene.
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