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Abstract

The “Pacemaker of the Ice Ages” paper by Hays, Imbrie, and Shackleton (1976) convinced the secular
scientific community of the validity of the modern version of Milankovitch climate forcing. Power spectrum
analyses performed on (presumed) climatically significant variables from two Indian Ocean sediment cores
showed dominant spectral peaks at frequencies corresponding to orbital cycles within the Milankovitch
hypothesis. However, this paper, the first in a series of papers, demonstrates that much of the Hays et al.
paper, as originally presented, is invalid (even within a uniformitarian framework) and that it arguably should
be retracted. First, Hays et al. omitted nearly one-third of all the available data from the E49-18 core on the
grounds that much of the core top was missing, a claim since disputed by other uniformitarian scientists.
Second, one of the key dates used by Hays et al. to establish timescales for the cores, an assumed age of
700,000 years for the Brunhes-Matuyama (B-M) magnetic reversal boundary, is significantly lower than the
currently accepted age of 780,000 years. This new age assignment is extraordinarily problematic for the
paper, as discussed below. Finally, the data sets used in the analysis have “evolved” over the years, raising
the question, which versions of the data are the “real” ones?
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Introduction

The well-known “Pacemaker of the Ice Ages”
paper (Hays, Imbrie, and Shackleton 1976, hereafter
referred to as Pacemaker) is largely responsible
for today’s wide acceptance among uniformitarian
scientists of the hypothesis of Milankovitch-induced
climate forcing.

The Milankovitch (or astronomical) hypothesis of
Pleistocene ice ages is now the dominant explanation
for the 50 or so Pleistocene glacial intervals (“ice ages,”
in popular speech) that have supposedly occurred
within the last 2.6 million years (Walker and Lowe
2007). It was first proposed by J.A. Adhémar and
James Croll in the 1800s but was later refined by
Serbian geophysicist Milutin Milankovié¢ (Imbrie
1982; Milankovié¢ 1941). Supposedly, glacial intervals
are caused by decreases in northern hemisphere
summer high latitude sunlight, which are themselves
caused by slow variations in the earth’s orbital and
rotational motions. The most obvious problem with
the Milankovitch hypothesis is that it is not clear
how ice ages can plausibly be caused by very small
decreases in high latitude solar insolation.

The hypothesis also suffers from other difficulties
(Oard 2007), many of which are acknowledged
even by secular scientists (Cronin 2010, 130-39).
Nevertheless, uniformitarian scientists generally
assume the Milankovitch hypothesis to be correct and
use 1t to assign ages to the seafloor sediments via a
technique called orbital tuning (Cronin 2010; Hebert
2014, 2015; Herbert 2010). In fact, uniformitarian

scientists are now using Milankovitch cycles to extend
an astronomical timescale in sedimentary rocks all
the way back to the beginning of the Triassic Period
(Hinnov and Hilgen 2012).

Despite the fact that the Milankovitch hypothesis
had been rejected by previous generations of scientists
(Imbrie 1982, 415-16), it is now widely accepted
largely as the result of Pacemaker. The paper’s
authors performed power spectrum analyses on data
having presumed climatic significance: planktonic
foraminiferal oxygen isotope ratios, the relative
abundance of one particular radiolarian species, and
estimated sea surface temperature data (also inferred
from radiolarian data) from the two Indian Ocean
sediment cores RC11-120 and E49-18 (Fig. 1). When

Fig. 1. The Pacemaker paper by Hays, Imbrie, and
Shackleton (1976) used data from Indian Ocean deep-
sea sediment cores RC11-120 and E49-18.
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these data are plotted as a function of depth, many
wiggles, with occasional prominent peaks and troughs
become apparent. Oxygen isotope wiggles for the
RC11-120coreareillustratedin Fig. 2. Largely because
the power spectra of these data showed dominant
spectral peaks at frequencies corresponding to
dominant cycles within the Milankovitch hypothesis,
the paper was seen as providing strong support for
the Milankovitch hypothesis. The importance of this
seminal paper is illustrated by the following comment
by (Dietrich 2011, 17): “It was not until the advent
of deep-ocean cores and the seminal paper by Hays,
Imbrie, and Shackleton—Variations in the Earth’s
Orbit: Pacemaker of the Ice Ages’ in Science (1976)
that astronomical-climate theories became accepted.”
This view is shared by (Muller and MacDonald
2000, x1v):
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Fig. 2. My reconstructed values (from Table Al in the
appendix) of the RC11-120 oxygen isotope values from
the Pacemaker paper, along with the approximate
marine isotope stage (MIS) boundary locations.

In fact, the evidence for the role of astronomy [in

climate variation] comes almost exclusively from

spectral analysis. The seminal paper was published
in 1976, titled, “Variations of [sic] the earth’s orbit:

pacemaker of the ice ages” (Hays et al., 1976).

In fact, in his Foreword to the previous reference,
(Muller and MacDonald 2000, xvii), Walter Alvarez
goes even further than Muller and MacDonald:
“The widely accepted Croll-Milankovitch theory that
fluctuating climate conditions during the Quaternary
glaciation have been driven by astronomical cycles is
based entirely on time-series analysis of paleoclimatic
and orbital data.” (emphasis mine)

Because of the great importance of Pacemaker, it is
definitely worthwhile to reexamine it in detail. Before
one can discuss potential problems with the paper,
however, it is necessary to first discuss the relevant
background material. Readers already familiar with
the Milankovitch hypothesis, oxygen isotope ratios,
marine isotope stages, the Termination I causality
problem, and orbital tuning may wish to skip ahead to
the section entitled “Pacemaker Problems: Needlessly
Excluded Data?”
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Milankovitch Orbital Cycles

The Milankovitch (or astronomical) hypothesis
posits that subtle changes in the seasonal and
latitudinal distribution of sunlight have “paced” the
Pleistocene ice ages and, by extension (according to
current uniformitarian thinking noted earlier), have
also paced the deposition of the sedimentary record
even hundreds of millions of years prior. The amount
of summer sunlight at 65°N is generally considered to
be the “driver” for these climate variations, although
others have argued that sunlight variations at
other latitudes and seasons are actually responsible
(Cronin 2010, 119; Muller and Macdonald 2000, 39).
These changes in solar insolation are in turn thought
to be caused by changes in the earth’s orbital and
rotational motions, occurring slowly over many tens
of thousands of years.

For instance, the earth’s rotational axis is tilted
at an angle of 23.4° from a line perpendicular to
the plane of the earth’s orbit around the sun (the
ecliptic). However, this angle is slowly changing, with
a minimum value of 22.1° and a maximum value of
24.5°, Since secular scientists believe the solar system
is billions of years old, they feel free to extrapolate
this slow, subtle motion backward into the presumed
“prehistoric” past. Given that assumption, it would
take about 41,000 years for the earth’s axial tilt,
or obliquity, to change from 22.1° to 24.5° and back
again.

Likewise, the shape of the earth’s orbit is slowly
changing, becoming slightly less elliptical over time.
This causes the earth’s perihelion and aphelion to
move a little closer and farther away from the sun
over time.

This change in the shape of the earth’s orbit is
characterized by cycles with periods of about 405 and
100ka. Actually, Milankovitch insolation theories
predict that the 100ka cycle should actually be
composed of two cycles (Muller and MacDonald 2000,
13):

The attention given to spectrum shape has created

another serious problem for the insolation theory. A

high-resolution analysis of the 100 kyr cycle shows that

the insolation theory, and its variants, all predict that
the peak will have a split structure: it will be resolved
into a 95kyr line and a 125kyr line. (An exception
to this general rule is a model recently published by

W. Berger, and explained in Section 6.4.8.) The bulk

of the data shows that this prediction is contradicted.

The 100kyr cycle is a single narrow line. Ad hoc

mechanisms that were plausible for eliminating

the 400kyr line are not plausible for turning the
predicted doublet into a singlet. It is remarkable that

this problem was not noticed until 1994.

Muller and MacDonald have suggested that the
100ka cycle may not be the result of changes in
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eccentricity, but are instead related to changes in
earth’s orbital inclination, the angle between the
plane of the ecliptic and the plane perpendicular to
the angular momentum vector of the planets (Muller
and MacDonald 2000, 40-45). Since changes in
inclination should not affect insolation, they suggest
that changes in inclination may cause the earth’s
orbit to pass through different regions of meteoroids
and dust, and that these small particles affect earth’s
climate. However, they acknowledged that their
proposed mechanism is speculative, and that there
are as yet no known meteoroid or dust bands that
meet all the necessary conditions for their hypothesis
to be valid (Muller and MacDonald 1997, 8332).

Gravitational forces exerted on the earth’s
equatorial bulge by the sun and moon cause a torque
that results in a wobble of the earth’s rotational
axis, much like the wobble of a spinning top. This
precession has a period of about 26ka.

In addition to the change in shape of the earth’s
orbit, orbital precession caused by gravitational
interactions between the earth and the other planets
1s also causing this orbit to slowly rotate relative to the
background stars. Precession and orbital precession
together combine to yield an overall cycle of about
23ka during which aphelion and perihelion advance
through the seasons of the year.

Hence, according to the Milankovitch hypothesis,
one might expect earth’s climate to be cyclic,
alternating between ice ages and warmer interglacials
every 405,000, 100,000, 41,000, or 23,000 years. Since
Pacemaker purported to show evidence for the last
three of these cycles, it is viewed as having confirmed
the Milankovitch hypothesis. Examination of Figs.
5 and 6 in Pacemaker show that the spectral peaks
corresponding to periods of ~100ka are generally
much more prominent than the peaks corresponding
to the 41 and 23ka cycles. Yet according to solar
insolation calculations, variations in the distribution
of sunlight due to the eccentricity cycle are extremely
small. Hence, of all the astronomical cycles, the
eccentricity cycle should have the weakest effect on
climate. This “100-ka enigma” is just one of several
puzzling features of the modern version of the
Milankovitch hypothesis (Cronin 2010, 130—31).

The Oxygen Isotope Ratio

Paleoclimatologists view the oxygen isotope ratio
as a climate indicator.

There are three stable isotopes of the oxygen atom:
oxygen-16, oxygen-17, and oxygen-18. Oxygen-17 is
extremely rare relative to the other two isotopes
and will not be mentioned again in this discussion.
Oxygen-16 is about 500 times more abundant than the
slightly heavier oxygen-18 isotope. The oxygen isotope
ratio, denoted by the symbol %0, is a measure of the

amount of oxygen-18 compared to oxygen-16 within a
sample, relative to a standard oxygen isotope value
(Wright 2010). The oxygen isotope value is calculated
by the formula

( 180] B [ 180]
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Because '*0 is much less abundant than 0, §*0
values are multiplied by 1000 in order to prevent
them from being inconveniently small. They are
then expressed in units of “per mil” (per thousand)
or “%¢’. Higher oxygen isotope values indicate an
enhancement of oxygen-18 compared to oxygen-16
(relative to the standard), while lower oxygen isotope
values indicate a decrease in oxygen-18 compared to
oxygen-16 (also relative to the standard).

Oxygen isotope values may be measured for
shells (or tests) of marine-dwelling protists called
foraminifera (“forams” for short), since these
shells are composed of oxygen-containing calcite,
or calcium carbonate (CaCO,). Foraminifera are
generally classified as either planktonic or benthic.
Planktonic forams are free-floating (Mortyn and
Charles 2003), while benthic forams dwell on and
within the seafloor sediments (Kingston 2010).
When the forams die, their shells (tests) become part
of the seafloor sediments accumulating on the ocean
floor.

An empirically determined relationship (Epstein
et al. 1953) between the seawater temperature T at
the time of foraminifera shell formation, the 60
value of the calcite itself, and the 6O value of the
surrounding seawater is given by
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Although paleoclimatologists view foraminiferal
60 values within the seafloor sediments as a
climate indicator, the precise meaning attributed to
these 6'°0 values has changed over the years. Cesare
Emiliani, a founding father of paleoceanography,
claimed that 6%0_ . values could act as a
paleothermometer, with most of the variation in
these values resulting from temperature changes
(Emiliani 1966). Nicholas Shackleton argued that
this view was implausible and that most of the
variation in sediment &0 values was due instead
to variations in the amount of global ice cover
(Shackleton 1967). This view is now the consensus
interpretation (Walker and Lowe 2007, Wright
2010).
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Marine Isotope Stages

As previously noted, if one plots oxygen isotope
values from a sediment core as a function of depth,
one will observe many wiggles, with occasional
prominent peaks and troughs. In fact, this is also true
for other quantities that could be measured within
the core, such as estimated sea surface temperatures.
Relatively high and low foram 60 values are thought
to indicate colder and warmer climates, respectively.
More precisely, the highest values of 6'*0 within
a sediment core are thought to indicate times of
maximum glacial extent, and the smallest values are
thought to indicate times of minimum glacial extent.

Because uniformitarian paleoclimatologists believe
that changes in 6®0 values are indicative of global
climate variations, they have devised a numbering
system to identify prominent features in the &®0
signal which should, in principle, be present in every
sediment core (assuming a sufficiently long core length,
minimal core disturbance, and a sufficiently high
signal-to-noise ratio). Secular paleoclimatologists use a
numbering system called marine isotope stages (MIS)
to identify the alternating warm and cold periods that
they believe are indicated by the wiggles. Warmer
periods are generally (but with some exceptions)
identified by odd numbers, starting with a 1 for today’s
climate, thought to be the most recent of many warm
interglacials. Colder periods are generally indicated by
even numbers, beginning with a 2 for the end of the
most recent ice age. Boundaries between these stages
are usually placed at the midpoints between presumed
temperature maxima and minima (Gibbard 2007).

The approximate locations of the presumed Marine
Isotope boundaries for the RC11-120 core are shown in
Fig. 2 (after Hays, Imbrie, and Shackleton 1976). Note
the inverted scale on the vertical axis: minimum 6'%0
values appear near the top of the graph, and maximum
680 values appear near the bottom. Hence the 650
“peaks” in Fig. 2 are thought to represent times of
minimum ice volume, and the 60 “troughs” are
believed to represent times of maximum ice volume.

The Termination Il Causality Problem

A termination within an ice or sediment core is
defined to be the oxygen isotope ratio that represents
the midpoint between full glacial and full interglacial
conditions (Broecker and Henderson 1998, 352). As we
have already seen, these terminations (Broecker and
van Donk 1970, 171) generally mark the boundaries
between the marine isotope stages (Gibbard 2007).

Termination IT (T-IT) is the name given to the end
of the penultimate (second-to-last) glacial interval
(Siddall et al. 2006), thought to have occurred roughly
130,000 years ago (Shakun et al. 2011, 1). Although
one might expect from Fig. 2 that the penultimate
glacial interval would correspond to MIS 4,
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uniformitarian paleoclimatologists consider MIS 2-4
to be a single glacial interval (Wolff et al. 2010, 2828);
hence the end of the penultimate glacial interval
actually corresponds to the MIS 6-5 boundary.

The manner in which terminations have been
defined implies that Termination II is the MIS 6-5
boundary.

The causality problem refers to the fact that some
data sets (Karner and Muller 2000; Winograd et al.
1992) seem to imply that the transition from the MIS
6 glacial to the MIS 5 interglacial occurred about
133-145ka ago, even though the increases in high
latitude summer sunlight that supposedly caused
this transition should have occurred ~130,000 years
ago, according to Milankovitch expectations. In other
words, the effect appears to precede the cause by
multiple thousands of years, an obvious problem for
the Milankovitch hypothesis.

Orbital Tuning

Because most seafloor sediments contain low
amounts of heavy radioactive elements, radioisotopic
dating methodscannot generally be used to directly date
the seafloor sediments (although the Protactinium-231/
Thorium-230 dating method is thought to be sometimes
capable of dating relatively young sediments (Cheng et
al. 1998) with ages beyond the range of radiocarbon
dating. However, radioisotope dating may be used to
assist in this process by assigning ages to magnetic
reversal boundaries recorded in volcanic rocks. Once
an age has been assigned to the reversal boundary,
this age may be transferred to depths within cores that
mark the location of this particular reversal. Likewise,
radiocarbon dating may be used to assign ages to
the uppermost sediments. In order to assign ages to
other depths within the core, paleoclimatologists must
construct an age-depth model that makes assumptions
about past sedimentation rates.

The simplest possible age-depth model for a seafloor
sediment core would assume that sediments at that
location have been deposited at a perfectly constant
rate throughout earth history (Herbert 2010, 370).
Such a model would also ignore possible complications
such as compaction of the sediments, disturbance of
the sediments by ocean currents, or disturbance of
the sediments by marine organisms (bioturbation).
However, even uniformitarian scientists do not believe
that past earth processes have been that uniform!
Rather, they believe that sedimentation rates, though
slow and gradual, have varied somewhat in the past,
with some times characterized by sedimentation
rates that were higher-than-average and some that
were lower-than-average. They use the technique of
orbital tuning to determine the presumed changes in
these past rates, as well as the ages assigned to the
seafloor sediments.
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Although the orbital tuning method may utilize
different mathematical techniques, the conceptual heart
of the method is fairly simple: adjust the timescale for the
sediment core so that the wiggles match expectations
of the Milankovitch hypothesis. This can be done via
a variety of methods (Muller and MacDonald 2000,
141-44).

The tuning process distorts the 5§30 signal somewhat,
causing some of the wiggles to be stretched and others to
be compressed. Fig. 3 demonstrates this accordion-like
compression and expansion, using actual benthic 50
values from the Atlantic DSDP 607 core. These data and
the timescale for the core were obtained from ftp:/ftp.
ncdc.noaa.gov/pub/data/paleo/contributions_by_author/
raymol989/raymol1992.txt (the fifth listed data set) on
4/23/2015. The data archived there were compiled from
multiple sources, including Boyle and Keigwin (1985),
Cande and Kent (1992), Mix and Fairbanks (1985),
Raymo (1992), Raymo et al. (1989), Ruddiman et al.
(1989), and Shackleton, Berger, and Peltier (1990).
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Fig. 3. Illustration of the stretching and compressing of
seafloor sediment core data resulting from the orbital
tuning process. Diagram uses actual benthic oxygen
isotope data from the Atlantic DSDP 607 core.

However, it is important to realize that, in the
absence of clear evidence for the validity of the
Milankovitch hypothesis, orbital tuning is nothing
more than circular reasoning, as even randomly
generated signals can be forced to agree with the
Milankovitch hypothesis (Neeman 1993). Other
uniformitarian scientists have also pointed out the
potential dangers in tuning methods (Blaauw 2010;
Blaauw, Bennett, and Christen 2010).

This i1s why the Pacemaker paper is so important:
because the paper was seen as having confirmed
the Milankovitch  hypothesis, uniformitarian
paleoclimatologists now feel free to assume the
validity of Milankovitch climate forcing, and to use
that assumption to date other seafloor sediments via
the orbital tuning process. Furthermore, the ages
assigned to sediment cores are then used to date still
other sediment cores, as well as to assign ages to the
deep ice cores of Antarctica and Greenland (Hebert
2014, 2015).

Potential Problems with Inferring
Climate Data from Sediments

Also, as indicated by equation (2), foraminiferal
oxygen isotope values, which are thought to serve
as a proxy for global ice volume, depend upon both
the temperature and the oxygen isotope value of
the surrounding seawater at the time of calcite
formation. Neither of these (past) variables can be
measured in the laboratory. Likewise, melting of the
ice sheets would influence ocean 6'®0 values, due to
the large sizes of the ice sheets and their low 650
values compared to that of seawater (Wright 2010,
320). But high latitude ice sheet volume also depends
on temperature. How then does one separate these
two effects when interpreting the foraminiferal 6'*0
data? Likewise, temperature itself is a function of
both global climate and local effects. How then does
one deconvolve which part of the temperature is
due to the global climate and which part is due to
local effects? Paleoceanographers will often stack
data from multiple cores in an attempt to obtain an
average signal that minimizes locally induced noise
in individual cores (Lisiecki and Raymo 2005), but
this process requires data from multiple cores. For
instance, although the Pacemaker authors combined
data from two different cores in order to produce a
longer composite core, their procedure did not reduce
possible noise via an averaging process. Karner et
al. (2002, 1) have acknowledged that the noise from
local effects is a potential problem for Pacemaker.
This problem is especially acute for studies using
planktonic foraminifera (such as Pacemaker),
because planktonic foraminifera are free-floating
and are more likely to be influenced by spatial and
temporal variations in temperature. A good (albeit
dated) overview of the problems confronting attempts
to infer past climates from foraminiferal §*0 values
1s found in Oard (1984).

Orbital Tuning and Circular Reasoning

Of course, if the Milankovitch hypothesis is
wrong, then the orbital tuning technique is invalid,
and uniformitarian scientists are simply engaging
in circular reasoning. They have recognized this
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potential for circular reasoning (Herbert 2010, 372)
and attempt to guard against it. For instance, they
may write computer algorithms to perform the
tuning in an attempt to remove subjectivity from
the process. They may also incorporate within these
algorithms penalties for tuned timescales that require
extreme sedimentation rates or extreme changes in
sedimentation rates (Lisiecki and Raymo 2005, 3).
Although these techniques may be able to distinguish
between reasonable and unreasonable sedimentation
histories within a uniformitarian worldview, they
have already assumed an old earth and have excluded
the biblical history from serious consideration.

Now that we have discussed the necessary
background material, we are now prepared to discuss
specific problems with the Pacemaker paper in more
detail.

Pacemaker Problems:
Needlessly Excluded Data?

First, this putative confirmation of the Milankovitch
hypothesis involved only two sediment cores, and
not even two complete cores at that. The Pacemaker
authors omitted nearly a third of all the available E49-
18 data from their analysis, claiming that much of the
upper core section had been disturbed as a result of
scouring by bottom currents. They estimated that
the top of the E49-18 core could be as old as 60,000
years (Hays, Imbrie, and Shackleton 1976, 1123). The
Pacemaker authors refrained from using the upper
4.9m of the E49-18 core in their analysis, citing this
uncertainty in age for the top of the core.

However, there are two serious problems with their
exclusion of these data. First, the exclusion of data
from the top of E49-18 was based almost entirely on
the relative abundance of one particular radiolarian
species, Cycladophora davisiana. In another paper
published that same year, Hays et al. (1976) analyzed
radiolarian data from multiple Antarctic and sub-
Antarctic sediment cores. They argued that a
particularly high relative abundance of C. davisiana
(~20—-30%) occurred roughly 18,000 years ago, a time
thought to correspond to much greater sea ice extent.
Likewise, the relative abundance of C. davisiana at
the very top of these cores was quite low (less than
5%). Because Hays et al. had convinced themselves
that the relative abundance of C. davisiana (a
variable which they called “% C. davisiana”) could
be used as a biostratigraphic climate indicator,
they naturally concluded that other sub-Antarctic
sediment core tops should also have low values of %
C. davisiana (provided, of course, that the sediments
had not been significantly disturbed). Since the value
of % C. davisiana at the top of E49-18 was higher
than expected, they argued that the core top had
been disturbed. This would imply that the age of the
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very top of the E49-18 core was unknown, thereby
justifying their exclusion of climatic data from the top
of this core.

At this point it should be noted that attempting to
use marine specimens as age indicators is problematic
for multiple reasons. First, this method implicitly
assumes that faunal variations with depth (including
faunal variations within the marine sediments)
reflect evolutionary changes over deep time. Creation
scientists would contest this interpretation of the
data, arguing that there are indicators of extremely
rapid deposition within both terrestrial (Austin 1994)
and marine sediments (Patrick 2010). In particular,
rapid deposition of marine sediments is consistent
with much higher sedimentation rates resulting from
continental run-off during the latter half of the year-
long Genesis Flood and shortly afterward (Vardiman
1996). Of course, if the bulk of the seafloor sediments
were in fact, deposited extremely rapidly, any attempt
to use faunal succession within the sediments as
an evolutionary age indicator is doomed to failure.
Moreover, use of faunal succession as an age
indicator is problematic even within a uniformitarian
framework, since so-called living fossils prove that
the apparent absence of a particular fossil organism
within the sediments does not necessarily imply that
organism’s extinction. Numerous organisms once
thought to have been restricted to relatively narrow
ranges of both terrestrial and marine sediments,
for instance, have been found to be much more
widespread than originally thought (Oard 2000,
2010; Stanley 1998).

Other uniformitarian scientists now question
the general validity of inferring past sea surface
temperatures from radiolarian data (although
they would probably argue that it was valid in this
particular instance); see, for instance the caution
(McDuff and Heath 2001) below Fig. PR-6 at http:/
www2.ocean.washington.edu/oc540/lec01-24/
(accessed October 20, 2015).

The Pacemaker authors also claimed that visual
inspection of the core revealed evidence that the
section of the core between 300cm and 400cm had
been mechanically stretched during the coring process
(Hays, Imbrie, and Shackleton 1976, 1123). However,
the official repository description of the core (Frakes
1973, 46) says nothing of possible stretching of this
section of core, although it does describe the section
between 280cm and 345cm as being “washed”, as
noted by Howard and Prell (1992, 87). This repository
description was posted online (as of 8/5/2015) at http://
arf.fsu.edu/publications/documents/ELT_04_54.
pdf. The Pacemaker authors did not even bother to
plot the E49-18 oxygen isotope data above a depth of
350cm (see their Fig. 3), and they only used data from
the 15.5m long E49-18 core that were obtained from
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a depth of 4.9m or below. Because they excluded the
top 4.9m of the E49-18 core, the Pacemaker authors
omitted nearly one-third of that core’s available data
from their analysis!

This then brings us to the second serious problem
with their exclusion of these data. The Pacemaker
authors apparently made no attempt to radiocarbon
date the top of E49-18. Within a uniformitarian
framework, radiocarbon dating could potentially have
falsified or confirmed their assertion that the top of
E49-18 was quite old. Had the amount of radiocarbon
present at the core top been sufficiently large to obtain
a “reliable” (and relatively young) age for the core,
this would have falsified their assertion, and would
(as an added bonus) have given them an additional
chronological anchor point to use in constructing their
age-depth model (one would think that they would
want to nail down as many chronological anchor
points as possible before doing their analysis). On the
other hand, had the radiocarbon amount been too
small to obtain a reliable age, this would likely have
been seen as confirmation of their assertion. Their
failure to use radiocarbon dating as a check against
their assertion is doubly puzzling when one realizes
that they did use radiocarbon dating to obtain an age
of ~9400 years for a short section at a depth of around
37cm in the RC11-120 core (Hays et al. 1976, 346),
and this date was used in Pacemaker (Hays, Imbrie,
and Shackleton 1976, 1124).

Howard and Prell (1992, 87, 91) agreed that a
portion of the core top was missing, but they argued
that it should not have been completely disregarded:

We are in agreement with Hays et al. [1976a] that

the Holocene is missing in E49-18, based on &0,

estimated SST, %CaCO,, and % C. davisiana, and

we have assigned an age of 12,000 years to the core
top. This analysis indicates no grounds for completely
disregarding the upper 350 cm of the record, however.

(emphasis mine)

Howard and Prell then proceeded to obtain a
tuned timescale for the E49-18 core (Fig. 4), under
the assumption that the data in the upper portion of
the core were usable (Howard and Prell 1992, 88—90).
Of course, Howard and Prell tactfully refrained from
drawing attention to the proverbial elephant in the
room: if the data in the upper portion of the E49-18
core were indeed usable, then the Pacemaker authors
may have needlessly excluded a large segment of the
available E49-18 data from their analysis. If the true
age of the core top (within a uniformitarian framework)
was indeed ~12,000 years, then the core top could
potentially be dated by radiocarbon analysis, as noted
earlier. And if a reliable date could be obtained for
the top of E49-18, wouldn’t this logically necessitate
re-doing the analysis using all the available data? In
this light, it is intriguing that, apparently, no one has
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Fig. 4. Howard and Prell (1992) tuned age-depth model
for the E49-18 sediment core. This tuned age-depth
model required 28 chronological anchor points (the “dot”
at 15.5m was not an anchor point). Red arrow indicates
an extremely shallow age versus depth slope, indicative
of an extraordinarily high sedimentation rate.

ever even attempted to radiocarbon date the top of the
E49-18 core. Again, why this reticence on the part of
secular scientists? Don’t they want to know the age of
the top of E49-18? Come to think of it, shouldn’t they
have also attempted to radiocarbon date the very top
of the RC11-120 core, rather than just a short section
near a depth of 37cm? Even if the top of this core
appeared undisturbed, shouldn’t they have attempted
to verify the true age of the core top, rather than just
simply assuming an age of Oka?

Moreover, the tuned timescale of Howard and Prell
(1992) required 28(!) chronological anchor points (see
Fig. 4). This is remarkable, because one of the reasons
Pacemaker seemed so convincing was because its
results were obtained using simple age models only
requiring a small number of anchor points. In the
first part of the paper, for instance, results that were
reasonably consistent with Milankovitch forcing were
obtained using age models constructed from only
two anchor points. Hence, the results were obtained
without the need for extensive tuning of the timescale,
seemingly an argument in favor of the Milankovitch
hypothesis.

The fact that the tuned timescale for the entire
E49-18 core required 28 anchor points suggests that
the positive result for the E49-18 core presented
in Pacemaker may have been a fluke. Obviously,
a spectral analysis using 15.5m worth of data is
a much more stringent test of the Milankovitch
hypothesis than a spectral analysis using only 10.6 m
worth of data. The fact that a great deal of tuning
was required when constructing an age model for the
entire core raises an obvious question: what would
be the results if one were to re-do the Pacemaker
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analysis, with the same procedure, but using all the
data from the E49-18 core? Would the results still
agree with Milankovitch expectations?

It should also be noted that Howard and Prell’s
tuned age model is physically unrealistic (Fig. 5).
If one numerically differentiates depth versus age,
one sees that their model implies an outrageously
high sedimentation rate of 50cm/ka for 800 years,
much higher than today’s global average of ~2cm/ka
(Vardiman 1996, 10). This does not bode well for
attempts to re-do the Pacemaker analysis using all
the data from the E49-18 core!
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Fig. 5. Inferred sedimentation rate as a function of
time for the E49-18 sediment core, based upon Howard
and Prell’s tuned timescale and an assumption of no
compression or disturbance of the sediments. Note the
extremely high 50 cm/kyr sedimentation rate at ~300ka.
Although it is difficult to see from this graph, the “spike”
lasts 800 years. For comparison, the horizontal red line
marks 2cm/ka, which is close to today’s worldwide
marine average.

Pacemaker Problems: The Age of the
Brunhes-Matuyama Magnetic Reversal Boundary

There is also a problem with the timescales that
the Pacemaker authors assigned to E49-18 and
RC11-120, especially the E49-18 core. Critical to
these assigned timescales was an assumed age of
700,000 years for the most recent magnetic reversal
boundary, the Brunhes-Matuyama (B-M) magnetic
reversal boundary (Shackleton and Opdyke 1973,
40). Yet secular paleoclimatologists no longer accept
this age as valid, having since revised the age of the
B-M reversal upward to 780,000 years (Shackleton,
Berger, and Peltier 1990). In fact, many now place
the age as high as 790,000 years (Berger et al. 1995;
Karner et al. 2002; Muller and MacDonald 2000,
159). If one were to reperform the original Pacemaker
analysis, using the same technique to derive a
timescale, but with the currently accepted age of
780Kka for the B-M magnetic reversal (rather than the
old age of 700ka), this would shift the ages of several
of their chronological control or anchor points.

J. Hebert

Constructing Timescales for the Two Cores:
Chronological Anchor Points

Before performing spectral analysis on the two
cores, the Pacemaker authors had to construct age
depth models that would assign ages to the sediments.
However, in order for their analysis to be a convincing
confirmation of the Milankovitch hypothesis,
these timescales needed to be independent of the
Milankovitch hypothesis. Obviously, they could have
simply tuned the sediment data in order to obtain a
chronology that matched Milankovitch expectations,
but doing so would have constituted circular
reasoning. Hence, this process required a number
of chronological control or anchor points, locations
within the cores that had been dated by (presumably)
independent means.

They first constructed a simple age model for each
of the two cores, each of which used only two anchor
points. They dubbed these their SIMPLEX age
models. Having obtained (using the SIMPLEX age
models) initial spectral results that were generally
consistent with Milankovitch expectations, they then
experimented with a more complicated model (which
they dubbed ELBOW), as well as a tuned model,
which they called TUNE-UP. They also constructed
a composite data set called PATCH, which combined
segments of data from the two cores. Three of these
control points occurred at MIS boundaries. Four
control points were determined for the RC11-120 core,
and three were determined for E49-18.

They assigned an age of Oka to the top of RC11-120.
As noted earlier, the second RC11-120 control point
was an age of 9.4+0.6ka assigned to a depth of 39cm,
on the basis of carbon-14 dating.

The B-M reversal boundary was used to assign the
ages for the remaining control points. Shackleton and
Opdyke (1973) had identified a complete magnetic
reversal at a depth of 1200cm in eastern Pacific
core V28-238, a reversal which they concluded
corresponded to the B-M reversal event. At the time,
this reversal had been assigned an age of 700ka
(Shackleton and Opdyke 1973, 40). Assuming an
age of Oka for the top of core V28-238 and, as a
first approximation, a constant sedimentation rate
for the upper 1200cm of the core, Shackleton and
Opdyke calculated an average sedimentation rate
of 1200cm+700ka=1.714cm/ka. This assumed
sedimentation rate was then used to assign ages
to MIS boundaries within the V28-238 core. The
Pacemaker authors then transferred these ages to the
(presumed) corresponding MIS boundaries within
the two Indian Ocean cores.

Within V28-238, the boundary between MIS
12 and 11 was located at a depth of 755cm. The
Pacemaker authors then used their assumed constant
sedimentation rate (see Fig. 6) to assign an age of
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Fig. 6. Diagram illustrating the manner in which ages
for marine isotope stage boundaries were estimated
from the V28-238 sediment core.

755cm~+1.714cm/ka=440ka to this MIS boundary
(Shackleton and Opdyke 1973, 49). In a similar
fashion, they assigned an age of 251ka to the 8-7
boundary, which was located at a depth of 430cm.

This same technique yielded an age of 128ka
for the MIS 6-5 boundary (Shackleton and Opdyke
1973, 49). However, the Pacemaker authors opted
to use a slightly lower estimate of 127ka for this
boundary when constructing their timescale (Hays,
Imbrie, and Shackleton 1976, 1124). This estimated
age of 127+6ka was based upon 2*'Pa-?°Th dating
of Caribbean core V12-122 (Broecker and van Donk
1970, 173). No doubt the good agreement obtained
from two different methods for this MIS boundary
was seen as confirmation that the sedimentation rate
within V28-238 was approximately constant.

Hays, Imbrie, and Shackleton (1976) then
transferred these age assignments to the RC11-120
and E49-18 cores and obtained intermediate ages via
interpolation in order to perform their analyses.

One may wonder why Shackleton and Opdyke
(1973) chose the V28-238 core to estimate ages for MIS
boundaries, given that hundreds of other cores had
already been drilled. It should be remembered that by
the early 1970s uniformitarian paleoclimatologists
had already concluded that changes in sediment
680 values were driven mainly by changes in global
ice volume rather than by changes in temperature
(Shackleton 1967; Wright 2010). Because the Pacific
Ocean experiences smaller temperature fluctuations

than does the Atlantic Ocean, they felt that a Pacific
core, such as V28-238 would be a more suitable
candidate for the development of an oxygen isotope
stratigraphy than an Atlantic core. Likewise, they had
concluded, on the basis of magnetic stratigraphy, that
the equatorial Pacific region was a good candidate
for particularly long sediment cores (Shackleton and
Opdyke 1973, 39). They had also examined the nearby
core V28-239, but noted that the top three meters of
this core was severely disturbed (Shackleton and
Opdyke 1973, 40). Hence, they did not feel it could be
used. Thus, they viewed V28-238 as a good candidate
for obtaining estimates for the ages of MIS stage
boundaries.

The Effect of the New Age Estimate
for the B-M Reversal Boundary

The fourth column in Table 1 contains the original
age estimates for the three MIS boundaries used in
Pacemaker (see Table 3 on p.49 of Shackleton and
Opdyke 1973, and Table 2 on p.1124 in Pacemaker).
These age estimates were based upon an assumed
age of 700ka for the B-M reversal boundary. The fifth
column contains the new age estimates implied by
an assumed age of 780ka for this reversal boundary.
One can easily verify these age estimates using
simple arithmetic. This immediately results in a
significant discordance between two different dating
methods for the MIS 6-5 boundary: the age estimate
of 127+6ka for the MIS 6-5 boundary (obtained via
21pPa-29Th dating of Caribbean core V12-122) and
the age estimate of 143ka (obtained by assuming a
constant sedimentation rate in the V28-238 core).
Hence, uniformitarian scientists must decide which
of these two dates for the MIS 6-5 boundary is more
trustworthy.

If they reject the estimate of 143ka in favor of
the 127ka age, this means that the Pacemaker
methodology used to assign ages to the 6-5, 8-7, and
12-11 MIS boundaries yields poor estimates for these
boundaries when the new age estimate of 780ka for
the B-M reversal boundary is taken into account.
This means that none of these three age estimates
can really be trusted. And if that is the case, this
means that any part of the Pacemaker analysis that
used age estimates for the 8-7 and 12-11 boundaries

Table 1. Original and new age estimates for the three MIS boundaries used to construct the timescale prior to
performing spectral analysis of the E49-18 data. These age estimates were obtained by assuming an approximately
constant sedimentation rate within the V28-238 sediment core since the time of the Brunhes-Matuyama magnetic
reversal, located at a depth of 1200 cm within the V28-238 core. To find the assumed age of an MIS boundary, divide
the assumed age of the B-M reversal boundary by 1200 cm and then multiply this result by the depth of the boundary
within the V28-238 core.

MIS Depth in V28-238 Core Depth in E49-18 Core Original Age Estimate New Age Estimate

Boundary (cm) (cm) BM Age of 700ka BM Age of 780ka
6-5 220 490 128 143
8-7 430 825 251 280
12-11 755 1405 440 491
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1s automatically suspect. This includes the analysis
for the E49-18 core (both of its SIMPLEX age control
points were tied to the age of the B-M reversal
boundary), as well as the analysis of the PATCH “core,”
which also depended upon these age control points.
It also invalidates the test of statistical significance
performed on the PATCH data set, as this data set
also depended on age estimates for the 12-11 and 8-7
boundaries. This would leave Pacemaker without a
valid test of statistical significance in the frequency
domain, as this was the only such test performed in
the paper.

On the other hand, if they reject the estimate of
127ka for the MIS 6-5 boundary in favor of the 143ka
age assignment, this implies that the SIMPLEX
timescales for the RC11-120 and E49-18 cores will
be stretched. We illustrate this by considering the
RC11-120 core. The original total time assigned to this
core was 273ka (see Table 3, p.1124 in Pacemaker).
Increasing the age of the MIS 6-5 boundary from
127 to 143ka causes the total timescale to increase to
309ka, as one can easily verify by assigning an age
of Oka to the core top and an age of 143ka to a depth
of 4.40m. Simple arithmetic and the assumption of a
constant sedimentation rate implies an age of 309ka
for the core bottom. Hence, the timescale for the
RC11-120 core will be stretched by about 13%.
However, because the shapes of the climate signals
within the cores are unaffected, one would expect
the periods of the waves comprising those signals to
also be stretched by 13%. This in turn means that
the dominant peaks will also have periods that are
about 13% larger than those originally reported
in Pacemaker. Similar reasoning shows that the
timescale for the bottom section of the E49-18 core
would be stretched by about 11% (of course, these
simple calculations are just ballpark estimates of the
degree of stretching, as they ignore complications
involved in the data analysis that might alter these
new values). More important, this stretching of the
timescales would introduce a very serious problem.

The Causality Problem Strikes Back

The reader may have already noticed that an age
estimate of 143ka for the MIS 6-5 (Termination
II) boundary would imply that the penultimate
deglaciation was occurring long before the solar
insolation changes at about 130ka ago that are
supposed to have caused it. In other words, the
Pacemaker paper, the primary argument for
Milankovitch climate forcing, suffers from its own
version of the causality problem! Hence, the argument
from Pacemaker for Milankovitch climate forcing is
equivocal. If uniformitarian scientists assume that
the 127ka age assignment for the MIS 6-5 boundary
1s correct, they can salvage the SIMPLEX results
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from the RC11-120 core, although these results may
not be statistically significant. However, the spectral
results from the E49-18 core and the PATCH “core”
would be invalidated. On the other hand, if they accept
the 143ka age estimate as valid, the periods of the
dominant spectral peaks will be stretched. Because
some of the original calculated periods were already
on the high side (two reported low-frequency peaks
had periods as high as 119 and 122ka), this stretching
could cause some of these periods to be uncomfortably
large. Worse yet, this would introduce a causality
problem into Pacemaker. So no matter which option
chosen by uniformitarian scientists, the paper, given
the current accepted age for the B-M reversal, is not as
strong as originally presented. Of course, if both age
estimates are incorrect, as creation scientists would
argue, then the paper is completely invalidated.

Some secular paleoclimatologists seem to have
chosen the first option, as they still use an assigned
age of ~127-130ka for the MIS 6-5 boundary. For
instance, the comprehensive stack of 57 global
benthic 60 records (Lisiecki and Raymo 2005, 7)
assigns an age of 130ka to the MIS 6-5 boundary
(see the summary at http:/www.lorraine-lisiecki.
com/LR04_MISboundaries.txt, accessed 12/3/2015).
However, some secular scientists might disagree, due
to analysis of other data sets (Winograd et al. 1992).

Pacemaker Problems: “Evolving” Data Sets?

A third problem with Pacemaker is the fact
that the data sets for the three climate variables
used have “evolved” over time, making it hard to
determine which data sets are the real ones. Multiple
versions of the data can be found online, each subtly
different from the other. In some cases, differences
arise because researchers were only concerned
with one section of the core and did not bother
with values in other sections. Likewise, most of the
differences in cited values are obviously attributable
to minor measurement error. However, some of these
differences are quite large, larger than the original
cited analytical errors.

One possible reason for differences in the data sets
is the phenomenon of sample heterogeneity (Barrows
et al. 2007, 3). Because a given oxygen isotope ratio
at a given depth is the average of measurements from
many foraminiferal shells, inconsistency in these
values can result if the sample size for a given depth
is too small. One batch of foraminiferal shells at a
given depth may yield one oxygen isotope ratio, while
another batch from the same depth may yield another
value that is outside the originally cited error bars.

Tables Al-A6 in the appendix show different
versions of the RC11-120 and E49-18 data that I
have found either online or have reconstructed from
figures in published papers. The columns of data are
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in chronological order, with the oldest versions of the
data on the left and the most recent versions on the
right. I have included my reconstructed values of the
data from the Pacemaker paper (discussed below),
and these are graphically illustrated in Figs. 7-12.
A side-by-side comparison of these different data
versions 1s very revealing.

I now briefly discuss some of the variations in these
data, using oxygen isotope values as an example. Table
Al in the appendix consists of oxygen isotope values
for the RC11-120 core. The first three columns in the
table, as well as the column labelled BM&H are values
that I reconstructed from figures in papers, since I did
not have access to these data in tabular form. There
1s an obvious discrepancy at the top of the core. Fig. 2
from Pacemaker indicates a 680 value that is clearly
much less than 2.0%o., (I estimated it to be 1.80%o) but
Fig. 1 in Berger, Melice, and Hinnov (1991) indicates a
680 value that is very close to 2.00 or 2.10%.o.
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Note also the anomalously high &§®0 value of
20.31%0 at a depth of 0.80m. Presumably this is a
typo.

Also, data values are present in some versions of
the data but are missing in later versions: note in
particular the variations at depths of 5.70, 6.10, 8.70,
and 8.90m.

Some values have also been removed from later
versions of the E49-18 6'®0 data (Table A2 in the
appendix): note especially the changes at depths of
3.70, 9.10, 13.80, 14.80, and 15.50 m.

Perhaps the most dramatic difference is seen
in the (southern hemisphere) summer sea surface
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temperature (SST) estimates for the E49-18 core.
Examination of Table A4 in the appendix shows
that (Howard and Prell 1992) obtained their own
SST estimates based on foraminiferal data within
the core (Fig. 13). Although these new temperature
variations are generally in phase with the original
temperature estimates (based upon radiolarian
data), they are generally of lesser amplitude. This
raises the question: which of these two data sets
should be used in a spectral analysis? Which data
set provides better estimates of summer sea surface
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Fig. 13. Original Pacemaker (HIS) southern hemisphere
summer sea surface temperature estimates (in blue),
based upon radiolarian data within the E49-18 sediment
core, and later estimates (in red) by Howard and Prell
(1992), based upon foraminiferal data. The uncertainty
in the original estimates (blue error bars) were
estimated by HIS to be +1.5°C. Red error bars indicate
error estimates by Howard and Prell (see appendix for
details).

temperatures?

Variations in other quantities are seen in the other
tables.

In spite of the fact that different versions of the
data sometimes exist, I have been unable to find
the original, unaltered 10cm resolution data used
in the Pacemaker paper, and repeated requests for
these data to the two surviving Pacemaker authors
(Hays and Imbrie) went unanswered. However, I was
able to reconstruct these data from Figs. 2 and 3 in
Pacemaker (a tedious process, to be sure). It should
be noted that in some cases my reconstructed values
have been reported to the third decimal place: this
was necessary in order to obtain a good visual fit to
the published figures, and I felt that this was more
important than slavish adherence to significant
figure rules. Although I do not have legal permission
toreproduce Figs. 2 and 3 from the Pacemaker authors
(this request also went unanswered), reproductions
of these two figures are ubiquitous on the internet,
and one can easily verify that there is a good visual
match between my Figs. 7-12 and the graphs from
the Pacemaker paper.

Summary and Conclusion

Although Pacemaker is widely seen as having
confirmed the Milankovitch hypothesis of Pleistocene
ice ages, it 1s characterized by at least three serious
problems. First, a large section of the E49-18 data
may have been needlessly excluded from the analysis.
Second, before the paper’s authors could obtain power
spectra for the climatic variables within the two cores,
they had to construct chronologies for the two cores.
The ages for two of the marine isotope stages which
served as chronological anchor points were directly
tied to the presumed age of 700,000 years for the
Brunhes-Matuyama magnetic reversal, an age which
is significantly younger than the currently accepted
age of 780,000-790,000 years. This age revision
weakens the paper, either by invalidating a large
part of the analysis, and/or by introducing a causality
problem into the results. Third, multiple versions of
the same data exist, each a little different from each
other. Why do these data sets keep changing?

Finally, it should be noted that the method the
authors used to assign ages to the MIS 6-5, 8-7, and
12-11 boundaries is inherently risky, even within a
uniformitarian framework. Given that free-floating
planktonic foraminifera are more likely than benthic
foraminifera to experience short-term variations in
temperature due to local effects, and given that the
authors made no attempt to remove the effect of local
“noise,” how can they be sure these oxygen isotope
values are truly indicative of a globally synchronous
signal? The manner in which they transferred ages
from the V28-238 and V12-122 cores to the RC11-120
and E49-18 cores was based on little more than an
apparent visual match between the different oxygen
isotope signals.

Part II of this series continues this discussion,
with an explanation of the technical details of the
Pacemaker analysis and partial replication of the
original results. Part III explores the effect that
the above changes in timescale have on the original
results, as well as the implications for geochronology
and the debate over global warming/climate change.
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Appendix
Data from Sediment Cores RC11-120 and E49-18

Tables A1-A6 contain different versions of the
data sets from sediment cores RC11-120 and E49-
18. Tables A1l and A2 contain oxygen isotope data
obtained from the planktonic foram Globigerina
bulloides (using the Peedee belemnite standard).
Tables A3 and A4 contain (southern hemisphere)
summer sea surface temperature estimates (°C),
based upon interpretation of radiolarian data
within the cores. Tables A5 and A6 contain the

relative abundance of one particular radiolarian
species, Cycladophora davisiana, expressed as a
percentage. The keys below provide the references
for the values in the six tables. The original
Pacemaker paper is the only source that I could find
for C. davisiana data for the E49-18 core. In some
cases, multiple values are cited within a single
data set, and these multiple values are reported,
separated by commas.
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Table Al. RC11-120 planktonic 6*0 values (%o).
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Dgg;h (';'i'gsjgé') (HF'i'gsjg;') HI&S C-long C-short | SMartinson | BM&H R&E S-M&l
0.00 1.80 2.10
0.025 2.06
005 | 1.92,1.96 2.06 184,1.992.27 1.87 1.88 1.87
0.10 191 1.90 1.91 1.96 1.913 1.96 1.96
0.12 2.07
0.15 19 1.97 1.900 1.965 197
0.20 2.03 2.10 2.00 2.15 1.96 2.013 1.96 1.96
0.25 2.03 2.04 2.16 2.150 2.11 2.16
0.30 2.34 240 | 2.33,2.37 2.38 2.013 2.38 2.38
0.35 2.18 2.13,2.2 2.32 2.350 23 2.32
0.40 2.59 2.70 255 | 2.55, 2.67 2.60 2.175 259 2.60
0.45 2.74 2.74 2.74 2.700 2.74 2.74
0.50 3.01 3.12 3.01 2.98 3.000 2.98 2.98
0.55 2.91 2.92 2.95 2.913 2.95 2.95
0.60 3.24 3.40 3.24 333 3.37 3.350 3.37 3.37
0.65 3.28 3.28 3.28
0.70 3.34 3.33 3.34 353 3.363 3.475 353
075 3.34 3.37 3.34
0.80 3.18 3.35 323 | 3292031 3.36 3.288 3.33 3.36
0.85 3.43 3.45 3.43
0.90 3.32 3.31 3.32 3.34 3.325 3.34 3.34
0.95 331 3.31 3.31
1.00 3.33 3.41 3.30 3.32 3.29 3.325 3.35 3.29
1.05 3.32 3.32 3.32
1.10 331 3.29 3.30 3.22 3.300 3.22 3.22
115 3.07 3.07 3.07
1.20 3.01 3.10 3.00 3.01 3.04 3.000 3.04 3.04
1.25 3.07 3.1 3.07
1.30 3.04 3.00 3.03 2.96 3.013 3.19 3.19
135 2.96 2.95 2.96
1.40 2.92 3.00 2.93 2.92 3.11 2.900 3.1 3.11
1.45 2.08 2.98 2.98
1.50 2.87 2.90 2.88 3.05 2.875 3.05 3.05
155 2.70 2.69 3.01 2.700 3.07 3.01
1.60 2.65 2.65 2.61, 2.7 2.94 2.650 2.94 2.94
1.65 2.81 2.80 2.98 2.788 2.98 2.98
1.70 2.83 2.80 2.81 2.95 2.794 2.96 2.95
175 2.82 2.81 2.89 2.800 2.9 2.89
1.80 273 2.80 274 2.90 2.750 2.92 2.90
1.85 2.99 2.99 2.66 2.988 2.66 2.66
1.90 2.76 2.75 2.75 2.86 2.750 2.89 2.86
1.95 2.88 2.87 2.87 2.863 2.92 2.87
2.00 2.86 2.80 2.86 2.82 2.863 2.82 2.82
2.05 2.82 2.8 2.82
2.10 2.70 2.70 2.72 3.03 2.725 3.04 3.03
215 2.76 2.8 2.76
2.20 2.94 2.95 2.94 3.08 2.925 3.16 3.08
2.25 3.15 3.18 3.15
2.30 2.92 2.90 2.93 2.84 2.900 2.79 2.84
2.35 2.98 3.04 2.98
2.40 2.78 2.75 2.77 2.85 2.775 2.85 2.85
2.45 2.82 2.82 2.82
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Dfn‘;’;h ('f:iLgS_‘gé') ('f:iLgs_i') HI&S C-long C-short | SMatinson | BM&H R&E S-Ma&l
2.50 2.86 2.85 2.85 271 2.850 2.71 271
2.55 2.59 2.59 2.59
2.60 2.54 255 2.54 2.54 2.538 2.53 2.54
2.65 2.55 251 2.55
2.70 2.50 2.45 2.50 2.59 2.500 2.59 2.59
275 2.44 2.44 2.44
2.80 2.38 2.38 2.38 2.43 2.400 2.47 2.43
2.85 2.42 2.42 2.42
2.90 2.35 2.35 2.35 2.37 2.350 2.37 2.37
2.95 2.40 2.4 2.40
3.00 2.58 2.60 2.56 2.71 2.500 2.71 2.71
3.05 2.61 2.61 2.61
3.10 2.74 2.75 2.72 2.68 2.600 2.62 2.68
3.15 2.58 2.58 2.58
3.20 2.82 2.8 2.81 2.68 2.788 2.68 2.68
3.25 2.54 2.6 2.54
3.30 2.50 2.52 2.50 2.60 2.500 2.6 2.60
3.35 2.40 2.4 2.40
3.40 2.48 2.50 2.49 2.54 2.488 2.53 2.54
3.45 2.48 2.47 2.48
3.50 2.39 2.40 2.41 2.42 2.425 2.45 2.42
3.55 2.40 2.4 2.40
3.60 2.43 2.43 2.44 2.48 2.450 2.52 2.48
3.65 2.45 2.45 2.45
3.70 2.55 2.60 2.58 2.48 2.575 2.48 2.48
3.75 2.46 2.46 2.46
3.80 2.65 2.70 2.65 272,252,263 2.62 2.650 2.62 2.62
3.85 248, 2.52 2.50 2.48 2.50
3.90 2.70 2.60 2.70 2.65, 2.56 2.61 2.675 2.61 2.61
3.95 238, 2.46 2.42 2.42 2.42
4.00 2.53 2.50 2.52 243,224,232 2.33 2.575 2.34 2.33
4.05 2.15,2.12 2.14 2.14 2.14
4.10 2.40 2.40 2.39 2.20,2.26 2.23 2.400 2.23 2.23
4.15 1.88, 1.77 1.83 1.83 1.83
4.20 1.85 184 | 1721792 | 1.88,1.89 1.89 1.863 1.88 1.89
4.25 1.80,1.78, 1.79 1.79 1.89 1.79
4.30 1.94 1.92 1.94 1.91, 1.90 1.91 1.925 1.91 1.91
4.35 2.06, 251, 247 2.35 2.28 2.35
4.40 2.62 255 25,271 | 269,268,278 2.72 2.488 2.68 2.72
4.45 2.79, 2.85 2.82 2.81 2.82
4.50 3.12 3.12 3.13 314,334,305 3.18 3.050 3.24 3.18
455 3.03,3.26,331 3.20 3.15 3.20
4.60 3.31 3.30 3.31 353,3.34, 346 3.44 3.300 3.44 3.44
4.65 3.28, 3.34 3.31 3.313 3.31
4.70 3.33 3.33 3.52,3.56 3.54 3.313 3.52 3.54
4.75 3.34, 3.02 3.18 3.18 3.18
4.80 3.38 3.38 3.37 3.32,3.42 3.37 3.363 3.27 3.37
4.85 3.42 3.42 3.42
4.90 3.45 3.42 3.10 3.413 3.10
4.95 3.14 3.14
5.00 3.27 3.23 3.38 3.250 3.38
5.05 3.25 3.25
5.10 3.32 3.32 3.19 3.300 3.19
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D(en‘i;h (';iLgS_‘gé') (';iLgs_i') HI&S C-long C-short | SMartinson | BM&H R&E S-M&l
5.15 3.27 3.27
5.20 3.27 3.24 3.21 3.250 3.21
5.25 3.22 3.22
5.30 3.36 3.35 3.24 3.288 3.24
5.35 3.27 3.27
5.40 3.35 3.35 3.21 3.325 3.21
5.45 3.15 3.15
5.50 3.30 3.33 3.32 3.288 3.32
5.55 3.15 3.15
5.60 3.27 3.24 3.21 3.250 3.21
5.65 3.13 3.13
5.70 3.15 3.06 3.050 3.06
5.75 2.90 2.90
5.80 2.90 2.85 2.91 2.850 2.91
5.85 2.87 2.87
5.90 3.00 3.01 2.81 3.000 2.81
5.95 2.81 2.81
6.00 2.85 2.88 3.02 2.875 3.02
6.05 2.85 2.85
6.10 2.83 2.82 2.78 2.825
6.15 2.61 2.61
6.20 2.70 2.67 2.59 2.563 2.59
6.25 2.55 2.55
6.30 2.29 2.31 2.43 2.325 2.43
6.35 2.32 2.32
6.40 2.40 2.38 2.18 2.388 2.18
6.45 2.17 2.17
6.50 2.10 2.11 2.14 2.125 2.14
6.55 2.41 2.41
6.60 2.40 2.38 2.52 2.375 2.52
6.65 2.49 2.49
6.70 2.30 2.35 2.45 2.363 2.45
6.75 2.13 2.13
6.80 2.55 2.53 2.31 2513 2.31
6.85 2.24 2.24
6.90 2.28 2.28 2.20 2.275 2.20
6.95 2.47 2.47
7.00 2.50 25 2.70 2.425 2.70
7.05 2.55 2.55
7.10 2.80 2.81 2.62 2.719 2.62
7.15 2.62 2.62
7.20 3.05 3.04 2.86 3.013 2.86
7.25 2.85 2.85
7.30 3.00 3 2.72 2.988 2.72
7.35 274 2.74
7.40 2.80 2.8 2.78 2.769 2.78
7.45 2.46 2.46
7.50 255 2.54 2.46 2.550 2.46
755 2.45 2.45
7.60 2.60 2.62 257 2.600 257
7.65 2.38 2.38
7.70 2.40 2.38 2.39 2.400 2.39
7.75 2.62 2.62
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Dgﬁ;h ("F”i‘;gé') (FF"i‘;g;') HI&S C-long C-short | SMartinson | BM&H R&E S-M&l
7.80 255 2.55 2.71 2575 2.71
7.85 2.67 2.67
7.90 2.95 2.94 2.86 2.925 2.86
7.95 3.03 3.03
8.00 3.00 2.98 2.92 2.950 2.92
8.05 2.99 2.99
8.10 2.95 2.93 2.94 2.925 2.94
8.15 3.05
8.20 311 311 2.97 3113 2.97
8.25 2.88 2.88
8.30 2.70 2.7 2.84 2.700 2.84
8.35 2.01 201
8.40 3.00 3.05 3.04 3.025 3.04
8.45 2.94 2.94
8.50 2.80 281 2.85 2.800 2.85
8.55 2.95 2.95
8.60 3.09 3.15 3.15 3.138
8.65 243
8.70 2.90 3.019
8.75
8.80 2.90 291 2.01 2.900
8.85
8.90 3.00 3 3.00 3.000
8.95 2.01 291
9.00 2.70 2.74 2.79 2.763 2.79
9.05 2.80 2.80
9.10 2.65 2.64 258 2,625 258
9.15 256 256
9.20 2.65 2.65 257 2638 257
9.25 2.43 2.43
9.30 253 253 243 2532 243
9.35 2.50 2.50
9.40 2.40 2.4 2.67 2.425 2.67
9.45 2.67 2.67
9.50 2.50 2.61 2.69 2.600 2.69

Table Al Key:

HLS&I: My reconstructed data values from Figs. 3 and 4 in Hays et al. 1976. Although this paper cannot be accessed freely
online, it may be purchased at http:/memoirs.gsapubs.org/content/145/337.abstract.

HI&S: My reconstructed values from Hays, Imbrie, and Shackleton (1976). http:/www.es.ucsc.edu/~pkoch/EART_206/09-
0303/Hays%20et%2076%20Science%20194-1121.pdf.

C-long: CLIMAP (long): CLIMAP Project Members (1981). ftp:/ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_
files/isotope/r11-120c_isot-fwe.txt.

C-short: CLIMAP(short): CLIMAPProjectMembers(1981). http:/doi.pangaea.de/10.15694/PANGAEA.358922?format=html.

S-Martinson: SPECMAP values cited by Martinson et al. (Appendix) Stable isotopes and sea surface temperatures
reconstructed from sediment core RC11-120. In supplement to: Martinson, D. G. et al. (1987). http://doi.pangaea.
de/10.1594/PANGAEA.51706?format=html.

BM&H: My reconstructed values from Fig. 1 of Berger, Melice, and Hinnov (1991). https:/www.researchgate.net/
profile/Linda_Hinnov/publication/226189878_A _strategy_for_frequency_spectra_of_quaternary_climate_records/
links/0deec51818a603e219000000.pdf.

R&E: Rickaby and Elderfield: Rickaby and Elderfield (1999). ftp:/ftp.ncde.noaa.gov/pub/data/paleo/paleocean/sediment_
files/isotope/r11-120r_isot-fwe.txt.

S-M&I: SPECMAP values in McIntyre and Imbrie (2000). http://doi.pangaea.de/10.1594/PANGAEA.56357?format=html.
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Table A2. E49-18 planktonic 60 values (%o).
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Depth (m) HI&S (1976) C&T (1983) H&P (1992, 1994) | PANGAEA (1997) R&E (1999)
0.00 2.05,2.15 2.10 2.15, 2.05
0.05 2.68
0.10 2.9 2.90 2.9
0.15 3.15
0.20 3.3 3.30 3.3
0.25 3.33
0.30 3.35 3.35 3.35
0.35 3.45
0.40 3.63,3.46 3.55 3.63,3.46
0.45 3.44
0.50 3.42 3.42 3.42
0.55 3.4
0.60 3.39 3.39 3.39
0.65 3.37
0.70 3.36 3.36 3.36
0.75 3.3
0.80 3.19 3.19 3.19
0.85 3.35
0.90 3.41 3.41 3.41
0.95 3.26
1.00 3.21 3.21 3.21
1.05 3.23
1.10 3.26 3.26 3.26
1.15 33
1.20 3.32 3.32 3.32
1.25 3.36
1.30 3.44,3.3 3.37 3.44,33
1.35 3.26
1.40 3.21,3.08 3.14 3.21,3.08
1.45 3.05
1.50 2.99 2.99 2.99
1.55 3.08
1.60 3.15, 3.12 3.13 3.15, 3.12
1.65 2.98
1.70 2.91, 2.9 2.90 2.91,2.9
1.75 2.9
1.80 2.91 2.91 2.91
1.85 2.86
1.90 2.81 2.81 2.81
1.95 2.89
2.00 3.02 3.02 3.02
2.05 3.08
2.10 3.14,3.21 3.18 3.21, 3.14
2.15 3.08
2.20 3.03 3.03 3.03
2.25 2.98
2.30 2.95 2.95 2.95
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Depth (m) HI&S (1976) C&T (1983) H&P (1992, 1994) PANGAEA (1997) R&E (1999)
2.35 2.85
2.40 2.53,2.98 2.75 2.53,2.98
2.45 2.85
2.50 2.65, 3.12 2.88 2.65,3.12
2.55 2.88
2.60 2.6 2.60 2.6
2.65 2.62
2.70 2.65 2.65 2.65
2.75 2.68
2.80 2.72,2.91 2.81 2.72,2.91
2.85 2.88
2.90 2.82 2.82 2.82
2.95 2.82
3.00 2.81 2.81 2.81
3.05 2.88
3.10 297,29 2.93 2.9,2.97
3.15 3
3.20 3.13,2.8 2.97 3.13,2.8
3.25 2.8
3.30 2.81 2.81 2.81
3.35 2.83
3.40 2.89 2.89 2.89
3.45 2.87
3.50 2.88 2.82 2.86 2.86 2.86
3.55 2.9
3.60 2.96 2.96 2.93 2.93 2.93
3.65 291
3.70 2.88 2.89, 3.13 3.01 3.13, 2.89
3.75 3.05
3.80 2.8 2.84 2.98 2.98 2.98
3.85 2.95
3.90 2.76 2.78 2.85 2.85 2.85
3.95 2.85
4.00 2.72 2.76 2.85 2.85 2.85
4.05 2.85
4.10 2.44 2.42 2.85 2.85 2.85
4.15
4.20 2.45 2.44 2.63 2.63 2.63
4.25
4.30 2.52 2.52 2.81,2.77 2.79 2.81,2.77
4.35
4.40 2.64 2.68 2.6 2.60 2.6
4.45
4.50 2.00 2.24 2.39 2.39 2.39
4.55
4.60 2.12 1.96 2.1,2.36 2.23 2.1,2.36
4.65
4.70 2.28 2.28 241 2.41 2.41
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Depth (m) HI&S (1976) C&T (1983) H&P (1992, 1994) | PANGAEA (1997) R&E (1999)
4.75
4.80 2.04 2 1.6 1.60 1.6
4.85
4.90 2.64 2.76 2.03,2.53 2.28 2.03,2.53
4.95
5.00 3.24 3.22 2.89 2.89 2.89
5.05
5.10 3.24 3.2 3.33 3.33 3.33
5.15
5.20 2.52 2.88 2.76 2.76 2.76
5.25
5.30 3.48 2.52 3.62 3.62 3.62
5.35
5.40 3.36 3.48 3.64 3.64 3.64
5.45
5.50 3.52 3.36 3.65 3.65 3.65
5.60 3.48 3.52 3.51
5.70 3.49 3.44 3.45
5.80 3.32 3.48 3.47
5.90 3.12 3.28 3.29
6.00 3.12 3.12 3.12
6.10 3.04 3.04 3.05
6.20 3.12 3.16 3.16
6.30 3.04 3.04 3.04
6.40 2.84 2.82 2.85
6.50 2.62 2.6 2.61
6.60 2.60 2.6 2.60
6.70 2.48 2.52 2.51
6.80 2.48 2.54 2.51
6.90 2.64 2.64 2.64
7.00 2.56 2.6 2.59
7.10 2.52 2.56 2.57
7.20 2.52 2.6 2.58
7.30 2.24 2.24 2.25
7.40 2.42 2.4 2.43
7.50 2.80 2.8 2.82
7.60 3.05 3.08 3.08
7.70 3.04 3.08 3.08
7.80 2.72 2.74 2.74
7.90 2.68 2.68 2.70
8.00 2.50 2.52 2.55
8.10 2.32 2.28 2.29
8.20 2.48 2.52 2.53
8.30 3.04 2.98 3.00
8.40 3.16 3.12 3.14
8.50 3.28 3.2 3.29
8.60 3.32 3.28 3.32
8.70 3.28 3.32 3.32
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Depth (m) HI&S (1976) C&T (1983) H&P (1992, 1994) | PANGAEA (1997) R&E (1999)
8.80 3.04 3 3.03
8.90 3.28 3.2 3.26
9.00 3.36 3.36 3.39
9.10 3.12
9.20 2.78 2.84 2.88
9.30 2.80 2.78 2.80
9.40 2.72 2.8 2.82
9.50 2.80 2.72 2.75
9.60 2.79 2.82 2.89
9.70 2.83 2.86 2.90
9.80 2.84 2.8 2.82
9.90 2.79 2.77 2.80
10.00 2.80 2.78 2.81
10.10 2.76 2.72 2.76
10.20 2.72 2.68 2.72
10.30 2.80 2.8 2.85
10.40 2.60 2.58 2.61
10.50 2.44 2.4 2.46
10.60 2.44 2.46 2.48
10.70 2.52 2.52 2.54
10.80 2.28 2.28 2.32
10.90 2.04 1.98 2.04
11.00 2.02 1.97 2.01
11.10 2.32 2.38 2.39
11.20 3.04 2.96 2.99
11.30 3.32 3.28 3.34
11.40 3.44 3.4 3.44
11.50 3.28 3.24 3.28
11.60 3.40 3.4 3.43
11.70 3.04 3.16 3.18
11.80 2.83 2.8 2.84
11.90 2.82 2.8 2.84
12.00 2.64 2.64 2.66
12.10 2.80 2.78 2.82
12.20 2.74 2.75 2.79
12.30 2.76 2.72 2.76
12.40 2.92 2.88 2.94
12.50 2.88 2.82 2.87
12.60 2.52 2.56 2.57
12.70 2.82 2.8 2.84
12.80 2.80 2.77 2.81
12.90 2.81 2.78 2.83
13.00 2.76 2.72 2.76
13.10 2.56 2.6 2.64
13.20 2.32 2.4 2.45
13.30 2.24 2.2 2.22
13.40 2.16 2.08 2.14
13.50 2.20 2.2 2.23
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Depth (m) HI&S (1976) C&T (1983) H&P (1992, 1994) [ PANGAEA (1997) R&E (1999)
13.60 2.52 2.52 2.57
13.70 253 2.56 2.59
13.80 2.73
13.90 2.92 2.92 2.96
14.00 2.80 2.78 2.81
14.10 3.12 3.04 3.09
14.20 3.18 3.16 3.20
14.30 3.52 3.48 3.51
14.40 3.56 3.56 357
14.50 3.28 3.2 3.26
14.60 3.32 3.24 3.32
14.70 3.22 3.08 3.06
14.80 3.12
14.90 3.32 3.32 3.37
15.00 3.20 3.18 3.23
15.10 2.95 2.92 2.96
15.20 2.88 2.82 2.88
15.30 2.94 2.92 2.98
15.40 2.89 2.82 2.91
15.50 2.96 2.99, 2.86
Table A2 Key:

HI&S: My reconstructed values Hays, Imbrie, and Shackleton (1976).
C&T: My reconstructed values from Fig. 1 in Corliss and Thunell (1983b), which were said to be taken from the 1976
“pacemaker” paper. To reconstruct their data, I used Corliss and Thunell (1983a) Fig. 1. https:/s3.amazonaws.com/
Antarctica/AJUS/../AJUSvXVIIIn5p141.pdf
H&P: Howard and Prell (1992). http://wwwl.ncde.noaa.gov/pub/data/paleo/paleocean/sediment_files/isotope/e49-18_isot-

fwe.txt.

PANGAEA: Hays, Imbrie, and Shackleton (1997). SPECMAP PANGAEA data: http://doi.pangaea.de/10.1594/
PANGAEA.52207.
R&E: Rickaby and Elderfield(1999). ftp:/ftp.ncdc.noaa.gov/pub/data/paleo/paleocean/sediment_files/complete/e49-18r-tab.

txt.

Table A3. RC11-120 summer sea surface temperatures (°C).

Depth (m) HI&S SPECMAPa | SPECMAPb Depth (m) HI&S SPECMAPa | SPECMAPb
0.00 10.0 11.21 0.60 8.0 7.0 7.06
0.02 11.2 11.21 0.65
0.05 0.70 8.0 7.0 7.03
0.10 11.9 115 11.50 0.75
0.15 0.76 9.20
0.20 10.9 10.6 10.54 0.80 8.3 7.1 7.20
0.25 0.83 6.95
0.30 13.6 13.2 13.26 0.85
0.35 0.90 8.9 7.4 7.43
0.39 12.49 0.95
0.40 12.8 1.00 8.4 7.0 7.06
0.45 1.05 7.6 7.57
0.50 10.0 9.1 9.18 1.10 8.4 7.6 7.58
0.55 1.15 7.6 7.51
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Depth (m) HI&S SPECMAPa | SPECMAPD Depth (m) HI&S SPECMAPa SPECMAPbH
1.20 8.0 7.2 7.28 3.45 8.1 8.15
1.25 7.8 7.79 3.50 9.1 8.7 8.65
1.30 8.5 7.8 7.72 3.55 8.3 8.37
1.35 8.3 8.31 3.60 9.4 9.2 9.29
1.40 8.5 8.0 8.00 3.65 10.0 10.00
1.45 8.7 8.63 3.70 9.25 8.9 8.89
1.50 8.8 8.6 8.53 3.75 8.3 8.37
1.55 8.6 8.61 3.80 8.4 7.3 7.32
1.60 9.2 9.0 8.96 3.85 7.1 7.17
1.65 9.3 9.40 3.90 9.4 8.5 8.53
1.70 8.9 8.2 8.20 3.95 8.9 8.94
1.75 7.8 7.88 4.00 9.35 8.9 8.93
1.80 7.4 7.0 7.05 4.05 8.8 8.82
1.85 7.4 7.41 4.10 10.6 10.2 10.29
1.90 8.2 7.0 6.98 4.15 9.1 9.19
1.95 8.1 8.12 4.20 10.0 9.2 9.27
2.00 8.67 8.2 8.23 4.25 10.1 10.19
2.05 8.2 8.28 4.30 13.6 13.5 13.56
2.10 9.8 9.0 9.09 4.35 12.3 12.40
2.15 8.3 8.31 4.40 13.3 13.5 13.55
2.20 7.6 7.0 6.95 4.45 13.6 13.64
2.25 7.0 6.94 4.50 11.0 9.2 9.25
2.30 7.7 7.0 6.97 4.55 9.0 8.97
2.35 8.1 8.13 4.60 7.95 7.3 7.40
2.40 7.65 7.2 7.27 4.65 8.3 8.31
2.45 7.6 7.67 4.70 8.7 7.6 7.59
2.50 8.8 8.1 8.14 4.75 9.1 9.17
2.55 8.8 8.71 4.80 8.5 7.1 7.19
2.60 8.8 7.9 7.82 4.85 8.0 8.04
2.65 8.0 8.01 4.90 8.9 7.6 7.55
2.70 9.4 8.3 8.35 4.95 7.9 7.86
2.75 8.2 8.20 5.00 8.6 7.2 7.29
2.80 8.9 8.3 8.34 5.05 8.7 8.67
2.85 8.2 8.24 5.10 9.1 8.2 8.24
2.90 11.1 10.0 9.70 5.15 6.2 8.43
2.95 8.1 8.13 5.20 8.9 7.8 7.72
3.00 8.8 7.9 7.87 5.25 8.0 7.92
3.05 7.1 7.18 5.30 9.1 8.2 8.23
3.10 8.6 7.2 7.23 5.35 7.4 7.41
3.15 8.3 8.33 5.40 8.8 7.5 7.51
3.20 7.75 7.2 7.28 5.45 8.8 8.84
3.25 7.6 7.60 5.50 8.5 7.7 7.66
3.30 8.5 8.0 7.91 5.55 8.8 8.82
3.35 7.4 7.46 5.60 8.5 7.7 7.75
3.40 7.7 7.4 7.42 5.65 7.7 7.66
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Depth (m) HI&S SPECMAPa | SPECMAPb Depth (m) HI&S SPECMAPa | SPECMAPb
5.70 8.8 8.2 8.21 7.60 11.0 10.7 10.68
5.75 7.7 7.79 7.65 10.0 9.82
5.80 8.2 7.7 774 7.70 12.3 12.0 12.08
5.85 9.3 9.36 7.75 12.4 12.43
5.90 8.7 7.8 7.80 7.80 12.3 12.0 11.90
5.95 10.0 9.96 7.85 12.1 12.14
6.00 8.3 7.8 7.78 790 91 87 861
6'05 8.3 8'36 7.95 8.0 8.04
6.10 8.3 8.0 8.02 8.00 8.2 7.2 7.20
6.15 0.2 9.22 8.05 8.0 8.00
6.20 87 8.3 8.38 8.10 78 70 6.96
6.25 8.7 8.70 8.15 7 7.68
530 56 7 50a 8.20 8.5 7.3 7.36

8.25 7.3 7.35
6.35 9.4 9.49

8.30 7.8 7.2 7.20
6.40 9.1 9.0 8.95

8.35 8.2 8.24
6.45 9.8 9.75

8.40 8.5 7.3 7.38
6.50 10.3 10.2 10.28

8.45 7.7 7.73
6.55 9.0 8.97

8.50 8.3 7.8 7.79
6.60 8.0 7.7 7.62

8.55 7.4 7.49
6.65 9.3 9.30

8.60 7.3 6.8 6.79
6.70 8.5 7.9 7.81

8.65 8.0 8.10
6.75 9.7 9.62

8.70 7.8 7.3 7.38
6.80 9.4 9.9 9.83 s - ——
6.85 10.8 10.81 s 9 e oA
6.90 11.2 11.5 11.51 e 50 or
6.95 11.6 11.56 8,90 53 _— 790
7.00 9.3 8.9 8.87 .05 e P
7.05 8.1 8.19 9.00 7.3 6.8 6.81
7.10 9.4 8.1 8.14 9.05 _ 77
7.15 8.9 8.87 9.10 8.7 8.2 8.22
7.25 7.7 7.64 9.20 8.2 7.7 7.69
7.30 9.0 8.7 8.64 9.25 8.4 8.44
7.35 8.0 7.93 9.30 8.9 8.8 8.74
7.40 7.4 6.9 6.82 9.35 9.2 9.21
7.45 9.8 9.74 9.40 9.3 8.7 8.65
7.50 10.9 10.9 10.86 9.45 8.3 8.37
7.55 10.7 10.62 9.50 8.3 8.0 7.95

Table A3 Key:

HI&S: Reconstructed values from Hays, Imbrie, and Shackleton (1976).
SPECMAPa: Summer sea surface temperatures from Martinson et al. (Appendix) Stable isotopes and sea surface
temperatures reconstructed from sediment core RC11-120. In supplement to: Martinson (1987). http:/doi.pangaea.
de/10.1594/PANGAEA.51706?format=html.
SPECMAPD: Estimated summer sea surface temperature from the SPECMAP data set. Hays (1997). http:/doi.pangaea.

de/10.1594/PANGAEA.52223?format=html#download.
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Table A4. E49-18 summer sea surface temperatures (°C).

Depth (m) HI&S H&P Depth (m) HI&S H&P
0.0 8.25 7.84 4.7 95 7.7
0.1 7.00 7.18 4.8 11.875 9.09
0.2 5.375 6.06 4.9 13.0 9.78
0.3 6.25 6.77 5.0 7.75 7.7
0.4 55 6.59 5.1 7.50 6.87
0.5 6.5 6.39 5.2 8.00 7.04
0.6 7.25 6.51 5.3 7.25 6.78
0.7 6.75 6.68 5.4 7.00 7.16
0.8 7.00 7.26 55 7.00 7.17
0.9 6.125 6.97 5.6 6.75 6.06
1.0 5.50 6.79 5.7 6.875 6.5
1.1 6.125 5.89 5.8 7.25 6.44
1.2 6.625 7.24 59 7.50 6.51
1.3 6.75 7.13 6.0 7.875 6.78
1.4 7.125 6.87 6.1 7.75 5.1
15 6.875 6.8 6.2 7.50 6.68
1.6 7.25 6.76 6.3 7.125 591
1.7 7.625 6.75 6.4 7.16 6.97
1.8 7.00 7.49 6.5 7.19 7.53
1.9 9.125 7.49 6.6 7.50 6.8
2.0 7.375 6.97 6.7 8.00 6.75
2.1 7.00 7.72 6.8 9.50 7.04
2.2 7.125 6.97 6.9 7.50 7.74
2.3 7.00 6.76 7.0 7.25 7.28
2.4 7.25 6.97 7.1 7.375 7.03
25 7.25 7.23 7.2 8.125 7.22
2.6 7.5 7.49 7.3 8.75 7.28
2.7 8.00 7.49 7.4 9.00 7.39
2.8 8.375 7.07 7.5 8.70 7.65
2.9 7.625 7.04 7.6 8.00 7.67
3.0 7.625 6.92 7.7 7.00 6.89
3.1 7.375 7.08 7.8 7.50 6.25
3.2 7.50 7.18 7.9 7.25 7.34
3.3 7.25 6.95 8.0 10.50 7.28
34 7.50 6.83 8.1 11.625 7.24
35 7.25 6.97 8.2 11.25 9.12
3.6 7.125 6.97 8.3 9.25 7.18
3.7 7.75 7.25 8.4 7.50 7.68
3.8 6.75 6.5 8.5 6.75 7.67
3.9 7.125 6.97 8.6 7.00 51
4.0 7.75 7 8.7 6.78 6.2
4.1 7.25 6.97 8.8 7.00 6.96
4.2 7.875 7.74 8.9 7.50 5.51
4.3 8.00 7.19 9.0 7.375
4.4 9.625 7.49 9.1 6.625 7.17
4.5 10.125 7.65 9.2 7.00 7.06
4.6 11.875 9.78 9.3 7.625 7.52
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Depth (m) HI&S H&P Depth (m) HI&S H&P
9.4 8.625 8 125 7.25 6.74
9.5 8.00 8.57 12.6 3.625 6.05
9.6 7.25 8.5 12.7 3.125 5.52
9.7 7.375 6.82 12.8 450 5.72
9.8 75 6.2 12.9 7.50 6.61
9.9 6.625 6.21 13.0 10.50 6.84

10.0 7.50 7.28 13.1 11.30 7.81
10.1 7.00 7.25 13.2 12.00 7.81
10.2 6.75 6.44 13.3 12.00 7.64
10.3 8.375 8.2 13.4 12.875 9.64
10.4 8.50 8.18 135 13.25 9.44
10.5 9.00 7.34 13.6 11.625 7.76
10.6 7.875 7.98 13.7 12.5 8.58
10.7 7.625 7.08 13.8 10.45 8.65
10.8 7.875 7.8 13.9 10.50 8.39
10.9 10.5 7.57 14.0 9.00 7.41
11.0 12.375 9.69 14.1 8.375 7.91
1.1 13.00 10.18 14.2 7.75 7.4

1.2 10.375 7.76 14.3 5.50 7.16
11.3 7.75 7.57 14.4 6.375 421
1.4 7.625 5.08 14.5 5.625 7.42
11.5 6.875 6.57 14.6 6.31 5.12
11.6 6.00 5.1 14.7 7.00 5.11
1.7 4.625 4.95 14.8 4.75 4.41
11.8 6.00 5.75 14.9 5.875 5.1

11.9 4.875 6.4 15.0 7.00 4.4

12.0 3.75 6.37 15.1 4.875 4.95
12.1 3.75 6.44 15.2 5.89 4.44
12.2 7.25 6.85 15.3 5.85 5.65
12.3 7.75 7.02 15.4 3.375 5.9

12.4 5.75 6.44 15.5 3.125 6.44

Table A4 Key:

HI&S: Reconstructed values from Hays, Imbrie, and Shackleton (1976).
H&P: Howard and Prell (1992). http:/www1.ncde.noaa.gov/pub/data/paleo/paleocean/sediment_files/sst/e49-18_ssts-tab.
txt. Note that these temperatures are specifically for the month of February, and that errors for the estimates are given
at the above website.

Table A5. RC11-120 percentage C. davisiana.

Depth (m) HLS&la HLS&Ib HLS&lc HLS&Id HI&S SPECMAP
0.00 0.75 1.20
0.02 1.50 1.25
0.05 11 0.50
0.10 0.50 0.9 1.00 1.00 0.9
0.15
0.20 1.75 12 0.75 1.30 1.30 12
0.25
0.30 1.90 1.6 1.25 1.60 15
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Depth (m) HLS&la HLS&Ib HLS&Ic HLS&Id HI&S SPECMAP

0.35

0.39

0.40 2.75 2.4 2.50 2.50 1.70

0.45

0.50 3.75 3.8 3.75 3.40 3.7
0.55

0.60 13.50 13.7 13.00 13.00 13.60 13.6
0.65

0.70 10.00 10.3 10.00 10.20 10.1
0.75

0.80 17.00 16.7 16.00 16.75 16.80 16.6
0.85

0.90 15.25 15.2 15.00 15.40 15.2
0.95

1.00 9.50 9.8 9.00 9.75 9.80 9.8
1.05 8.7
1.10 10.50 10.6 10.50 10.40 10.6
1.15 7.2
1.20 7.75 7.8 7.25 7.50 7.60 7.7
1.25 5.6
1.30 5.83 5.8 6.00 6.00 5.9
1.35 4.5
1.40 3.50 3.5 2.75 3.00 3.60 3.4
1.45 2.9
1.50 3.75 3.7 3.25 3.80 3.6
1.55 7.0
1.60 7.85 8.0 7.75 8.00 8.0
1.65 9.3
1.70 5.00 4.9 5.00 5.20 5.0
1.75 6.6
1.80 12.50 12.7 12.50 12.60 12.6
1.85 8.6
1.90 8.50 8.9 8.50 8.60 9.1
1.95 6.5
2.00 8.00 8.2 8.25 8.00 8.0
2.05 5.7
2.10 4.00 4.8 4.00 4.00 4.1
2.15 6.0
2.20 12.50 12.9 12.75 8.30 12.7
2.25 16.0
2.30 11.25 11.4 11.25 12.60 11.4
2.35 10.8
2.40 7.25 6.9 7.00 11.60 6.9
2.45 4.2
2.50 3.50 3.6 3.75 3.60 3.6
2.55 4.2
2.60 4.50 4.3 4.00 4.20 4.3
2.65 5.0
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Depth (m) HLS&la HLS&Ib HLS&lc HLS&Id HI&S SPECMAP
2.70 3.25 3.6 3.00 3.20 35
2.75 3.7
2.80 3.50 4.1 3.90 4.00 4.0
2.85 2.9
2.90 2.75 2.9 2.75 2.90 2.7
2.95 2.3
3.00 2.00 1.8 1.75 1.80 1.8
3.05 2.6
3.10 2.40 2.1 2.00 2.20 2.1
3.15 3.3
3.20 6.50 6.4 6.25 6.20 6.4
3.25 4.7
3.30 5.00 4.9 4.75 4.80 4.9
3.35 5.0
3.40 4.75 4.8 5.00 4.80 4.8
3.45 3.6
3.50 2.25 2.4 2.25 2.20 2.3
3.55 18
3.60 2.75 2.9 2.90 2.80 2.8
3.65 2.7
3.70 2.25 2.5 2.25 2.30 25
3.75 3.4
3.80 7.00 6.8 6.50 6.80 6.7
3.85 5.2
3.90 6.25 6.3 6.25 5.80 6.2
3.95 4.5
4.00 3.00 3.3 2.95 4.00 3.2
4.05 12
4.10 0.50 0.8 0.75 0.60 0.7
4.15 0.5
4.20 1.25 11 1.25 1.05 1.0
4.25 0.7
4.30 1.75 15 1.75 1.50 1.4
4.35 0.8
4.40 2.00 1.8 2.00 1.95 1.7
4.45 1.7
4.50 2.25 2.0 2.25 2.40 2.1
4.55 1.9
4.60 10.75 10.5 9.00 10.60 10.5
4.65 10.4
4.70 9.80 9.7
4.75 8.2
4.80 12.75 12.8 12.50 12.60 12.7
4.85 12.3
4.90 10.80 10.4
4.95 7.1
5.00 6.00 6.00 6.00 5.9
5.05 2.6
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Depth (m) HLS&la HLS&Ib HLS&lc HLS&Id HI&S SPECMAP
5.10 3.40 3.4
5.15 1.6
5.20 1.25 0.75 0.80 0.7
5.25 1.1
5.30 1.00 1.2
5.35 1.6
5.40 2.25 2.20 2.00 1.9
5.45 1.5
5.50 2.60 2.1
5.55 1.9
5.60 2.75 2.75 10.00 2.6
5.65 4.5
5.70 9.60 10.0
5.75 12.0
5.80 9.50 9.50 5.20 9.5
5.85 9.4
5.90 7.20 5.2
5.95 9.2
6.00 10.75 11.25 9.60 10.8
6.05 16.5
6.10 14.40 14.4
6.15 8.7
6.20 3.25 4.20 3.9
6.25 2.4
6.30 5.60 5.0
6.35 2.6
6.40 2.40 2.20 2.3
6.45 2.6
6.50 2.30 2.4
6.55 2.8
6.60 2.45 2.40 2.4
6.65 2.6
6.70 3.30 3.4
6.75 3.2
6.80 3.25 3.20 3.3
6.85 2.0
6.90 2.00 2.0
6.95 1.9
7.00 1.75 1.80 1.7
7.05 3.0
7.10 3.00 3.2
7.15 4.9
7.20 4.50 4.20 4.6
7.25 8.0
7.30 6.00 5.9
7.35 7.6
7.40 10.00 10.20 10.0
7.45 8.5
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Depth (m) HLS&la HLS&Ib HLS&lc HLS&Id HI&S SPECMAP
7.50 8.60 8.5
7.55 7.3
7.60 450 4.40 4.4
7.65 3.7
7.70 3.00 2.7
7.75 2.6
7.80 2.50 2.20 21
7.85 4.6
7.90 6.00 6.1
7.95 6.3
8.00 8.25 8.60 8.8
8.05 9.0
8.10 8.50 8.6
8.15 9.5
8.20 7.85 7.60 7.6
8.25 6.5
8.30 5.20 5.3
8.35 6.3
8.40 5.30 4.80 5.0
8.45 6.3
8.50 3.80 4.0
8.55 1.7
8.60 2.75 2.80 2.8
8.65 55
8.70 5.60 6.2
8.75 5.1
8.80 7.85 7.60 75
8.85 10.8
8.90 13.60 13.4
8.95 13.6
9.00 10.80 10.80 10.9
9.05 7.4
9.10 7.40 75
9.15 7.8
9.20 7.85 7.50 7.6
9.25 6.0
9.30 4.80 4.7
9.35 3.4
9.40 4.00 4.00 4.0
9.45 4.9
9.50 5.25 5.40 5.2

Table A5 Key:

HLS&Ia: My reconstructed percentages of C. davisiana from Fig. 2 and in Hays et al. (1976). http:/memoirs.gsapubs.org/
content/145/337.abstract.

HLS&Ib: My reconstructed percentages of C. davisiana from Fig. 3 in Hays et al. (1976).

HLS&Ic: My reconstructed percentages of C. davisiana from Fig. 4 in Hays et al. (1976).

HLS&Id: My reconstructed percentages of C. davisiana from Fig. 18 in Hays et al. (1976).

HI&S: My reconstructed percentages of C. davisiana from Fig. 2 in Hays, Imbrie, and Shackleton (1976).

SPECMAP: SPECMAP C. davisiana data. In supplement to: Martinson, D. G. et al. (1987). http://doi.pangaea.de/10.1594/
PANGAEA.51706?format=html.
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Table 6. E49-18 percentage C. davisiana.

Depth (m) HI&S
0.0 6.500
0.1 3.500
0.2 6.500
0.3 8.000
0.4 9.000
0.5 13.000
0.6 8.200
0.7 7.800
0.8 12.750
0.9 17.500
1.0 17.500
11 11.000
1.2 5.000
1.3 7.000
1.4 6.000
15 5.000
1.6 6.000
1.7 4.200
1.8 4.000
1.9 3.600
2.0 2.750
2.1 3.500
2.2 5.000
2.3 8.500
2.4 7.750
2.5 6.500
2.6 5.000
2.7 2.500
2.8 2.900
29 2.250
3.0 2.750
3.1 7.250
3.2 6.000
3.3 7.000
3.4 4.000
35 8.500
3.6 8.000
3.7 9.380
3.8 10.750
3.9 6.750
4.0 6.500
4.1 4.750
4.2 3.750
4.3 5.000
4.4 1.500
4.5 0.750
4.6 2.380
4.7 4.500
4.8 1.500
4.9 2.000
5.0 6.750
5.1 16.000

Table A6 Key:

HI&S: My reconstructed percentages of C. davisiana from Fig. 3 in Hays et al. (1976).

Depth (m) HI&S
5.2 9.380
5.3 2.750
5.4 6.500
5.5 1.600
5.6 2.000
5.7 3.500
5.8 7.250
5.9 13.000
6.0 9.000
6.1 12.750
6.2 16.500
6.3 13.250
6.4 5.750
6.5 9.500
6.6 2.250
6.7 4.000
6.8 3.000
6.9 3.750
7.0 2.250
7.1 3.000
7.2 4.750
7.3 3.000
7.4 4.000
7.5 2.230
7.6 4.500
7.7 9.750
7.8 7.380
7.9 5.000
8.0 4.130
8.1 3.250
8.2 3.630
8.3 4.000
8.4 8.000
8.5 10.000
8.6 7.750
8.7 5.500
8.8 9.750
8.9 6.500
9.0 3.000
9.1 5.250
9.2 12.250
9.3 8.130
9.4 4.000
9.5 5.000
9.6 7.750
9.7 14.000
9.8 10.750
9.9 8.750

10.0 13.000
10.1 10.000
10.2 14.250
10.3 13.750

J. Hebert
Depth (m) HI&S
10.4 9.38
10.5 5.000
10.6 6.750
10.7 9.000
10.8 4.300
10.9 4.380
11.0 4.500
11.1 3.750
11.2 6.000
11.3 4.750
11.4 11.500
11.5 12.250
11.6 18.000
11.7 10.900
11.8 11.000
11.9 7.250
12.0 7.500
12.1 9.750
12.2 5.000
12.3 3.750
12.4 6.000
12.5 4.500
12.6 8.250
12.7 4.750
12.8 1.250
12.9 0.750
13.0 3.000
13.1 1.250
13.2 0.750
13.3 1.500
13.4 0.250
13.5 1.750
13.6 0.250
13.7 0.300
13.8 0.500
13.9 1.000
14.0 1.500
14.1 2.000
14.2 1.000
14.3 10.500
14.4 5.750
14.5 8.750
14.6 9.000
14.7 9.000
14.8 15.000
14.9 12.250
15.0 14.750
15.1 12.000
15.2 14.000
15.3 16.750
15.4 9.500
15.5 12.250




