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Late Oligocene to Early Miocene relative paleointensity (RPI) proxies can be correlated from the equatorial
Pacific (IODP Site U1334 and ODP Site 1218) to the South Atlantic (ODP Site 1090). Age models are
constrained by magnetic polarity stratigraphy through correlation to a common geomagnetic polarity
timescale. The RPI records do not contain significant power at specific (orbital) frequencies, and hence
there is no significant coherency between RPI proxies and the normalizers used to construct the proxies,
although orbital power is present in some normalizers. There is no obvious control on RPI proxies from
mean sedimentation rate within polarity chrons, magnetic grain size proxies or magnetic concentration
parameters. The salient test is whether the equatorial Pacific records can be correlated one to another,
and to the records from the South Atlantic. All records are dominated by RPI minima at polarity reversals,
as expected, although the comparison within polarity chrons is compelling enough to conclude that the
intensity of the Earth’s axial dipole is being recorded. This is supported by the fit of RPI data from Sites
U1334 and 1218 after correlation of the two sites using diverse core-scanning data, rather than polarity
reversals alone. We do not see a consistent relationship between polarity-chron duration and mean RPI,
and no consistent skewness (“saw-tooth” pattern) for RPI within polarity chrons. Stacks of RPI records
for 17.5–26.5 Ma include long-term changes in RPI on Myr timescales that are superimposed on RPI
minima associated with polarity reversals, and shorter-term variations in RPI with an apparent pacing of
50 kyr. The equatorial Pacific to South Atlantic correlations indicate that RPI can be used as a (global)
stratigraphic tool in pre-Quaternary sediments with typical pelagic sedimentation rates of a few cm/kyr.

 2013 Elsevier B.V. All rights reserved.

1. Introduction

The equatorial Pacific has been a focus of paleoenvironmen-
tal studies of Eocene to Miocene time, due to continuous pelagic
sedimentation on long timescales in the high-productivity zone
at paleoequator, age control from calcareous/siliceous microfos-
sils/nannofossils, and well-resolved magnetic stratigraphies. The
Cenozoic sedimentary record from the equatorial Pacific has
been constructed by a series of deep-sea drilling expeditions:
Ocean Drilling Program (ODP) Leg 138 (Mayer et al., 1992),
followed by ODP Leg 199 (Lyle et al., 2002), and Integrated
Ocean Drilling Program (IODP) Expedition 320/321 (Pälike et al.,
2010). These expeditions have provided critical information on
Eocene to Miocene biotic evolution, changes in calcium com-
pensation depth (CCD), atmospheric CO2 levels, and astrochrono-
logical calibration of the geomagnetic polarity timescale (GPTS)
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and hence of the geologic timescale (Shackleton et al., 1995;
Lyle, 2003; Pälike et al., 2006, 2012). These studies would not
have been possible without high-fidelity magnetic polarity strati-
graphies that allow largely unambiguous correlation of polar-
ity zones in Cenozoic equatorial Pacific sediments to the GPTS
(Schneider, 1995; Lanci et al., 2004, 2005; Pares and Lanci, 2004;
Guidry et al., 2012; Channell et al., 2013; Yamamoto et al., 2013;
Ohneiser et al., 2013). It has recently been demonstrated that
the natural remanent magnetization (NRM) in Cenozoic sediments
from the equatorial Pacific is largely carried by sub-micron bio-
genic (bacterial) magnetite (Yamazaki, 2012; Yamazaki et al., 2013;
Channell et al., 2013; Ohneiser et al., 2013). Although biogenic
magnetite is ubiquitous in marine surface sediments, and is ca-
pable of high-fidelity recording of the ancient geomagnetic field
by acquisition of detrital remanent magnetization (DRM), its sub-
micron grain size is less resistant to reduction diagenesis than
coarser detrital magnetite.

In this paper, we report relative paleointensity (RPI) records
for Late Oligocene to Early Miocene from ODP Site 1218 (8.9N,
224.6E; ODP Leg 199) and IODP Site U1334 (8.0N, 228.0E;
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Fig. 1. (a) Location of IODP Sites U1334, U1333 and ODP Site 1218 in the equatorial Pacific, and (b) ODP Site 1090 and DSDP Site 522 in the South Atlantic (from
GeoMapApp™).

IODP Exp. 320/321) from the equatorial Pacific, and ODP Site 1090
(42.9S, 8.9E; ODP Leg 177) from the South Atlantic (Fig. 1). The
RPI records from IODP Site U1334, and ODP Sites 1218 and 1090,
are reported here for the first time, although the magnetic po-
larity stratigraphies were published over 8 years ago in the case
of ODP Site 1218 (Lanci et al., 2004, 2005), and over ten years
ago in the case of ODP Site 1090 (Channell et al., 2003). New RPI
records from equatorial Pacific IODP Exp. 320/321 has made the
RPI records from Sites 1218 and 1090 increasingly relevant because
potential long-distance correlations provide a means of testing the
fidelity of the records. The magnetic polarity stratigraphy from
ODP Site 1090 was important not only because it provided an age
model for the site, but also because it provided astrochronological
calibration of the late Oligocene to early Miocene GPTS (Billups et
al., 2004).

Relative paleointensity (RPI) proxies in sedimentary cores are
generated by normalizing the intensity of NRM by the inten-
sity of a laboratory-imposed remanence designed to compen-
sate for variations in concentration of remanence-carrying grains
down-core (Banerjee and Mellema, 1974; Levi and Banerjee, 1976;
King et al., 1983; Tauxe, 1993; Channell et al., 2002). The com-
mon normalizers are anhysteretic remanent magnetization (ARM)
and/or isothermal remanent magnetization (IRM). The methods are
appropriate for pelagic and lacustrine sediments in cases where
the sole carrier of magnetic remanence is fine-grained (single do-
main or pseudo-single domain) magnetite. Although this is com-
monly the case, marine sediments may incorporate other mag-
netic minerals as primary components, and changes in magnetic

mineralogy commonly occur during reduction diagenesis particu-
larly in parts of the Cenozoic sedimentary sections recovered from
the equatorial Pacific (see discussion in Channell et al., 2013).

Numerous RPI records are available for the last 1.5 Myrs,
mainly from u-channel (continuous) samples of deep-sea cores,
and have been used in conjunction with oxygen isotope data as
a tool for global correlation (e.g. Channell et al., 2009). Studies of
RPI in Oligocene–Early Miocene sediments from Deep Sea Drilling
Project (DSDP) Site 522 (South Atlantic, Fig. 1) were carried out
over 15 years ago (Hartl et al., 1993; Tauxe and Hartl, 1997;
Constable et al., 1998) and until recently there were no compara-
ble RPI records. RPI for an 11 Myr interval of Oligocene/Miocene
age from DSDP Site 522 was found to be characterized by min-
ima at polarity zone boundaries, lower RPI in the later Oligocene
and Miocene when reversal rate was higher (than in the early
Oligocene), “weak” correlation of RPI with polarity chron duration,
and no persuasive evidence for asymmetric “saw-tooth” profiles
(Meynadier et al., 1994) in which abrupt recovery of RPI post-
reversal is followed by progressive decrease as the subsequent re-
versal is approached.

Fifteen years on from the RPI studies at DSDP Site 522,
three papers have recently appeared dealing with the long-term
Eocene to Miocene RPI records from the equatorial Pacific IODP
Sites U1331, U1332, U1333 and U1336 (Yamazaki et al., 2013;
Yamamoto et al., 2013; Ohneiser et al., 2013). Ohneiser et al.
(2013) considered the RPI record for the middle Miocene from
Site U1336 as a “robust” record of geomagnetic paleointensity
indicating a gradual decline in field strength between 18.5 Ma and
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14.5 Ma, and no discernible link between RPI and either chron
duration or polarity state. Yamamoto et al. (2013) found satisfac-
tory RPI correlation among equatorial Pacific sites (U1331, U1332
and U1333) for 30–40 Ma, and considered that RPI records are
“generally consistent” between Site U1332 and Site 522 for the
23–33 Ma interval. On the other hand, Yamazaki et al. (2013)
considered that the RPI proxies for Eocene–Oligocene sediments
from Sites U1331, U1332 and U1333 are contaminated by litho-
logic factors, and the RPI records are therefore distorted proxies
for geomagnetic paleointensity. The contamination is marked by
an anti-correlation between RPI and the ratio of anhysteretic rema-
nence to isothermal remanence (ARM/IRM), a magnetite grain-size
proxy considered to be a monitor of the proportion of biogenic
to detrital magnetite, and by an apparent dependence of RPI on
sedimentation rate.

We report RPI records for the 17.5–26.5 Ma interval of the late
Oligocene to early Miocene from IODP Site U1334, ODP Site 1218
and ODP Site 1090 (Fig. 1). IODP Site U1334 was occupied during
the same expedition (IODP Exp. 320/321) that yielded Sites U1331,
U1332, U1333 and U1336, referred to above. The RPI records
from IODP Site U1334, ODP Site 1218 and ODP Site 1090 for
the 17.5–26.5 Ma interval are compared with the uppermost parts
of the RPI records from DSDP Site 522 (Tauxe and Hartl, 1997)
and IODP Site U1333 (Guidry et al., 2012; Yamazaki et al., 2013;
Yamamoto et al., 2013).

The age models of all sites used in the RPI comparison are
based on the magnetic polarity stratigraphies that are published
elsewhere: IODP Site U1334 (Channell et al., 2013), ODP Site 1218
(Lanci et al., 2004, 2005), ODP Site 1090 (Channell et al., 2003),
IODP Site U1333 (Guidry et al., 2012), DSDP Site 522 (Tauxe and
Hartl, 1997). The interpretation of polarity zones in terms of polar-
ity chrons follows these publications, although all interpretations
are referred to a common geomagnetic polarity timescale for the
Miocene (Lourens et al., 2004) and Oligocene (Ogg and Smith,
2004).

2. Relative paleointensity (RPI) proxies

For ODP Site 1218, ODP Site 1090 and IODP Site U1334, the
RPI proxies were measured on u-channel samples and constructed
as slopes of NRM demagnetization versus ARM and IRM demag-
netization with linear correlation coecients (r) used to monitor
the definition of the slopes (see Channell et al., 2002), using the
UPmag software (Xuan and Channell, 2009). The slopes were de-
termined in the 20–60 mT peak demagnetization field interval,
in which the peak field increments were 5 mT. IRM was acquired
in field of 1 T, and ARM was acquired in 100 mT alternating fields
with a 50 µT DC bias field. In the case of Site U1334, an additional
normalizer was used: the acquisition of ARM. The ARM acquisi-
tion was carried out in increasing alternating fields up to 100 mT,
using the same increments used for remanence demagnetization.
In this case, the RPI proxy is the absolute value of the slope of
NRM demagnetization versus ARM acquisition (see Channell et al.,
2008).

For discussion of lithology and magnetic properties at ODP
Sites 1090, 1218 and IODP Site U1334, as well as u-channel
sampling and measurement procedures, the reader is referred to
the papers that give accounts of the magnetic polarity stratigra-
phy (Channell et al., 2003; Lanci et al., 2004, 2005; Channell et
al., 2013). At all three sites, the magnetic properties are dom-
inated by magnetite that has been shown to be partially bio-
genic (bacterial) at Site U1334 (Channell et al., 2013), and other
equatorial Pacific sites (Yamazaki et al., 2013; Ohneiser et al.,
2013).

The plot of anhysteretic susceptibility (ARM) versus volume
susceptibility ( ) can be used to assess magnetite grain size

Fig. 2. Anhysteretic susceptibility (ARM) after 20 mT peak field demagnetization
plotted against susceptibility ( ) for ODP Sites 1090 (red) and 1218 (black), and
IODP Site U1334 (blue), with the lines corresponding to the magnetite grain size
calibration from King et al. (1983). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

(King et al., 1983) where the slopes correspond to a measure of
the “mean” magnetite grain size and the distance from the ori-
gin corresponds to magnetite concentration. Biogenic (bacterial)
magnetite at Site U1334 is characterized by fine grain-sizes
(<0.1 µm) on the ARM versus  plot (Fig. 2), and the close corre-
spondence of data points from ODP Site 1218 and IODP Site U1334
implies that ODP Site 1218 magnetite grains are also biogenic in
origin. The distribution for ODP Site 1090 spans a larger range of
grain sizes and concentrations (Fig. 2), implying a greater contri-
bution of detrital magnetite.

For Site U1334, we plot the three RPI proxies: slopes of
NRM/ARM, NRM/ARMAQ and NRM/IRM together with the lin-
ear correlation coecients (r) associated with the slopes (Fig. 3).
At Site U1334, the slopes of NRM/ARM and NRM/ARMAQ are vir-
tually identical and therefore not distinguishable in Fig. 3. For
Site 1090 (Fig. 4) and Site 1218 (Fig. 5), slopes of NRM/ARM
and NRM/IRM are plotted together with the r-values associated
with the slopes. NRM/ARMAQ was not determined at Sites 1090
and 1218, as ARM acquisition was not included in our laboratory
procedure until recently.

The RPI proxies are generally similar to one another for each
individual site, and the r-values are close to unity for most mea-
surements. The exception is the 135–155 mcd and 175–180 mcd
intervals of Site 1090 (Fig. 4), where the NRM/ARM and NRM/IRM
RPI-proxies are different, and magnetic concentration parameters
(ARM, IRM and susceptibility) have low values. For 135–155 mcd
at Site 1090, the NRM/IRM slopes mimic the concentration param-
eters (susceptibility, ARM and IRM) whereas the NRM/ARM slopes
do not (Fig. 4), leading us to adopt NRM/ARM as the more appro-
priate RPI proxy.

For the Eocene–Oligocene RPI records from IODP Sites U1331–
U1333 and DSDP Site 522, Yamazaki et al. (2013) noted that peaks
and troughs in the RPI proxy (NRM/IRM) tend to be inversely cor-
related to ARM/IRM, a magnetite grain size proxy. Plots of the
RPI proxy versus ARM/IRM (Fig. 7 of Yamazaki et al., 2013) indi-
cate that this inverse correlation holds for Site U1331 and U1332
for ARM/IRM values <0.1, but is not obvious for Site U1333 and
Site 522. There is a tendency at Sites U1331–U1333, and DSDP
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Fig. 3. IODP Site U1334. Relative paleointensity (RPI) proxies from NRM/ARM slopes (blue), NRM/ARMAQ slopes (green) and NRM/IRM slopes (red) determined for the
20–60 mT peak field demagnetization/acquisition interval, with linear correlation coecients (r) for each slope with the same color coding. ARM and IRM intensities after
20 mT and 35 mT peak field demagnetization, respectively, volume susceptibility (all magnetic concentration parameters), ARM/ and ARM/IRM after 35 mT peak field
demagnetization (magnetite grain size parameters) with sedimentation rates based on the magnetic polarity stratigraphy. Depth (mcd) scale from Westerhold et al. (2012).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Site 522, for RPI to increase with increasing sedimentation rate
(Fig. 8 of Yamazaki et al., 2013). These observations imply that
the RPI proxies at Sites U1331-U1333 are influenced by magnetite
grain size (ARM/IRM) and by sedimentation rate. Based on these
observations, we investigated how RPI proxies relate to these pa-
rameters at Sites U1334, 1218 and 1090.

The relationship between mean RPI within polarity chron and
polarity chron duration is represented by a plot of mean RPI and
chron duration versus polarity chron sequence (Fig. 6(a)). The rela-
tionship is also tested through correlation between chron duration
and average stacked RPI (for Sites 1090, 1218 and U1334) within
each chron using Kendall’s rank correlation test (Fig. 6(b)), which
does not require the assumption of a linear relationship between
true paleointensity and RPI, as well as Pearson’s linear correlation

test. The Kendall’s  = 0.35 with a p-value = 0.0026, and a cor-
relation coecient r = 0.48 with a p-value of 0.0038, suggest
that a moderate degree of correlation is likely, with longer po-
larity chrons corresponding to higher RPI. However, low values
of mean RPI within brief polarity chrons (duration <100 kyr) are
likely to be affected by low RPI values at reversals, as no at-
tempt was made to exclude RPI at reversals from the estimate
of RPI means (Fig. 6(b)). A comparison of mean RPI within polar-
ity chrons with mean sedimentation rate within polarity chrons
also shows no obvious relationship (Fig. 6(c)). A plot of NRM/ARM
slopes (RPI proxy) versus ARM/IRM indicates that NRM/ARM slopes
have a larger range, and ARM/IRM values are lower, for Site 1090
than for Sites U1334 and 1218 (Fig. 6(d)). The differences can be
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Fig. 4. ODP Site 1090. Relative paleointensity (RPI) proxies from NRM/ARM slopes (blue) and NRM/IRM slopes (red) determined for the 20–60 mT peak field demagnetization
interval, with linear correlation coecients (r) for each slope with the same color coding. ARM and IRM intensities after 20 mT and 35 mT peak field demagnetization,
respectively, volume susceptibility (all magnetic concentration parameters), ARM/ and ARM/IRM after 35 mT peak field demagnetization (magnetite grain size parameters),
with sedimentation rates based on the magnetic polarity stratigraphy. Depth (mcd) scale from Shipboard Scientific Party (1999). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

explained by the importance of fine-grained biogenic magnetite at
Site U1334 and 1218, and the increased role of detrital magnetite
at Site 1090.

We conclude that RPI proxies (NRM/ARM slopes) at Site U1334
(Fig. 3), Site 1090 (Fig. 4) and Site 1218 (Fig. 5) are not influenced
by lithologic variability (magnetite grain size or concentration) and
sedimentation rate, at least not in the same way as Sites U1331
and U1332 (Yamazaki et al., 2013). The definitive test for the fi-
delity of the RPI records is the comparison of the two sites from
the equatorial Pacific (Site U1334 and Site 1218) and the site from
the South Atlantic (Site 1090). We include in this comparison the
parts of the records from Site U1333 and Site 522 that overlap
with the interval considered here (17.5–26.5 Ma).

3. Comparison of RPI records (17.5–26.5 Ma)

In order to compare RPI records for 17.5–26.5 Ma spanning the
Oligocene–Miocene boundary, we placed all compared RPI records
on a common timescale based on the magnetic stratigraphies
and their correlation to the 2004 GPTS (Ogg and Smith, 2004;
Lourens et al., 2004). Obviously, the synchronization of RPI records
can only be expected to be precise at polarity reversals, and as
expected, the RPI records placed on a common timescale (Fig. 7)
are dominated by RPI minima coincident with polarity reversals.
There are, however, similarities in the RPI records that imply that
the records are recording a global signal, presumably associated
with the Earth’s axial dipole field. Changes in RPI are apparent
on long (Myr) timescales that are apparently replicated among the
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Fig. 5. ODP Site 1218. Relative paleointensity (RPI) proxies from NRM/ARM slopes (blue) and NRM/IRM slopes (red) determined for the 20–60 mT peak field demagnetization
interval, with linear correlation coecients (r) for each slope with the same color coding. ARM and IRM intensities after 20 mT and 35 mT peak field demagnetization,
respectively, volume susceptibility (all magnetic concentration parameters), ARM/ and ARM/IRM after 35 mT peak field demagnetization (magnetite grain size parameters),
with sedimentation rates based on the magnetic polarity stratigraphy. Depth (mcd) scale from Shipboard Scientific Party (2002). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

sites. The comparison of records from the South Atlantic and equa-
torial Pacific is critical here, because common lithologic variability
can probably be ruled out as an explanation for similarity in RPI
proxies.

All RPI records represented in Fig. 7 were interpolated to
equal (1-kyr) spacing in order to apply methods of spectral anal-
ysis, including the MultiTaper method (MTM) (Thomson, 1982;
Percival and Walden, 1993; Mann and Park, 1993). Power and
coherence spectra are compared with the background red noise
estimates at the 99% significance level (Mann and Lees, 1996). For
Site U1334 and Site 1218, there is weak but significant power in
ARM intensity (one of the RPI normalizers) close to orbital periods
of 400, 100 and 41 kyr (Supplemental Fig. 1). There is, however, no

significant power in the individual RPI (NRM/ARM) proxies them-
selves at these periods, and therefore no coherence at the 99%
significance level between this RPI proxy and the ARM normalizer
(Supplemental Fig. 1).

A stack of the RPI records for the 17.5–26.5 Ma interval (Fig. 8)
was constructed by a using a uniform within-record scaling to set
all records to a common mean and unit standard-deviation, re-
sampling each record by linear interpolation to a common (2 kyr)
sample spacing, and then determining the arithmetic mean at
2-kyr intervals and the standard error associated with each mean.
The three RPI records from ODP Sites 1090 and 1218, and IODP
Site U1334, cover the entire 9-Myr interval. The stacked RPI record
derived from these three sites (Fig. 8(a), Supplemental Table 1)
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Fig. 6. (a) Mean relative paleointensity (RPI) versus polarity chron sequence (numbered 0–33, young to old) for Site U1334 (closed dark blue circles), Site 1218 (closed red
squares), Site 1090 (closed dark green triangles), Site U1333 (open purple squares) and Site 522 (open light green triangles), with chron duration indicated by thick black
line with square symbols. (b) Mean relative paleointensity (RPI) versus polarity chron duration for the RPI stack that incorporates data from Sites U1334, 1218 and 1090,
with standard deviations. (c) Mean relative paleointensity (RPI) versus mean within-chron sedimentation rate for Site U1334 (dark blue circles), Site 1218 (green triangles),
Site 1090 (red squares). (d) The relative paleointensity (RPI) proxy NRM/ARM slope versus ARM/IRM for Site U1334 (dark blue), Site 1218 (red), Site 1090 (dark green). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

correlates with each of the 3 individual RPI records with cor-
relation coecients (r) of 0.80, 0.79 and 0.78 for Sites 1218,
1090 and U1334, respectively. An alternative method to reduce
the three RPI records to a single record, using Principal Com-
ponent Analysis and projecting the data on the 1st eigenvector
(i.e., the 1st principal component), was applied to the same three
sites and produced a result almost identical (correlation coe-
cient equals 0.997) to the initial arithmetic stacking (Supplemental
Fig. 2).

A fourth RPI record from IODP Site U1333 (Guidry et al., 2012;
Yamazaki et al., 2013; Yamamoto et al., 2013) for 18.5–26.5 Ma
allows construction of a 4-record stack that can be superimposed
on the 3-record stack (Fig. 8b). The RPI record from DSDP Site 522
(Tauxe and Hartl, 1997) for 22–26.5 Ma allows construction of a

5-record stack, superimposed on the 3-record and 4-record stacks
in Fig. 8(c). In Fig. 8(a)–(c), the width of the gray error envelope
is 2 , or 2 standard errors.

Using shipboard susceptibility, gamma-ray attenuation (GRA)
density, and magnetic polarity information, as well as on-shore
X-ray fluorescence (XRF) core scanning, Westerhold et al. (2012)
reassessed the hole-to-hole correlations at several ODP and IODP
equatorial Pacific drill-sites, including Sites 1218 and U1334. These
authors provide an optimal correlation of Sites 1218 and U1334
that is likely to be more precise, particularly within polarity zones,
than the correlations based on polarity reversals used in our RPI
stacks (Fig. 8). The correlation of RPI records for Sites 1218 and
U1334, using the Westerhold et al. (2012) common (Site 1218)
depth scale, indicates that the correlation of RPI records from these
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Fig. 7. Relative paleointensity (RPI) proxies (NRM/ARM slope) in the 17.5–26.5 Ma interval (with blow-up of the 21–25 Ma interval), for Site U1334 (blue lines), Site 1218
(black lines), Site 1090 (red lines), Site U1333 (green circular symbols) and Site 522 (yellow triangular symbols) placed on a common age model based on their magnetic
stratigraphies and the 2004 geomagnetic polarity timescale where black/white bars represent normal/reverse polarity. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

two sites is not only controlled by the position of polarity reversals
(Fig. 9). RPI variations within polarity chrons are clearly correlated
between the two sites, although the lithologic/color variations ob-
served in the digital image scans (Fig. 9) are also correlated for the
two sites separated by 386 km (Fig. 1).

4. Discussion and conclusions

The RPI stack compiled from IODP Site U1334, and ODP
Sites 1218 and 1090, where the correlation among sites is based
on polarity reversals indicates that the RPI records carry a common
signal, not only within the equatorial Pacific, but also from
the equatorial Pacific into the South Atlantic (Fig. 8). This cor-
relation can be extended to previously published RPI records
from equatorial Pacific IODP Site U1333 (Guidry et al., 2012;
Yamazaki et al., 2013; Yamamoto et al., 2013) and South Atlantic
DSDP Site 522 (Tauxe and Hartl, 1997). The case for a common
RPI signal, at least within the equatorial Pacific, is supported by
placing the RPI records from Sites 1218 and U1334 on a com-
mon (Site 1218) composite depth based on the core-scanning data
(Westerhold et al., 2012). This correlation between these two sites
is likely to be more precise than that based on polarity reversals
alone, and clearly indicates coeval RPI variations within polarity
chrons at the two sites (Fig. 9). There is no clear indication that
the mean RPI within polarity chrons is a systematic function of
polarity chron duration (Fig. 6(a), (b)) or that RPI varies with mean

sedimentation rate within chrons (Fig. 6(c)). For the late Oligocene
to early Miocene interval (17.5–26.5 Ma) discussed here, we see no
obvious dependence of RPI on ARM/IRM (or other concentration or
grain size magnetic parameters) for Sites U1334, 1090 or 1218
(Figs. 3–5, 6(d)).

In Fig. 10, a 1.5-Myr interval of the stack (23.0–24.5 Ma in
the latest Oligocene) is compared with the PISO stack for the
last 1.5 Myr (Channell et al., 2009), and with a representative
record from the last 1.5 Myr from ODP Site 983 (Channell et al.,
1997, 2002; Channell and Kleiven, 2000). The PISO stack and the
ODP Site 983 record in Fig. 10 are smoothed using 10-point and
20-point running means, respectively, to mimic the lower sedimen-
tation rates for the new Oligocene RPI records (1–2 cm/kyr, see
Figs. 3–5) compared to the sedimentation rates at ODP Site 983
(15 cm/kyr) and for the PISO stack (mean 7 cm/kyr). As for
the last 1.5 Myr, extreme RPI minima in the Oligocene–Miocene
stack are associated with polarity reversals. Other (lesser) RPI min-
ima occur within polarity chrons some of which are known (for the
last 1.5 Myr) to be associated with magnetic excursions. A char-
acteristic pacing (roughly 50 kyr) appears similar in both the
Quaternary and latest Oligocene RPI segments, irrespective of re-
versal frequency or polarity state (Fig. 10), and it remains to be
seen whether this pacing is an inherent renewal property of the
geodynamo. Spectral analysis of RPI proxies indicates marginally
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Fig. 8. Arithmetic stack of paleointensity records for the 17.5–26.5 Ma interval. (a) Red: Three-record stack (IODP Site U1334, ODP Sites 1090 and 1218) only. (b) Red:
Three-record stack (IODP Site U1334, ODP Sites 1090 and 1218); and in blue: Four-record stack (IODP Site U1334, ODP Sites 1090 and 1218, IODP Site U1333). (c) Red:
Three-record stack (IODP Site U1334, ODP Sites 1090 and 1218); in blue: Four-record stack (IODP Site U1334, ODP Sites 1090 and 1218, IODP Site U1333); and in black: Five
record stack (IODP Site U1334, ODP Sites 1090 and 1218, IODP Site U1333 and DSDP Site 522). Error bars, represent 2 (2 times the standard error), are shown in gray for
three, four and five record stacks in (a), (b) and (c), respectively. Black (normal) and white (reverse) polarity pattern follows the 2004 geomagnetic polarity timescale. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

significant power in the vicinity of frequencies corresponding to
periods of 40–50 kyr (Supplemental Fig. 1).

The long-term (Myr) changes in RPI are present in individual
records (Fig. 7), in the resulting stack (Fig. 8), and in the cor-
relation of Sites U1334 and 1218 (Fig. 9) but are not obviously
linked to polarity chron duration (Fig. 6(a), (b)). From numerical
modeling of the geodynamo (e.g., Glatzmaier et al., 1999; Olson
et al., 2010; Courtillot and Olson, 2007), we might expect to see
long-term (Myr-scale) changes in RPI related to polarity reversal
frequency, with reversal frequency varying with the geometry of
core–mantle boundary (CMB) heat flux controlled by global tec-
tonic processes.

RPI, in conjunction with traditional oxygen isotope stratig-
raphy, has been widely applied as a global stratigraphic tool
in the Quaternary (e.g. Channell et al., 2009). The centennial
timescales associated with non-axial dipole (NAD) components
of the geomagnetic field (e.g., Lhuillier et al., 2011) implies that
RPI, when measured in sediments with sedimentation rates less
than a few decimeters/kyr, are largely devoid of NAD components
are therefore useful for global correlation at millennial or multi-

millennial timescales. The results from this study of Oligocene–
Miocene sediments from the equatorial Pacific and South Atlantic
indicate that the same methods used to resolve Quaternary RPI
stratigraphy may be applied to older (Tertiary) sediments to im-
prove the resolution of stratigraphic correlation.
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Fig. 9. Correlation of RPI records (NRM/ARM) from IODP Site U1334 (blue) and ODP Site 1218 (red) placed on the common ODP Site 1218 depth scale of Westerhold et al.
(2012) where the correlation between the two sites is based on core-scanning data (see text). Normal (N) and reverse (R) polarities are indicated in the same site-dependent
color code where slanted lines represent uncertainties in placement of some reversal boundaries. Digital image scans are placed on the same common (ODP Site 1218) depth
scale. (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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Fig. 10. (a) 1.5-Myr segment of the Late Oligocene part of the stack (23–24.5 Ma) from Fig. 8 where red, blue and black represent the stacks compiled from 3, 4 and 5 record
stacks, respectively. Oligocene–Miocene boundary lies at the young end of polarity chron C6Cn.2r. (b) Quaternary relative paleointensity (RPI) PISO stack over the last 1.5 Myr
(black), and RPI record for the last 1.5 Myr from ODP Site 983 (red). Black/white bars indicate normal/reverse polarity. (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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