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Program (IODP) Site U1308 (central North Atlantic) records paleomagnetic
directional and relative paleointensity (RPI) variations for the last 1.5 Myr, in 110 m of the sediment sequence
at a mean sedimentation rate of 7.3 cm/kyr. A detailed benthic oxygen isotope record was combined with RPI
to produce an integrated, high-resolution magneto-isotopic stratigraphy for Site U1308. Apart from the well-
known polarity reversals in this interval, the Punaruu excursion is recorded at 1092 ka and the Cobb
Mountain Subchron in the 1182–1208 ka interval. The paleointensity proxies are determined as slopes of
NRM versus ARM and NRM versus ARMAQ (ARM acquisition) with linear correlation coefficients to monitor
the quality of the linear fit. The RPI record for Site U1308 is compared with the three other paleointensity
records (one from the Western Equatorial Pacific and two from the North Atlantic) that cover the same time
interval and have accompanying oxygen isotope records. The Match protocol of Lisiecki and Lisiecki (2002)
[Lisiecki, L. E. and P. A. Lisiecki, The application of dynamic programming to the correlation of paleoclimate
records, Paleoceanography, 17(D4), 1049, doi:10.1029/2001PA000733, 2002] is used to optimize the
correlation of paleointensity records. Beginning with the original (published) age models for each record,
the Match routine is used to optimize the RPI correlations to Site U1308, with checks to ensure compatibility
with oxygen isotope records. Squared wavelet coherence (WTC) indicates significant improvement in RPI
(and oxygen isotope) correlations after matching each RPI record to Site U1308, particularly for periods
N10 kyr. The level of coherence for the Atlantic RPI records and the lower resolution Pacific record implies
synchronous global variability (at scales N10 kyr) that can be attributed to the axial dipole geomagnetic field.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Integrated Ocean Drilling Program (IODP) Site U1308 (Fig. 1) was
drilled in November 2004, during IODP Expedition 303. The site
constitutes a reoccupation of Deep Sea Drilling Project (DSDP) Site 609
that was drilled in 1983 during DSDP Leg 94. The marly foraminiferal
nannofossil ooze at this site exhibits distinctive varicolored glacial–
interglacial cycles in the Brunhes and Matuyama Chronozones,
excellent preservation of calcareous and siliceous microfossils, and
the necessary attributes for generation of high-resolution isotopic and
paleointensity-based chronostratigraphies. Sites 607 and 609, both
drilled during DSDP Leg 94, have been very important for generating
benthic δ18O, δ13C and CaCO3 records for the Pleistocene (Ruddiman
et al., 1989) and late Pliocene (Ruddiman et al., 1986; Raymo et al.,
1989) and interpreting these records in terms of ice sheet variability
and oceanic circulation changes, and for generating orbitally tuned
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timescales. The importance of DSDP Site 609 was accentuated by
recognition of detrital (Heinrich) layers, deposited by massive iceberg
discharges from Hudson Strait (Bond et al., 1993; Bond and Lotti,
1995). Partly from petrologic characteristics observed at DSDP Site
609, Heinrich Events were found to be superimposed on another,
higher-frequency rhythm of ice rafting events with approximately
1500-year pacing (Bond et al., 1999; Bond et al., 1997).

These millennial-scale climatic events, observed at DSDP Site 609
and elsewhere in the North Atlantic, have been correlated with
Greenland ice core δ18O records, and with paleoclimate proxy records
from the Santa Barbara Basin, Arabian Sea, Cariaco Basin and China,
although the phasing, causes, and linkages among these various
regions remain uncertain. Indeed, long-distance correlations, based
on matching of climate records, often pre-suppose synchronicity for
which there is no independent evidence (see Wunsch, 2006). Studies
of past climate change are challenged by the need for long-distance
correlation at an appropriate resolution for discerning subtle phasing
(leads and lags) in the climate system. Coupled relative paleointensity
(RPI) and oxygen isotope records may provide a level of stratigraphic
resolution that cannot be matched by oxygen isotope stratigraphy
alone; however, uncertainties remain about the scale at which RPI
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Fig. 1. Location of IODP Site U1308 (re-drill of DSDP Site 609) and other sites occupied during IODP Expedition 303.
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records can be globally correlated. For example, is effective correlation
restricted to RPI minima associated with excursions and reversals, or
can global correlations be achieved at millennial or centennial scale?
The emphasis in this paper is on stratigraphy because establishing the
stratigraphy is a necessary first step for making the paleomagnetic
data useful for ground-truthing numerical simulations of the
geomagnetic field, as well as for answering fundamental geophysical
questions. For instance, do secular variations, excursions and brief
subchrons constitute part of a continuum of geomagnetic behavior
with polarity chrons? Are the characteristics of secular variation
different for the two polarity states, and are polarity transition fields
comparable for sequential polarity reversals? As geomagnetic field
intensity is a control on cosmogenic nuclide production, does the
apparent correlation of the 1500-yr cycle in North Atlantic IRD to
cosmogenic isotope production (Bond et al., 2001) imply a link
between climate and geomagnetic field strength (and/or between
climate and solar activity)? Do the presence of orbital periods in RPI
data support a primary climate/paleointensity connection or do they
denote climate-related contamination of RPI records?

In this paper, we report the Site U1308 paleomagnetic record for
the last 1.5 My, corresponding to the 0–110 meters composite depth
(mcd) interval for which an oxygen isotope stratigraphy is available
(Hodell et al., submitted for publication). U-channel samples (samples
enclosed in plastic containers with a 2×2 cm cross-section and the
same length as the core section, usually 150 cm) were collected from
the archive half of each core section within the composite splice
(Hodell et al., submitted for publication; Expedition 303 Scientists,
2006). One of the sides of the u-channel comprises a clip-on plastic lid
that allows the sample to be sealed to inhibit dehydration and other
chemical/physical changes. Samples (10 cc) for stable isotope analyses
were collected at 2 cm intervals from the working half of the same
composite splice. Oxygen isotope analyses were measured on the
benthic foraminifer Cibicidoides wuellerstorfi and/or Cibicidoides kullen-
bergiat a sample spacingof 2-cm for theupper 110mcd. Specimenswere
picked from the N212-µm size fraction, and one to five individuals were
used for δ18O analysis yielding a total of almost 5000 data points (Hodell
et al., in review).

2. Magnetic properties and methods

Natural remanent magnetization (NRM) of u-channel samples was
measured at 1-cm spacing before demagnetization, and after 12
demagnetization steps in the 20–100 mT peak field range, using a 2G
Enterprises cryogenic magnetometer designed to measure u-channel
samples. Shipboard AF treatment of archive halves of core sections
(from which the u-channels were collected post-cruise) was carried
out at peak fields not exceeding 10 mT (Expedition 303 Scientists,
2006). The response functions of the three orthogonal pick-up coils of
the u-channel magnetometer have a width at half-height of ~4.5 cm
(Weekset al.,1993;Guyodoet al., 2002), therefore,measurements at1-cm
spacing are not independent from one another. Component magne-
tization directions were computed for NRM data at 1-cm spacing
using the standard “principal component” method (Kirschvink,
1980). The demagnetization interval used to compute the character-
istic magnetization component was 20–80 mT, and the maximum
angular deviation (MAD) values provide a means of monitoring the
uncertainty associated with component magnetization directions.
Susceptibility measurements of u-channel samples were carried out
using a susceptibility track with a pick-up loop that has a response
function similar to that of the u-channel magnetometer used for
remanence measurements (Thomas et al., 2003). For each u-channel,
anhysteretic remanent magnetization (ARM) was acquired in a peak
alternating field of 100 mT and a 50 µT DC bias field. ARM was
measured prior to demagnetization and then after demagnetization
at the same demagnetization steps used for NRM, up to peak fields of
60 mT. The samples were then demagnetized at peak fields of
105 mT, and ARM was reacquired stepwise in peak alternating fields
of 20–60 mT, in 5 mT steps, and a constant 50 µT DC bias field.

The high fidelity of the oxygen isotope record (Fig. 2a) for the
upper 110 mcd at Site U1308 permits unambiguous identification of



Fig. 2. (a) Benthic oxygen isotope record (Hodell et al., submitted for publication) with marine oxygen isotope stages, (b) Volume magnetic susceptibility, (c) Anhysteretic
susceptibility divided by susceptibility (karm/k) and anhysteretic magnetization (ARM) intensity after demagnetization at peak fields of 30mT, (d) Interval mean sedimentation rates
from the fit of the oxygen isotope record to the reference curve.
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isotope stages to marine isotope stage (MIS) 50 at 1.5 Ma (Hodell et al.,
submitted for publication). Low field susceptibility (Fig. 2b) varies with
glacial–interglacial cycles, with low values corresponding to interglacial
stages reflecting biogenic carbonate dilution of magnetic concentration,
and reduced concentration of susceptible ice-rafted debris (IRD).
Susceptibility peaks during MIS 3 correspond to Heinrich layers 1, 2, 4
and 5, and peaks associatedwith earlier glacial stages and Terminations
are also associated with Heinrich-type IRD layers (Hodell et al.,
submitted for publication). ARM intensity (Fig. 2c) tends to mimic
susceptibilityalthough, as expected, it is less sensitive thansusceptibility
to the coarse detritus associated with IRD-rich layers. The magnetite
grain size proxy, karm/k (Fig. 2c), the ratio of anhysteretic susceptibility
(ARM intensity divided by the ARM bias field) to susceptibility, yields
low values corresponding to susceptibility peaks, indicative of coarser
grained magnetite, and high values indicative of relatively fine-grained
magnetite corresponding to minima in susceptibility and ARM.

The age model for the upper 110 mcd at Site U1308 (Hodell et al.,
submitted for publication) was based on the optimal fit of the benthic
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oxygen isotope record to the oxygen isotope stack of Lisiecki and
Raymo (2005), augmented by correlations to Core MD952042
(Shackleton et al., 2004) for the 35–60 ka interval, and by 14C ages
in the 14–35 ka interval that were transferred from Site 609 using
reflectance records (Hodell et al., submitted for publication). The
resulting sedimentation rate map (Fig. 2d) indicates interval
sedimentation rates in the range of 3.8–16.0 cm/kyr, with minima
in glacial stages MIS 10, 12 and 48, and the maximum in interglacial
stage MIS 31. Although other interglacial stages, such as MIS 13 and
MIS 17, have relatively high sedimentation rates, other prominent
interglacial stages such as MIS 11 do not have particularly elevated
sedimentation rates relative to neighboring glacial intervals.

The AF demagnetization characteristics of the NRM indicate a low-
coercivity remanence carrier, probably magnetite. A plot of anhys-
teretic susceptibility versus susceptibility can be used to estimate the
grain size distribution of magnetite and, according to the calibration of
King et al. (1983), the magnetite at Site U1308 is largely in grain sizes
close to 1 µm (Fig. 3a). Samples that plot in the field associated with
grain sizes greater than 5 µm (Fig. 3a) are all associated with thin
Heinrich-like IRD layers denoted by susceptibility peaks (Fig. 2b).
Hysteresis ratios from the background sediments outside the detrital
layers, measured using a Princeton Measurements Corp. vibrating
sample magnetometer (VSM), lie in the pseudo-single domain (PSD)
field of the Day et al. (1977) hysteresis ratio plot (Fig. 3b) and trace a
typical magnetite grain sizemixing curve between single-domain (SD)
and multi-domain (MD) grains.

3. Natural Remanent Magnetization (NRM)

NRM components were determined for the 20–80 mT peak field
demagnetization interval (12 steps), using the standard three-
dimensional least squares protocol (Kirschvink, 1980), without an-
choring the fit to the origin of orthogonal projections. The maximum
peak demagnetization field (100 mT) reduced the NRM to about 5% or
less of the NRM intensity prior to u-channel demagnetization,
indicating a dominate low-coercivity magnetization and no clear evi-
Fig. 3. (a) Anhysteretic susceptibility (karm) plotted against volume susceptibility (k). Grain
pseudo-single domain (PSD) field, along a magnetite mixing line between single domain (S
dence for high-coercivity NRM carriers. The maximum angular
deviation (MAD) values associated with the component magnetiza-
tion directions, computed at 1-cm intervals, are generally below 5°
indicative of well-defined magnetization components (Fig. 4c). MAD
values could be reduced in some intervals by choosing a modified
demagnetization interval rather than the global (20–80 mT) interval.
We prefer to plot the component directions and MAD values for the
global (20–80 mT) demagnetization interval, as this allows a more
straightforward assessment of the quality of the directional record
down-core (Fig. 4). Declinations were corrected core orientation using
the “tensor” core orientation data, where available (light blue symbols
in Fig. 4b), and by rotation of entire cores so that the mean declination
is oriented North or South for positive and negative inclination
intervals, respectively (dark blue symbols inFig. 4b). The differences
between the declination values determined using these two methods
indicate that the “tensor” tool is not always a reliable means of core
orientation. Nonetheless, the declination and inclination data, placed
on the oxygen isotope age model (Fig. 4), are readily correlated to the
geomagnetic polarity timescale (GPTS) with the addition of an event
that we interpret as correlating with the Punaruu polarity excursion.
This excursion appears in 3 of 5 holes in the shipboard data
(Expedition 303 Scientists, 2006), and is represented in the composite
section (Fig. 4) by more than 12 individual component magnetiza-
tions. Its appearance is due to the high mean sedimentation rate
(16 cm/kyr) in this interval representing the transition fromMIS 32 to
MIS 31 (Fig. 2d). NRM intensities before AF demagnetization and after
AF treatment at two peak fields (30 and 50 mT) indicate minima
associated with polarity reversals and the Punaruu excursion (Fig. 4d).

The Punaruu excursion originates from the Punaruu Valley (Tahiti)
where normal polarity magnetizations were recorded in basaltic lava
flows stratigraphically below, and distinct from, the Jaramillo
Subchronozone (Chauvin et al., 1990). The Punaruu excursion in the
type section on Tahiti has yielded an age of 1105 ka using 40Ar/39Ar
methods (Singer et al., 1999). This excursion appears in the sediment
record from ODP Site 1021 (California Margin) where an age of 1.1 Ma
is based on assumed uniform sedimentation rate between the M/B
size estimates for magnetite from King et al. (1983). (b) Hysteresis ratios lying in the
D) and multi-domain (MD) fields with of Day et al. (1977).



Fig. 4. Natural remanent magnetization (NRM) components determined in the 20–80 mT peak field demagnetization interval, (a) inclination, (b) declinations rotated using uniform
rotations for each core (dark blue) and tensor core orientation data where available (light blue), (c) maximum angular deviation (MAD) values, (d) NRM intensities prior to AF
demagnetization (green), after demagnetization at peak fields of 30 mT (blue) and 50 mT (red).
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boundary and the top of the Jaramillo Subchronozone (Guyodo et al.,
1999). At both ODP Sites 983 and 984, the same excursion was inter-
preted to occur at 1115 ka (Channell et al., 2002). The quality and
resolution of the oxygen isotope record at Site U1308 is considerably
higher than at Sites 983/984 in this interval, due in part to the paucity
of foraminifera at Sites 983/984. At Site U1308, the Punaruu excursion
occurs within MIS 32 at 1092 ka and has an estimated duration of
about 1 kyr.

Mankinenet al. (1978)documented anormal polarity site in theAlder
Creek rhyolite at Cobb Mountain (California) which has yielded an 40Ar/
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39Ar age of 1186 ka (Turrin et al., 1994). Further work by Mankinen and
Grommé(1982) in the CosoRange (California) supported theexistenceof
the Cobb Mountain “Event”. DSDP Site 609 provided the first un-
equivocal documentation of a normal polarity zone of this age in deep-
sea sediments (Clement and Kent, 1987; Clement and Martinson, 1992).
At Site 609, the so-called Cobb Mountain Subchron can be correlated to
MIS 35/36 (Ruddiman et al., 1989). At ODP Sites 980 and 983/984, it
correlates to MIS 35–37 at ~1.2 Ma and has an estimated duration of
35 kyr (Channell et al., 2002; Channell and Raymo, 2003). The duration
estimate for the Cobb Mt. Subchron at Site U1308 (26 kyr) is less than
Fig. 5. (a) Linear correlation coefficients for slopes of NRMversus ARM (red) and NRM versus AR
correlated to the reference stack (Lisiecki and Raymo, 2005) (blue), (d) Slopes of NRM versus A
that from ODP Sites 980 and 983/984, although the top and base of the
subchron are correlated to the same marine isotope stages as at Sites
980 and 983/984.

4. Relative Paleointensity (RPI) determinations

The detrital remanent magnetization of sediments depends on the
intensity of the geomagnetic field, and the concentration and align-
ment efficiency of remanence-carrying grains. In favorable circum-
stances, the relative strength of themagnetizingfield can be determined
MAQ (blue), (b) component inclination of NRM from Fig. 4, (c) benthic isotope record (red)
RM and NRM versus ARMAQ for the 20–60 mT demagnetization and acquisition interval.
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by using the intensity of different types of laboratory-induced mag-
netizations (ARM and IRM) to normalize the NRM for changes in
concentration of remanence-carrying grains. The resulting normalized
remanence can be a proxy for relative paleointensity (RPI) variations
(King et al., 1983; Banerjee and Mellema, 1974; Levi and Banerjee, 1976;
Tauxe, 1993). Progress has been accelerated by the development of the
small access long-core “u-channel” magnetometer (Weeks et al., 1993)
and the u-channel sampling method (Tauxe et al., 1983), which make
these high-resolution studies a practical undertaking.

Our procedure for determining RPI proxies is to calculate two slopes:
the slopes of NRM-lost versus ARM-lost and ARMAQ (ARM acquisition)
over specific demagnetization (acquisition) intervals. These two slopes
are similar to calculating theNRM/ARMandNRM/ARMAQratios, andare
accompanied by linear correlation coefficients (r) that yield the quality
of linear fit of each slope, calculated at 1-cm intervals down-core see
(Channell et al., 2002). In Fig. 5, we plot slopes of NRM versus ARM and
NRMversus ARMAQand associated r-values for the 20–60mTpeakfield
demagnetization/acquisition interval. The two proxies are almost iden-
tical, and linear correlation coefficient (r) values are close to unity. A
prominent departure from unity for both NRM/ARM and NRM/ARMAQ
occurs in MIS 20 associated with the low in paleointensity that occurs
just prior to the Matuyama–Brunhes boundary.

5. Correlation of RPI records using dynamic programming

We compare the Site U1308 relative paleointensity (RPI) record
(slope of NRMversus ARM)with the published RPI stack for the Brunhes
Chron (Sint-800) (Guyodo and Valet,1999), themore recently published
Sint-2000 stack (Valet et al., 2005), the EPAPIS stack from the Pacific
Fig. 6. Relative paleointensity (RPI) record for Site U1308 (red) compared to the Sint-800 (d
2005), equatorial Pacific RPI records from ODP Leg 138 sites (blue) (Valet and Meynadier, 1
inversion of the East Pacific Rise marine magnetic anomaly data (yellow) (Gee et al., 2000).
(Yamazaki and Oda, 2005), the well-calibrated RPI from equatorial
Pacific (Valet and Meynadier, 1993), and the inversion from the East
Pacific Risemarinemagnetic anomaly data (Gee et al., 2000) (Fig. 6). The
comparison indicates that the records are rather consistent at timescales
of 105 years, but much less compatible at scales of 104 years. Incon-
sistencies of RPI at finer time scales may be the result of variable reso-
lution (sedimentation rate), inadequate age control for individual
records, or lithologic influences. In addition, smoothing inherent in the
creation of the Sint and EPAPIS stacks at 104-yr scales (Guyodo and Valet,
1999; Valet et al., 2005; Yamazaki and Oda, 2005) and relatively low
sedimentation rates in the equatorial Pacific record (Valet andMeynadier,
1993) may contribute to poor correlation at shorter time scales.

We now compare the Site U1308 paleointensity (RPI) record (slope
of NRM/ARM) with other individual records that cover the same
interval (i.e., 1.5 Myr), and have accompanying oxygen isotope records.
These conditions are limited to three records: ODP Sites 983 and 984
from the Iceland Basin (Channell et al., 1997, 1998, 2004; Channell,
1999; Channell and Kleiven, 2000) and the western Pacific record
(Core MD972143) ofHorng et al. (2002, 2003). When these three
records are placed on their published isotope age models, and com-
pared with Site U1308, discrepancies both in isotope correlations and
RPI correlations are apparent (Supplementarymaterials: Figs.1 and 2),
and may be attributed to the use of different isotope reference curves
to construct the (published) isotopic age models, and other uncer-
tainties inherent in the stable isotope age models. For example, in the
410–430 ka interval, the discrepancy in the apparent age of Termi-
nation V for Sites 983/984 and Site U1308/MD972143 (Supplementary
materials: Fig. 1) is due to the difference between the Lisiecki and
Raymo (2005) isotope stack (used as the reference for Site U1308) and
ark green) and Sint-2000 (light green) RPI stacks (Guyodo and Valet, 1999; Valet et al.,
993), the EPAPIS Pacific RPI stack (black) (Yamazaki and Oda, 2005), the paleointensity
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a previous isotopic reference curve used for Sites 983/984. Discre-
pancies in RPI records, placed on their original (published) agemodels,
are particularly marked in the 550–950 ka interval (Supplementary
materials: Figs. 2).

In order to optimize the correlation of RPI records, we use the
“Match” protocol (Lisiecki and Lisiecki, 2002), which utilizes dynamic
programming, to compare possible alignments of two records to find a
globally optimal alignment. Compared with previous attempts to au-
tomate signal correlation (e.g. Martinson et al., 1982), the algorithm
requires no initial guess and is less susceptible to finding local solu-
tions. The protocolwas applied to 57 oxygen isotope records by Lisiecki
and Raymo (2005) to construct their benthic oxygen isotope, which
serves as the current benthic isotope (ice volume) template. All RPI
records were normalized to have a mean of 0 and a standard deviation
of 1 before matching. The dynamic programming algorithm divides
each time series into designated intervals and calculates an alignment
score for possible mapping of each interval between record pairs.
Sequential ordering of these intervals avoids negative derivatives of
the matching function. The process allows penalty functions that limit
sedimentation rate changes within records, and the range of relative
extension/compression between record pairs can be stipulated. The
protocol ensures matching of neighboring intervals, and can impose
“hard” tie-points (e.g. Terminations in the oxygen isotope records). The
number of intervals (750 in our case), into which the time series is
divided controls the scale atwhich the sedimentation rate is allowed to
vary, and therefore sets the maximum resolution of the correlation
(2 kyr in our case).

The matching process began with the published (oxygen isotope)
age models for Sites 983 and 984, and Core MD972143 (Supplemen-
Fig. 7. Relative paleointensity (RPI) record for Site U1308 (black) compared to the RPI recor
MD972143 (light green) (Horng et al., 2002, 2003) on their optimal (adjusted) age models ba
Site U1308 provides the reference RPI record.
tary materials: Figs. 1 and 2). We then applied the minimum number
of hard isotope tie-points that allows the Match protocol to achieve
the optimal RPI match (Fig. 7), consistent with isotope records placed
on the same adjusted age model (Fig. 8). In view of the inconsistent
correlation of Termination V at 410–430 ka for Sites 983 and 984
(Supplementarymaterials: Fig.1), we applya “hard” tie-point to anchor
all three records to an acceptable age (428 ka) for Termination V,
consistent with Site U1308 age model. In addition, we found it nec-
essary to impose one additional tie-point at Termination VII (622 ka)
for ODP Site 984, two tie-points at 108 ka and 130 ka for Site 983, and
eight additional tie-points for Core MD972143 at 336 ka (Termination
IV), 867 ka (Termination X), 1060 ka, 1118 ka, 1123 ka, 1193 ka, 1245 ka
and 1341 ka. CoreMD972143 has the lowest resolution (sedimentation
rate) of the four records, and required six hard tie-points in the 1060–
1352 ka interval to optimally correlate the RPI and isotope records to
IODP Site U1308. In this interval, there were large offsets of the Core
MD972143 isotope record, on its original age model, with the isotopic
template (Lisiecki and Raymo, 2005) used for calibration of Site U1308,
which could not be adequately overcome by the Match protocol
applied to RPI. The optimal RPI correlation that is consistent with the
oxygen isotope data can be achieved by introducing 2, 3 and 9 isotopic
tie-points for Site 984, Site 983 and Core MD972143, respectively.

The Site U1308 sedimentary record for the last 1.5 Myr has a mean
sedimentation rate of 7.3 cm/kyr. The Site U1308 mean sedimentation
rate is about three times that for Core MD972143, and about half
those at ODP Sites 983 and 984 (Supplementary materials: Fig. 3). The
matching procedure modifies the mean sedimentation rate between
tie-points in the original (published) age models without introducing
unreasonable variability (Supplementary materials: Fig. 3). Although
ds from ODP Sites 983 (red) and 984 (orange) (see text for references), and from Core
sed on RPI and isotope data and the Match protocol (Lisiecki and Lisiecki, 2002), where



Fig. 8. Benthic oxygen isotope records for Site U1308 (black) compared to benthic oxygen isotope records from ODP Sites 983 (red) and 984 (orange) (see text for references), and from
CoreMD972143 (light green) (Horng et al., 2002, 2003) on their optimal (adjusted) agemodels based on relative paleointensity (RPI) and isotope data and theMatch protocol (Lisiecki
and Lisiecki, 2002), where Site U1308 provides the reference RPI record.
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the Site U1308 record does not have the highest potential resolution
among the records that we compare, the Site U1308 benthic oxygen
isotope record has greater resolution than for most of the Site 983 or
Site 984 record (Fig. 8), due in part to the low abundance of forami-
nifera prior to 1050 ka at Sites 983/984. In view of the superior oxygen
isotope stratigraphy for Site U1308, this record is used as the
reference record, and the Match protocol is used to correlate the
other RPI records to the Site U1308 record, while ensuring that the
resulting correlations do not violate correlations of Terminations in
the oxygen isotope records. This procedure of reconciling paleoin-
tensity and oxygen isotope records is more objective and better
constrained than visual matching, can be repeated, and repre-
sents a way forward in integrating paleointensity and oxygen isotope
stratigraphies.

To test whether the ‘matching’ process has indeed improved the
correlation between the Site U1308 record and other RPI records, we
calculate the squared wavelet coherence (WTC) before and after
matching. The definition of the WTC resembles that of a traditional
correlation coefficient, and can be thought of as a localized correlation
coefficient in time-frequency space. Compared with traditional coher-
ence analysis, which reveals the phase relationship and coherency
between two signals within particular frequency bands (in the fre-
quency domain), squaredwavelet coherence is amore powerful meth-
od for testing proposed linkages between two time series (Grinsted
et al., 2004; Torrence and Compo, 1998; Torrence and Webster, 1999).
It can be used to identify both frequency bands and time intervals
within which the two time series are co-varying (Torrence and
Webster, 1999; Liu, 1994). The statistical significance level of the
squared wavelet coherence is estimated using Monte Carlo methods
(Grinsted et al., 2004; Torrence and Compo,1998). The RPI values were
linearly interpolated at 1 kyr increments prior to calculation of the
squared wavelet coherence. After matching, we observe an improve-
ment in coherency of RPI records with the Site U1308 record (more
areas with larger WTC and constant phase relationship), compared
to the original age models (Fig. 9). The improvement is evident in the
10–200 kyr period range where the records have better resolution. In
addition, the global correlation coefficients before and after matching
for RPI pairs, calculated after interpolation to the age step of the lower
resolution record of the pair, all show improvement: from 0.26 to 0.51
for Site 983, 0.26 to 0.47 for Site 984, and 0.29 to 0.43 for Core
MD972143. Similarly, we calculate the WTC before and after RPI
matching for the isotope record pairs (Fig. 10) to determine whether
the RPI matching has disrupted the isotope correlations. The results
indicate an improvement for the Site 983 and MD972143 isotope cor-
relations to Site U1308, but a reduction is coherence for the Site 984 to
Site U1308 match, particularly for ages N700 ka (Fig. 10). Global cor-
relation coefficients for the isotope correlations to Site U1308 (before
and after RPI matching) increase from 0.60 to 0.64 for Site 983,
from 0.69 to 0.71 for MD972143, but decrease from 0.59 to 0.58 for
Site 984. The low resolution of the isotope record for Site 984 in the
800–1500 ka interval (Fig. 8) may explain the apparent disruption of
the correlation of the Site 984 and Site U1308 isotope records after the
RPI match.

6. Discussion

The potential of relative paleointensity (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 century, and by
~20% over the last 1000 yrs in the archaeological record (Korte and



Fig. 9. Squaredwavelet coherence (WTC) between paleointensity (RPI) records for IODP Site U1308 and ODP Site 983, ODP Site 984 and CoreMD972143, for the original published age
models (beforematching) and the agemodels after optimal RPI correlation using theMatch protocol (Lisiecki and Lisiecki, 2002). Values of squaredwavelet coherence are represented
by different colors. The 5% significance level is shown as thick black contour. The cone of influencewhere edge effectsmake the analysis unreliable is shown as shaded area. The relative
phase relationship is shown as arrows (with in-phase pointing right, anti-phase pointing left). Periods of 100 kyr, 41 kyr and 23 kyr are marked by dashed white lines.
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Constable, 2005; Valet et al., 2008). For the last glacial cycle, simi-
larities among RPI proxies from contrasting environments are exem-
plified by the reasonable correlation of paleointensity stacks for the
last 75 kyr (Laj et al., 2000, 2004; Stoner et al., 2002). The similarity of
Brunhes-age marine sedimentary RPI records, with paleointensity
proxies derived from contrasting archives, for example, from Lake
Baikal (Peck et al., 1996) and from the East Pacific Rise deep-tow data
(Gee et al., 2000), supports the contention that longer period (N10 kyr)
content of sedimentary RPI records is dominated by a global
geomagnetic signal. Non-axial-dipole (NAD) components in the his-
torical field vary on centennial timescales (Hulot and Le Mouël, 1994;
Hongre et al., 1998; Valet et al., 2008). If similar repeat times hold in
the geologic past, paleointensity records from cores with sedimenta-
tion rates less than ~15 cm/kyr are unlikely to record anything but the
axial dipole field, and therefore should represent a global signal.
Although standing non-axial-dipole (NAD) components have been
detected in the 5 Myr time-averaged field, their distribution remains
controversial and is possibly an artifact of data distribution and
selection (Johnson and Constable, 1997; Carlut and Courtillot, 1998)
and any effects on RPI records have not been detected. Themodulation
of cosmogenic isotope flux by geomagnetic field intensity has pro-
vided a means for correlating ice-core and marine records, and these
correlations also support the contention that RPI variations represent
a global signal (e.g. Muscheler et al., 2005). The longer-term (200 kyr)
record of 10Be production rate in marine sediments shows inverse
correlation with sedimentary RPI records (Frank et al., 1997; Christl
et al., 2003; Carcaillet et al., 2003).

The satisfactory match of RPI and benthic isotope data for ODP
Sites 983 (60.4°N, 23.6°W) and Site 984 (61.4°N, 24.1°W) have been
discussed previously (Channell et al., 2002, 2004; Channell, 1999).
These two sites are located in the Iceland Basin on neighboring
Gardar (Site 983) and Bjorn (Site 984) sediment drifts, and are
separated by 120 km. Comparison of these RPI records with IODP
Site 1308 (49.88°N, 24.24°W) provides a test for the comparison of



Fig. 10. Squaredwavelet coherence (WTC) between benthic oxygen isotope records for IODP Site U1308 and ODP Site 983, ODP Site 984 and CoreMD972143, for the original published
age models (before matching) and the age models after optimal RPI correlation using the Match protocol (Lisiecki and Lisiecki, 2002). Values of squared wavelet coherence are
represented bydifferent colors. The 5% significance level is shownas thick black contour. The cone of influencewhere edge effectsmake the analysis unreliable is shownas shaded area.
The relative phase relationship is shown as arrows (with in-phase pointing right, anti-phase pointing left). Periods of 100 kyr, 41 kyr and 23 kyr are marked by dashed white lines.
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RPI from contrasting depositional environments separated by over
1200 km. The Quaternary sediments from drifts of the Iceland Basin
comprise dark gray and greenish gray nannofossil clays with low
carbonate (10–30 wt.%). These drift sediments are composed pri-
marily of clastic detritus deposited by bottom currents that sweep
southward from the Iceland–Faeroes Ridge, and they do not exhibit
distinct glacial–interglacial variations in carbonate concentration. In
contrast, the sediments from Site U1308 are marly foraminiferal–
nannofossil oozes with distinct glacial–interglacial variations in car-
bonate concentrations in the 20–95 wt.% range (Expedition 303
Scientists, 2006), reflecting carbonate productivity contrasts related
to migration of the polar front. The correlation of the RPI records from
ODP Sites 983/984 to Site U1308 is therefore a useful test of the
fidelity of RPI proxies, and their ability to record a geomagnetic signal
across contrasting depositional environments without debilitating
environmental contamination. Similarly, the correlation of the Site
U1308 RPI record to a lower sedimentation rate record from the
western Pacific (Core MD972143) (Horng et al., 2002, 2003) indicates
that the RPI (and benthic isotope) records are dominated by a global
signal, attributable (in the case of RPI) to the main axial dipole. The
squared wavelet coherence (WTC) provides a means of assessing the
improvement in correlation after matching of RPI records, and also
allows a measure of the resolution at which coherence can be
achieved (~10 kyr for the records considered here). The high-
resolution climate archives from pelagic (drift) sites will become
increasingly useful through precise global correlation, and the
combination of stable isotopes and RPI provides a stratigraphic
resolution unlikely to be obtainable using stable isotopes alone.
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