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Coupled relative geomagnetic paleointensity (RPI) and oxygen isotope records are used to construct RPI and
oxygen isotope stacks for the last 1.5 Myr. The coupled correlations are accomplished using the Match
algorithm (Lisiecki, L.E., and Lisiecki, P.A., 2002. Application of dynamic programming to the correlation of
paleoclimate records. Paleoceanography, 17: 1049, doi:10.1029/2001PA000733) to simultaneously correlate
isotope and RPI records. The simultaneous match reduces the degree of freedom associated with correlations
using RPI or oxygen isotope records alone. The overall compatibility of RPI and oxygen isotopes indicates a
dominant global (but independent) component in both signals. The local wavelet power spectrum (LWPS) for
the RPI stack indicates little significant orbital power, although the accompanying oxygen isotope stack has all
the LWPS characteristics expected of a high-resolution oxygen isotope record containing orbital frequencies.
The PISO-1500 stack represents a new stratigraphic template that can be used to correlate among marine
sediment records and link them to polar ice cores via variations in cosmogenic nuclide production. Scaling the
stack to values for virtual axial dipole moment (VADM) indicate maxima at ~15×1022 Am2 and minima that
imply a threshold of ~2.5×1022 Am2 below which values are associated with either polarity reversals or
magnetic excursions.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The quest for improved stratigraphic correlation remains one of
the great challenges in paleoceanography. Since Shackleton (1967)
made the case for oxygen isotopic data as a monitor of global ice
volume, benthic δ18O has been the hallmark of marine stratigraphy,
however, oxygen isotope changes in seawater are not globally
synchronous on (millennial) timescales associated with the mixing
time of the oceans (e.g. Skinner and Shackleton, 2005). Although
oceanic mean δ18O will reflect global ice volume change over multi-
millennia, an individual benthic δ18O record will reflect both global
glacio-eustatic and local hydrographic signals (temperature and deep-
water δ18O) to varying degrees (Skinner and Shackleton, 2006).

There would be great advantage in coupling oxygen isotopes with
an independent stratigraphic tool that is global in nature and devoid of
environmental influences. Traditional magnetic stratigraphy, the
observation of polarity zones in sedimentary sections, has become
the backbone of geologic timescales partly because polarity reversal is
a geophysical phenomenon attributable to the main dipole field, and
therefore provides global timelines for precise correlation at the time
of reversal. Accumulation of relative paleointensity (RPI) data in the
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last 10 yr holds the promise of stratigraphic correlationwithin polarity
chrons, possibly at millennial scale. The association of some RPI
minima with brief magnetic excursions means that there is a
manifestation of RPI stratigraphy in the paleomagnetic directional
record.

A first step in the utilization of paleointensity records in strati-
graphy is the development of a calibrated template. As for benthic
oxygen isotopes, a template based on multiple records rather than an
individual record, has the advantage of increasing the signal to noise
ratio in that local or regional change recorded by individual records
may be averaged out by the stacking process. The disadvantage of
stacks, on the other hand, is that the stacking process inevitably
reduces the resolution of the output, compared to the input of
individual records. Several paleointensity stacks have been produced
in the last 10 yr including Sint-800 and Sint-2000 (Guyodo and Valet,
1999; Valet et al., 2005) covering the last 800 and 2000 kyr,
respectively. For the last 75 kyr, regional stacks for the North Atlantic
(NAPIS) (Laj et al., 2000) and South Atlantic (SAPIS) (Stoner et al.,
2002), and a global stack (GLOPIS) (Laj et al., 2004), have been
generated. The EPAPIS stack from thewestern equatorial Pacific covers
the 0.75–3.0Ma interval (Yamazaki and Oda, 2005). Herewe present a
stack that differs from earlier stacks in that the stacking process is
conducted simultaneously on both oxygen isotope and RPI data. The
stack includes, therefore, only RPI records that have accompanying
oxygen isotope records. Most of the coupled RPI-isotope records
included here (Table 1) have not been included in previously derived
RPI stacks, at least not in their entirety.
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Table 1
Records used in the construction of the PISO-1500 stacks.

The “Iso” column refers to the planktic (P), benthic (B) or “bulk” source of oxygen isotope data.
References (“Ref”): (1) Channell et al., 2008; Hodell et al., 2008 (2) Channell et al., 1997, 2002; Channell, 1999; Channell and Kleiven, 2000 (3) Channell, 1999; Channell et al., 2002,
1997 (4) Channell, 2006 (5) Channell and Raymo, 2003 (6) Laj et al., 2000; Voelker et al., 1998 (7) Stoner et al., 2000 (8) Evans et al., 2007 (9) Thouveny et al., 2004; Thomson et al.,
1999 (10) Stoner et al., 2003 (11) Carcaillet et al., 2003, 2004; De Garidel-Thoron et al., 2005 (12) Horng et al., 2002, 2003 (13) Meynadier et al., 1992.
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The new RPI/isotope stack (named PISO-1500) provides a new
template for correlation and calibration of RPI and isotope records. The
fidelity of the accompanying oxygen isotope stack can be tested by
comparisonwith awidely-used calibrated oxygen isotope stack (Lisiecki
andRaymo, 2005). This exercise can gauge the level of consistency of the
two stratigraphies, and possibly determinewhether the RPI correlations
enhance isotopic correlations when the records are used in tandem.

2. The Match and the stack

The potential of RPI for high-resolution correlation stems from the
high rate of change of the Earth's dipole field intensity, that has
decreased by ~5% over the last 100 yr in the historical record, and by
~20% over the last 1000 yr in the archaeological record (Korte and
Constable, 2005; Valet et al., 2008). In comparison, the rate of change of
global ice volume (the basis for benthic δ18O stratigraphy) tends to be
greatest at glacial terminations but relatively slow otherwise. Benthic
δ18O shows comparatively little variability during marine isotopic stage
(MIS) 2–4 (20–80 ka) in contrast to RPI variations in this interval.
Previous RPI stacks involve some form of visual matching of features in
RPI records that can be arbitrary, and poorly constrained. Tomake signal
Fig. 1. Location of the 13 coupled isotope and relative pale
correlation more objective, we use the Match protocol (Lisiecki and
Lisiecki, 2002) that utilizes dynamic programming tofind theoptimalfit
between record pairs. The method was used by Lisiecki and Raymo
(2005) to construct their benthic oxygen isotope stack (LR04).We apply
the protocol simultaneously to isotope and RPI records for 12 published
records (Table 1, Fig. 1) to optimize their fit to IODP Site U1308 records.
We use Site U1308 as the reference record for the stack, because the site
has high-resolution benthic isotope and RPI data for the entire 1.5 Myr
interval (Channell et al., 2008;Hodell et al., 2008). The agemodel for Site
U1308 was constructed by fit of the benthic oxygen isotope record to
LR04 (Hodell et al., 2008). At ODP Sites 983 and 984 (Fig.1, Table 1), the
RPI records have higher resolution than the accompanying isotope
records which are limited by paucity of foraminifera prior to 1.1 Ma
(Channell, 1999; Channell et al., 2002, 1997; Channell and Kleiven,
2000). The only other record that spans the full 1.5 Myr interval is Core
MD97-2143 (Horng et al., 2002, 2003); however, this record has lower
mean sedimentation rate, thanODPSites 983/984, by almost an order of
magnitude (Table 1). Other records included in the stack cover parts of
the 1.5 Myr interval: ODP Site 980 (Channell and Raymo, 2003) extends
back to 1.3 Ma, ODP Site 919 (Channell, 2006) extends back to 540 ka,
ODP Site 1089 (Stoner et al., 2003) extends back to 580 ka, MD99-2227
ointensity records used in this analysis (see Table 1).
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(Evans et al., 2007) extends back to 430 ka, andMD95-2039 (Thouveny
et al., 2004; Thomson et al., 1999) extends back to 317 ka. The coupled
isotope/RPI record from Core MD97-2140 covers the 560–1300 ka
interval (Carcaillet et al., 2003, 2004; De Garidel-Thoron et al., 2005).
Three records that cover the last glacial cycle only: MD95-2024 (Stoner
et al., 2000), the Somali Basin record (Meynadier et al., 1992), and
PS2644 (Laj et al., 2000; Voelker et al., 1998) are included to strengthen
the stack in this interval (Table 1).

The use of the Match protocol here differs from its use in a recent
paper (Channell et al., 2008) where we applied the protocol to RPI
records only, and forced compatibility with oxygen isotope records by
inserting hard tie points (usually at terminations) derived from the
marine isotope records. By applying the Match protocol to the RPI and
isotope records in tandem, we make better use of the isotope record
and provide an improved test of the compatibility of RPI and isotope
records. Each RPI and isotope record (Table 1) is matched to the
IODP Site U1308 records, after normalizing each RPI or isotope record
to have zero mean and one standard deviation. The starting points for
each match are the original (published) age models (references in
Table 1). In the Match protocol, each RPI and isotope record is divided
into time “intervals” (with initial ~1 kyr duration in our case), and each
Fig. 2. Oxygen isotope and relative paleointensity (RPI) data from the 13 sites (color code
matching of the RPI and isotopes to the Site U1308 records (in red).
~1 kyr “interval” is matched to “interval(s)” in the Site U1308 records.
The quality of the fit of a particular “interval” to “interval(s)” at Site
U1308 is gauged by the sum of the squares of the differences for the
data points within each “interval” pair. The optimal correlation of the
two records is determined by minimization of the squares of the
differences through the dynamic programming procedure (Lisiecki
and Lisiecki, 2002), with penalty functions limiting the likelihood of
abrupt sedimentation rate changes both within an individual record
and between record pairs. The data points from one “interval”may lie
anywhere along the interpolated line connecting data points in the
“interval” with which it is compared. The sequential order of data
points within an “interval”, and the order of “intervals” in each time
series, must be maintained. When matching multiple data types (e.g.
RPI and oxygen isotopes), the oxygen isotope data are linearly
interpolated to the same age scale as the RPI records, and Match
computes the sum of the squares of the differences for each data type
to find the optimal match. Unlike routine eyeball signal correlations,
the Match correlations are repeatable and unbiased, and less likely to
be diverted by local solutions.

The quality of fit represented by theMatch output (Fig. 2) is checked
visually for obvious discrepancies, and then formally tested in twoways.
d in Table 1) used to construct the RPI and isotope stacks, after optimal simultaneous



Table 2
Correlation coefficient and percentage of significant area (at 5% level, on WTC maps) between IODP U1308 records (both paleointensity and oxygen isotope records) and other
collected records before and after ‘matching’.

ODP
983

ODP
984

ODP
919

ODP
980

ODP
1089

MD97-
2143

MD95-
2024

MD95-
2039

MD99-
2227

PS
2644

Somali
Basin

MD97-
2140

Correlation coefficient RPIs before ‘matching’ 0.2816 0.2728 0.2644 0.2255 0.4347 0.3272 0.3169 0.3512 0.2616 0.6432 0.4893 0.2553
RPIs after ‘matching’ 0.7083 0.6742 0.6091 0.5661 0.7144 0.6891 0.5639 0.6141 0.6565 0.7592 0.6058 0.6676
ISOs before ‘matching’ 0.6279 0.5597 0.4275 0.7068 0.8230 0.6908 0.7061 0.8502 0.7175 0.3732 0.7423 0.6431
ISOs after ‘matching’ 0.8017 0.8091 0.6934 0.8537 0.8817 0.8277 0.8129 0.8726 0.8501 0.4724 0.7838 0.7558

Percentage of significant area RPIs before ‘matching’ 0.4320 0.4739 0.3921 0.5078 0.5536 0.4630 0.4949 0.3680 0.4301 0.5857 0.5066 0.5588
RPIs after ‘matching’ 0.7807 0.7193 0.6499 0.7086 0.7429 0.7204 0.5748 0.5634 0.7311 0.7869 0.5647 0.7321
ISOs before ‘matching’ 0.6625 0.5824 0.5048 0.6503 0.7079 0.5775 0.5679 0.6872 0.5612 0.3805 0.2052 0.6599
ISOs after ‘matching’ 0.7092 0.6515 0.5906 0.7051 0.6938 0.6747 0.5461 0.7228 0.5616 0.4582 0.4707 0.6832
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Firstly, the correlation coefficients between IODP Site U1308 records and
the other records are calculated before and after matching RPI and
isotope data (Table 2). RPI and isotope data from each record were
interpolated to the age scale of IODP Site U1308 before calculation of
correlation coefficients. The “before match” correlation coefficients
correspond to the match of record pairs on their published age models
(Table 1). Note that, in all cases, the correlation coefficients are increased,
often substantially, after matching (Table 2). Secondly, we test whether
the matching process has indeed improved the correlation in time–
frequency space by calculating the squared wavelet coherence (WTC)
before and after matching. The definition of theWTC resembles that of a
traditional correlation coefficient, and can be thought of as a localized
correlation coefficient in time–frequency space. It can be used to identify
both frequency bands and time intervals within which the two time
series are co-varying and statistical significance levels canbe determined
using Monte Carlo methods (Torrence and Compo, 1998; Grinsted et al.,
2004). The RPI and oxygen isotope data were linearly interpolated at 1-
Fig. 3. Squaredwavelet coherence (WTC) between the relative paleointensity (RPI) records fr
Match protocol. Values of squared wavelet coherence are indicated using different colors (wi
shown as thick contours. The cones of influence (COI) where edge effects make the analyses
as arrows (with in-phase pointing right, anti-phase pointing left, and first signal leading se
marked by white dashed lines.
kyr increments prior to calculation of squaredwavelet coherence (WTC).
As an example, we plot the WTC before and after matching of RPI and
isotope data for ODP Site 983 and IODP Site U1308 (Fig. 3). For both RPI
and isotope data from these two sites, we observe an improvement in
coherence of RPI and isotope records after matching (more area with
significant WTC and constant phase relationship), compared to the
original age models (Fig. 3). The improvement is evident in the 10–
200 kyr period range, indicating lower record sensitivity for periods
below10kyr. InTable2, the improvedcorrelation to IODPSiteU1308after
matching is expressed as the percentage of significant (at 5% level) area
onWTCmaps (red area bounded by thick black line in Fig. 3) before and
after matching. Data within the cone of influence (where edge effects
make the analyses unreliable) were ignored when counting the
significant areas. In all but one case, both correlation coefficients and
percentages of significant WTC indicate that the Match protocol
improves the fit of both RPI and isotope data to the Site U1308 records
(Table 2). The one exception is theMD95-2024 (planktic) isotope record
omODP Site 983 and IODP Site U1308 before and after simultaneous matching using the
th blue to red indicating increasing values). The 5% significance level against red noise is
unreliable are marked by areas of crossed lines. The relative phase relationship is shown
cond by 90° pointing down). Orbital periods of 404 kyr, 100 kyr, 41 kyr, and 23 kyr are
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where although the correlation coefficients indicate improvement of fit
aftermatching, the percentage of significantWTC indicates no significant
improvement for the isotope records (Table 2).

The stack is constructed for RPI and oxygen isotopes by re-sampling
each matched RPI and isotope record, and the reference records from
IODP Site U1308, at 1-kyr sample spacing. The arithmetic mean,
determined at each point, constitutes the stacked record (Fig. 4). The
standard error (σ) is determined by (bootstrap) calculations from
1 million random samplings of data points associated with each point
in the stack. The half-width of the error envelope in Fig. 4 equals 2σ.
The PISO-1500 stacks can be found in Supplementary Data as two files.

3. Comparison with other stacks

The ~100 kyr-scale features in the new stack are largely compatible
with the Sint-2000 stack (Valet et al., 2005) (Fig. 4) and enhanced
detail in the new stack can be attributed to higher sedimentation rate
records included in the newstack aswell as the use of coupled isotope/
RPI matching that reduces age discrepancies among the stacked
Fig. 4. Oxygen isotope and relative paleointensity (RPI) stacks (both in red) based on data in F
using the bootstrap method for 1 million samplings. The oxygen isotope stack (red) is com
RPI stack (red) is compared with Sint-2000 stack (blue) (Valet et al., 2005). In this pl
standard deviation. Paleointensity minima in the stack correspond to established ages of ma
Basin, PR—Pringle Falls, BLT—Big Lost, LP—La Palma, ST17—Stage 17, B/M—Brunhes–Matuya
CB—Cobb Mt. Subchron, BJ—Bjorn, GA—Gardar. (For interpretation of the references to co
records. The Sint-2000 stack is an extension of the earlier Sint-800
(Guyodo and Valet, 1999), and comprises records from the world's
oceans including the ODP Leg 138 record and the younger parts of ODP
Sites 983 and 984. The resolution of the Sint-2000 stack is limited by
low sedimentation rates and poor age control for some of the records,
and smoothing inherent in the stacking process. In Fig. 5, we compare
the new stackwith the EPAPIS Pacific stack (Yamazaki and Oda, 2005),
the equatorial Pacific record from ODP Leg 138 (Valet and Meynadier,
1993) and the record of paleointensity derived from the East Pacific
Rise (EPR) magnetic anomaly data (Gee et al., 2000). Whereas the age
calibration of the EPR record is loosely constrained by spreading rate
assumptions, the ODP Leg 138 record is rather precisely calibrated by
astrochronology (Shackleton et al., 1995) although low mean sedi-
mentation rates (1–2 cm/kyr) limit the resolution of the record. Mean
sedimentation rates in the EPAPIS Pacific stack are also b2 cm/kyr
(Yamazaki and Oda, 2005). The EPAPIS age model relies on the
correlation of lows in magnetic concentration parameters (suscept-
ibility and anhysteretic remanence intensity)with glacial intervals in a
reference oxygen isotope record, in effect relying on the “Indo-Pacific”
ig. 2. Half-width of the error envelope in both cases is 2σ (2×standard error) computed
pared with the LR04 benthic isotope stack (blue) (Lisiecki and Raymo, 2005), and the
ot, the Sint-2000 data have been subtracted from their mean and divided by their
gnetic excursions and chron/subchron boundaries: LA-Laschamp, BL—Blake, IB—Iceland
ma boundary, KA—Kamikatsura, SR—Santa Rosa, JA—Jaramillo Subchron, PU—Punaruu,
lor in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. The new paleointensity stack (PISO-1500, red) compared with the EPAPIS Pacific stack (black) (Yamazaki and Oda, 2005), with the inversion of magnetic anomaly data from
the East Pacific Rise (green) (Gee et al., 2000) and the RPI record from ODP Leg 138 (blue) (Valet and Meynadier, 1993). In this plot, these records have been subtracted from their
means and divided by their standard deviations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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carbonate pattern of high carbonate content during glacial intervals.
Interestingly, the age of features in the EPAPIS stack appear to be
displaced to older ages relative to correlative features in the PISO-1500
stack (Fig. 5), implying an offset in carbonate (and magnetic)
concentration and isotope stages in the EPAPIS cores. This type of
offset, resulting from carbonate concentration variations lagging
benthic δ18O, has been documented in the “Indo-Pacific” carbonate
pattern of the sub-Antarctic South Atlantic (Hodell et al., 2001).

4. Discussion

Benthic δ18O stratigraphy has been the gold standard for cor-
relation of Quaternary marine sequences, but this tool has important
limitations, especially for shorter timescales (Skinner and Shackle-
ton, 2005, 2006). Simultaneous matching of isotope and RPI signals
(from the same cores) provides additional constraints on oxygen
isotope correlations and may allow detection of subtle leads and
lags among aspects of the climate system. Simultaneous correlation
of RPI and isotope records reduces the degree of freedom associated
with correlations using RPI or isotope records alone, and serves as a
test for the consistency of RPI and isotope correlations. The PISO-
1500 RPI stack is based on 13 coupled RPI/isotope records where
record matching is accomplished by simultaneous optimization of
RPI/isotope records using the Match protocol (Lisiecki and Lisiecki,
2002).

The fidelity of the PISO-1500 isotope stack can be gauged by
comparison with the LR04 isotope stack (Lisiecki and Raymo, 2005)
(Fig. 4). Local wavelet power spectra (LWPS) for the PISO-1500 isotope
stack (Fig. 6d) and LR04 (Fig. 6b) indicate very similar distributions of
significant orbital power in the two stacks, implying that the resolution
of the two stacks is comparable. Note that themid-Pleistocene climate
transition from 41 kyr to 100 kyr power, at about 800 ka, is well
represented in LWPS maps of both the LR04 and PISO-1500 isotope
stacks (Fig. 6b and d).

Non-axial-dipole (NAD) components in the historical field vary on
centennial timescales (Hulot and Le Mouël, 1994; Hongre et al., 1998;
Valet et al., 2008) and if similar repeat times hold in the geologic past,
paleointensity records from cores with sedimentation rates less than
~15 cm/kyr are unlikely to record anything but the axial dipole field,
and therefore should represent a global signal.
In the last 10 yr, there has been considerable debate over
the observation and interpretation of orbital periods in RPI data
(Channell et al.,1998; Yamazaki,1999; Yokoyama and Yamazaki, 2000;
Guyodo et al., 2000; Yamazaki and Oda, 2002; Roberts et al., 2003;
Yokoyama et al., 2007; Thouveny et al., 2008; Xuan and Channell,
2008a,b). Some authors considered that the orbital power in RPI
records can be attributed to the geodynamo (e.g. Yokoyama et al.,
2007) while others considered that it is due to lithologic/climatic
“contamination” of some RPI records (e.g. Xuan and Channell, 2008b).

Although there are patches of significant power at orbital periods
in the PISO-1500 RPI stack (Fig. 6c) and Sint-2000 (Fig. 6a), there is
much less significant orbital power in the stacks than in some RPI
individual records (see Xuan and Channell, 2008b). The distribution of
significant power in these plots (Fig. 6a and c) is dependent on the
estimated level of (AR1) noise, which is set at 0.9264 for both stacks
(estimated using the PISO-1500 RPI stack). The squared wavelet
coherence map (Fig. 6e) indicates significant coherence between
the PISO-1500 RPI and isotope stacks during limited time intervals
(e.g. 660–810 ka and 1120–1240 ka) and in variable frequency bands.
The phase relationships between the two records, however, vary
during these time intervals (see Fig. 6e) implying either a non-linear
relationship between the two records or, more probably, a fortuitous
occurrence of significant coherence of two unrelated records that have
power in similar frequency bands. A visual comparison between the
PISO-1500 RPI and δ18O stacks shows positive correlations at ~660–
810 ka (shaded area in Supplementary Fig. 1) and negative correlations
at ~1120–1240 ka (shaded area in Supplementary Fig. 1), consistent
with the WTC map (Fig. 6e). The patch of significant orbital power (at
~90 kyr) at ~600–800 ka in the PISO-1500 RPI stack (Fig. 6c) appears
significantly coherent with the isotope stack (Fig. 6e), implying
(climate-related lithological) contamination in this part of the RPI stack.

The inventory of magnetic excursions (brief quasi polarity chrons
with duration less than ~10 kyr) has developed over the last 20 yr to the
point where about 7 magnetic excursions are reasonably well docu-
mented in theBrunhes Chron,with about the samenumberhavingbeen
adequately recorded in the later part of the Matuyama Chron (see Laj
and Channell, 2007). The brief (b few kyr) duration of directional
excursions makes their observation problematic even for sediments
with mean sedimentation rates above 10 cm/kyr because of smoothing
(filteringof higher frequency remanence variations) associatedwith the



Fig. 6. Local wavelet power spectrum (LWPS) of: (a) the Sint-2000 relative paleointensity (RPI) stack (Valet et al., 2005), (b) the LR04 benthic oxygen isotope stack of Lisiecki and
Raymo (2005), (c) the new PISO-1500 RPI stack and (d) the PISO-1500 oxygen isotope stack, and (e) squared wavelet coherence (WTC) between the PISO-1500 RPI and oxygen
isotope stacks. Values of normalized wavelet power and squared wavelet coherence are indicated using different colors on LWPS and WTC maps (with blue to red indicating
increasing values). The 5% significance level against red noise is shown as thick contours in all figures. The cones of influence (COI) where edge effects make the analyses unreliable
are marked by areas of crossed lines. In (e), the relative phase relationship is shown as arrows (with in-phase pointing right, anti-phase pointing left, and first signal leading second
by 90° pointing down. Orbital periods of 404 kyr, 100 kyr, 41 kyr, and 23 kyr are marked by white dashed lines.
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remanence acquisition, the stochastic (non-uniform) nature of sedi-
mentdeposition, and the effects of bioturbation. Thepaleointensity lows
associated with magnetic excursions (and polarity reversals), on the
other hand, have greater duration than the associated directional
excursions and are often clearly observed in individual RPI records,
even when the directional excursion is not. In the PISO-1500 RPI stack,
the ages of excursions coincide with paleointensity minima in the stack
(Fig. 4).
In order to calibrate the new RPI stack and arrive at temporal
variations in virtual axial dipolemoment (VADM),we adopted the value
of 7.46×1022 Am2 for the time averaged VADM for the last 800 kyr from
Valet et al. (2005), based on an analysis of the volcanic paleointensity
(PINT03) database of Perrin and Schnepp (2004). We then scaled the
stack to this mean value (for the last 800 kyr) and assigned an intensity
of 7.5 µTat IODP Site U1308 (the reference record) for theminimumRPI
value in the stack, that lies within the CobbMountain Subchron (Fig. 4).



Fig. 7. Virtual axial dipole moment (VADM) calibration of the PISO-1500 relative paleointensity stack (red). See text for calibration procedure. Half-width of the error envelope is 2σ
(2×standard error) computed using the bootstrap method for 1 million samplings. The VADM values for the Sint-2000 stack (Valet et al., 2005) are in blue. Red dots indicate
paleointensity minima that have ages close to those attributed to geomagnetic excursions and reversals (see Fig. 4 for excursion/reversal labels). The dashed line represents the
threshold value of 2.5×1022 Am2 that appears to trigger excursions and reversals. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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This procedure follows Constable and Tauxe (1996) who suggested
scaling RPI records by using this minimum intensity value, based on the
modern field, that corresponds to the likely value of the residual field
after total demise of the axial dipole (at times of reversal). The resulting
scaling (Fig. 7) yields a VADM value appropriate for the recent field
(~7.5×1022 Am2), maxima of ~15×1022 Am2 at ~660 ka and between
the Jaramillo and the Cobb Mountain subchrons, and an apparent
threshold VADM value of ~2.5×1022 Am2 associated with excursions
and reversals. Comparison of Figs. 4 and 7 indicates that almost all
VADMvalues below this threshold are associatedwith either excursions
or reversals. Note that the Cobb Mountain Subchron (at ~1200 ka)
appears as an exceptionally long interval (~30 kyr) of particularly low
field intensity. The VADM values for the last 1.5 Myr do not show an
Fig. 8. Circular plot of phase of orbital eccentricity, obliquity and precession (Laskar et al., 20
associated with the Rayleigh Test are indicated for each distribution (see Xuan and Channe
increase inpaleointensityat theonsetof theBrunhesChron analogous to
that seen in Sint-2000 (see Fig. 2a in Valet et al., 2005). ThemeanVADM
is higher for the Brunhes Chron (7.5×1022 Am2) than for the late
Matuyama (6.8×1022 Am2); however, this difference in mean VADM is
less than themean value of the standard error associated with the stack
(0.77), and therefore the two mean values are not statistically
distinguishable. Note that the mean Brunhes VADM is close to the
apparent modern field value, which is close to its actual modern value
although this value is not set as part of the scaling process. The range of
VADM values associated with PISO-1500, reaching more than
15×1022 Am2 (Fig. 7), is consistent with the range of values for the
last few million years in the volcanic PINT06 database (see Fig. 18 in
Tauxe and Yamazaki, 2007).
04) corresponding to 17 relative paleointensity (RPI) lows labeled in Fig. 7. The p-values
ll, 2008a, for further details).
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Following Fuller (2006), Thouveny et al. (2008) havemade the case
for a link between RPI and orbital obliquity in which RPI lows are
associated with a particular phase (minima or decreasing obliquity
angles) in the obliquity cycle. This relationship has been thought to be
due to common orbital forcing for RPI and oxygen isotope values
(Thouveny et al., 2008). Although there is no statistical evidence for a
relationship between the obliquity angle and ages of excursions and
reversals on longer timescales (Xuan and Channell, 2008a), the new
stack provides uswith the opportunity to test the relationship between
the obliquity angle (and other orbital cycles) and RPI. Following the
methods described by Xuan and Channell (2008a), and assuming no
uncertainty in the ages of the RPI minima or in the astronomical
solution, we compute the phases, as defined by Xuan and Channell
(2008a), of the orbital eccentricity, obliquity, and precession at the
time of the prominent RPIminima (as labeled in Fig. 7). The results are
shown in Fig. 8 with p-values associated with the Rayleigh test,
indicating that we cannot reject a circular uniform distribution of RPI
minima relative to the phases of any of the orbital parameters (even at
a 30% significance level). In other words, there is no tendency for RPI
minima in the stack to occur at particular phases of orbital variations
such as lows or decreasing values of obliquity. Visually, the timing of
the prominent RPI lows in the stack (red dots in Supplementary Fig. 1)
do not appear to preferentially occur at obliquity lows or in the
decreasing part of the obliquity cycles.

5. Conclusions

The PISO-1500 RPI stack provides a template for geomagnetic
paleointensity for the last 1.5 Myr. The stack has higher temporal
resolution than earlier stacks such as Sint-2000 (Valet et al., 2005) due
to the addition of new RPI/isotope records and the use of coupled
isotope and RPI records that allow the simultaneous correlation of
isotope and RPI records using the Match algorithm (Lisiecki and
Lisiecki, 2002). The advantage of this procedure is that it limits the
degree of freedom associated with individual signal correlations, is
repeatable, and allows assessment of the compatibility of RPI and
isotope records. The tandem stacks provide a powerful stratigraphic
tool that can be used to correlate amongmarine sediment records, and
link them to polar ice cores via cosmogenic nuclide flux. RPI data from
marine cores have been correlated to modelled paleointensity based
on cosmogenic nuclide flux in Greenland ice cores (e.g. Muscheler
et al., 2005), and to 10Be/9Be data derived from the sediments
themselves (e.g. Carcaillet et al., 2004). Once a continuous record of
comogenic isotope abundance has been completed for the 800-kyr
record from EPICA-Dome C (Jouzel et al., 2007), correlation to the
new PISO-1500 stack will permit synchronization of marine and ice
cores. This will eventually allow transfer of ice core chronologies, such
as those derived by correlation of N2/O2 to local insolation forcing
(Kawamura et al., 2007), to the marine record (and vice-versa). Such
an independent marine chronology could eventually eliminate
difficulties inherent in oxygen isotope stratigraphy such as the
assignment of phase lag between forcing and response implicit in
insolation-driven ice-sheet models (Imbrie and Imbrie, 1980), and the
assumption that δ18O is purely a glacial ice volume signal. In the future,
the timing and phase relationships of components of the climate
systemmay be resolvable independent of oxygen isotope stratigraphy,
thereby advancing our understanding of the mechanisms of glacial–
interglacial climate change.
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