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[1] High resolution measurements of climatic and magnetic parameters have been performed on two cores
from the eastern China Sea and the western Caroline Basin. On both cores, magnetic parameters show a
strong imprint of climatic changes but the absence of relationship between the inclination and the bulk
density indicates that the directional changes do not depend on lithology. A weak 100 ka cycle is present
in the China sea inclination variations, but this period is not in phase with the orbital eccentricity and thus
not relevant. All normalization parameters yielded similar estimates of relative paleointensity (RPI), but we
have noticed the persistence of climatic components in the signal. Principal Component Analysis (PCA)
applied to different parameters related to climate, lithology and paleointensity has allowed to extract a
“clean” magnetic signal that we refer as “principal component of paleointensity (PCP)” which is in better
agreement with the Sint‐2000 composite curve and provides a reliable record of relative paleointensity.
The presence of climatic frequencies in RPIs most likely reflects the influence of lithology on the response
of magnetization to field intensity. We suggest that PCA analysis can be very useful to approach these
problems. Not only can the calculation separate overlapping climatic and magnetic signals, but it indicates
what confidence should be given to the data. Incidentally, the present results emphasize the importance of
carrying out detailed paleoclimatic analyses along with paleointensity studies.
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1. Introduction

[2] It has frequently been assumed that the Earth’s
magnetic field could be modulated by the orbital
variations of the Earth’s rotation axis [Malkus,
1968; Kerswell, 1996; Vanyo and Dunn, 2000;
Christensen and Tilgner, 2004; Tilgner, 2005,
2007;Wu and Roberts, 2008]. Initially defended on
the basis of theoretical arguments, this controversial
hypothesis [Loper, 1975; Rochester et al., 1975;
Kent and Carlut, 2001; Roberts et al., 2003; Xuan
and Channell, 2008a] has been reactivated by the
coincidence of climatic and geomagnetic events in
marine sedimentary cores as well as by several
reports of covarying climatic and paleomagnetic
signals [Yamazaki, 1999; Yamazaki and Oda,
2002; Stoner et al., 2003; Carcaillet et al., 2004;
Yamazaki and Oda, 2005; Fuller, 2006; Thouveny
et al., 2008]. Magnetic and climatic changes (mostly
derived from marine d18O records) often display
similar time constants, which considerably increases
the difficulties for detecting whether long‐term
changes of the Earth’s orbit can effectively exert an
influence on the field, or if those apparent correla-
tions would not result from sedimentation and
magnetization processes which generate changes in
various parameters like blocking functions, grain
sizes [Guyodo and Valet, 1999; Valet, 2003; Xuan
and Channell, 2008b] and other ones. Complica-
tions are enhanced by the fact that the field intensity
variations are extracted after proper normalization of
the magnetization intensity with respect to the
amount of magnetic material, which in turn is con-
trolled by climate. Similarly, we cannot exclude that
changes in lithology and/or grain sizes could be
generated by depth varying processes with possible
influence on the recording of the inclination through
differential compaction or subtle chemical changes
[Tauxe, 1993; Lund and Keigwin, 1994; Kodama
and Davi, 1995; Valet, 2003]. Overall, the signal

of Natural RemanentMagnetization (NRM) is likely
to be affected by changes in magnetic mineralogy,
granulometry and concentration that are driven by
climatic and environmental conditions. The matter
is even more complicated when considering uncer-
tainties regarding the time lag between sediment
deposition and acquisition of magnetization.

[3] Various studies have been focused on the spectral
contents of paleointensity and paleoclimatic signals
[Meynadier et al., 1992; Tauxe and Shackleton,
1994; Channell et al. , 1998; Chapman and
Shackleton, 1999; Channell and Kleiven, 2000;
Guyodo et al., 2000;Heslop, 2007; Yokoyama et al.,
2007; Saracco et al., 2009]. Other approaches have
been attempted to correct the signals of relative
paleointensity from changes in sediment composi-
tion [Franke et al., 2004; Hofmann and Fabian,
2009]. However, the climatic and magnetic indi-
cators are frequently not measured on the same cores
making it difficult to establish the actual relationship
between the two signals. In order to address this
issue we have performed high‐resolution magnetic
and climatic studies from two marine cores charac-
terized by different environmental conditions. We
propose a simple technique based on principal
component analysis in order to extract the part due
to climatic “contamination” from the geomagnetic
signal.

2. Core Locations and Oceanographic
Setting

[4] The giant piston cores MD98‐2182 and MD98‐
2194 and were retrieved during IPHIS‐II cruise
(IMAGES‐IV) of the French R/V Marion Dufresne
in 1998.

[5] Core MD98‐2182 (3°31′N; 132°11′E; 37.2 m)
was collected in the West Caroline Basin at the
North of New Guinea, at 3575 m of water depth
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(Figure 1). The west Caroline Basin (WCB) is
located within the Western Pacific Warm Pool
(WPWP), which is characterized by the largest
single expanse of warm water (>28°C) and is a
major source of global latent heat to the atmosphere
[Yan et al., 1992]. The sediment is composed of
clay‐rich calcareous ooze. This core is characterized
by the existence of ash layers and turbidites com-
posed of foraminifera sand levels with carbonate
content up to 90%. They are easily recognized from
their physical properties (p wave velocity, density,
lightness) and do not exceed a few centimeters in
thickness, except a 3 m thick layer at 27 m downcore.
Turbidites are instantaneous deposits that are asso-
ciated with important reworking of older material.
Consequently, the intervals containing these layers
have not been integrated and the depth scale cor-
rected accordingly. After correction the core length
was of 31.3 m for core MD98‐2182 and 25 m for
core MD982194.

[6] The choice of core MD98‐2182 was also guided
by the existence of previous magnetic studies in the
same area involving cores MD98‐2183, MD98‐
2185 and MD98‐2187 [Yokoyama and Yamazaki,
2000; Yamazaki and Oda, 2002; Yamazaki and
Oda, 2004; Yamazaki and Oda, 2005; Yokoyama
et al., 2007]. A major characteristic reported from
these measurements is the existence of a 100 ka
periodicity in the inclination and intensity signals

persisting over the last 2.5 Myr. These cores have
been collected close to or below the carbonate
compensation depth. Therefore, no d18O stratig-
raphy was available and the age model relied on
the correlation of the paleointensity records to the
Sint‐800 global paleointensity stack [Guyodo and
Valet, 1999]. Detailed isotopic andmagnetic records
in the same cores are evidently critical to clarify the
link between the climatic and magnetic variations.
For this reason, a great attention was paid at
obtaining high‐resolution d18O records from the
two present cores, which have the advantage of
containing well preserved foraminifera. The present
study is aimed, therefore, at analyzing high resolu-
tion climatic and magnetic variations in these two
sedimentary records and discuss whether, and how,
it is possible to eliminate climatic‐related biases on
the reconstructed field intensity variations, in order
to confidently study a potential causal correlation
between orbitally driven long‐term climatic and
geomagnetic changes.

[7] Core MD98‐2194 (28°06′N–127°22′E; 29.8 m)
was collected in the Okinawa trough (989 m water
depth) on the oriental part of the East China Sea
(Figure 1). The sediment is a clay‐rich, hemipelagic
ooze, fairly homogeneous in color. A dominant
characteristic is the existence of several 10 cm to
170 cm thick ash layers and turbidites, which
correspond to well‐defined intervals of high P wave
velocity that have been identified using the GEOTEK
MultiSensor Track system.

3. Isotopic Measurements and Age
Model

[8] Specimens containing 20 cc of sediment have
been taken every 10 cm for stable oxygen isotopic
stratigraphy. The samples were sieved on a 150 mm
mesh sieve to retrieve planktonic foraminifera shells.
Between 6 and 20 shells of the surface dwelling spe-
cies Globigerinoides ruber (white, s.s.) were picked in
the size fraction 250–315mmfromeach sample. Shells
were ultrasonically cleaned to remove clay and other
impurities, and then roasted at 380°C for 40 mn in
order to eliminate the organic matter. Stable oxygen
isotopic compositions were measured on a Finnigan‐
DeltaPlus dual‐inlet gasmass spectrometer. All results
are expressed as d18O versus V‐PDB (in ‰) with
respect to NBS 19 andNBS 18 standards. The internal
analytical reproducibility determined from replicate
measurements of a carbonate standard is +/−0.05%
(1s). The d18O records are plotted in Figure 2 for each
core as a function of depth. The age models have

Figure 1. Core locations in the China Sea and Caroline
basin.
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been obtained by correlating first the G. ruber d18O
records to the low‐latitude, oxygen isotope stack
from Bassinot et al. [1994], and by adjusting the
final age models by fine tuning several isotopic
features to the well‐dated, planktonic isotopic record
from Core MD98‐2165 located in the Indonesian
archipelago [Waelbroeck et al., 2006; Levi et al.,
2007].

[9] The record from core MD98‐2182 covers the
last 660 ka (Figure 2a). The sedimentation rate
(Figure 2b) is similar between glacial and inter-
glacial periods (around 5 cm/ka) with the exception
of the last glacial period where it reaches 20 cm/ka.
The increase in sedimentation rates in the upper-
most part of the core chiefly reflects an over-
sampling of sediment during the coring process,
which roughly affects the upper 10 m (∼the last
100 ka). Oversampling is due to the elastic rebound
of the core cable that occurs just after the corer
triggering, while the core barrel penetrates the upper

meters of sediment. The elastic rebound results in an
upward movement of the piston forcing sediments
to penetrate the core barrel in excess [Széréméta
et al., 2004]. A similar oversampling effect has been
reported for the upper part of cores MD98‐2183,
MD98‐2185 and MD98‐2187 collected in the West
Caroline Basin [Yamazaki and Oda, 2004]. The
oversampled interval has not been considered in
the present study.

[10] Core MD98‐2194 covers the last ∼190 ka, the
transition between the marine isotopic stage (MIS)
6 and 7 being reached at the bottom of the core
(Figure 2c). The time versus depth plot in Figure 2d
indicates relatively high deposition rates all over
the 190 ka covered by the cored sediment. Sediment
oversampling has not been evidenced on this core,
presumably because of the shallow water depth
(<1000 m), which limited the elastic rebound of the
corer cable and its effects on the vertical dis-
placement of the piston. Lower accumulation rates

Figure 2. Evolution of the 18O/16O ratio as a function of age for (a) core MD98‐2182 and (c) core MD98‐2194.
(b and d) Depth versus time plots showing the evolution of the deposition rates constrained by the tie points
derived from the correlation with the reference curve of Bassinot et al. [1994].
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prevail (<10 cm/ka) during interglacials (7.6 cm/ka
for the Holocene and 7.5 cm/ka for MIS 5) and
faster sedimentation prevails during glacial stages
(13.8 cm/ka for theMIS 2–4 interval, and 25.4 cm/ka
for MIS 6). The fast glacial accumulation of sedi-
ment was likely caused by a high input of terrige-
nous sediments from the Chinese continent shelf
during low sea level stands. Areas of reduced
deposition up the continental shelf, basinward dis-
placement of the shoreline and the glacial river
mouths induced a strong transfer of detrital material
to the coring site. Note that the lower part of core
MD98‐2194 is characterized by a much higher
accumulation rate (25.4 cm/ka).

4. Magnetic Mineralogy
and Concentration

4.1. Core MD98‐2182 (West Caroline
Basin)

[11] Low‐field magnetic susceptibility (k) was
measured for all samples using a Bartington MS2
magnetic susceptibility meter. Anhysteretic rema-
nent magnetization (ARM) was imparted in the
alternating field (af) produced in the nested coils in
line with the 2G magnetometer housed in the
shielded room of CEREGE and IPGP. We used a
peak af value of 100 mT in presence of a 50 mT dc
field. Isothermal remanent magnetization (SIRMs)
was imparted up to 1T. Carbonate content was
measured at 10 cm sampling interval using a car-
bonate bomb. Samples were dried and crushed.
Then, 100 mg of powder was reacted with 1 ml
of HCL 6 N within a 22.4 cm3 reactor chamber.
Pressure change associated to the CO2 degassing
was converted to CaCO3 content.

[12] The downcore profiles of k, ARM and SIRM
covary with the d18O isotopic record (Figure 3a).
Magnetic concentration is higher during interglacial
periods while extremely low values are present
during glacial stages 2, 3, 4 and 6. A similar corre-
spondence has been reported in other cores from
WCB and interpreted in terms of dilution by car-
bonates [Yamazaki and Oda, 2002]. After correcting
the susceptibility values from the carbonate content,
the signal has remained unchanged with similar
glacial/interglacial fluctuations of the same ampli-
tude (Figure 3b). Note that this result was expected
since the effect of dilution by carbonates becomes
significant only for a very large variability of the
carbonate content [Meynadier et al., 1995; Salomé,
2006]. In the present situation, the amplitude of

the susceptibility changes largely exceeds that of the
carbonates. Therefore, changes in the amount of
magnetic minerals and their relation with the suc-
cession of glacial/interglacial fluctuations cannot be
linked to dilution.

[13] Relative fluctuations in magnetic grain size
and mineralogy have been estimated using the
ARM/K [Banerjee et al., 1981; Meynadier et al.,
1995; Thouveny et al., 2000; Moreno et al., 2002;
Rousse et al., 2006] and the S ratio that has been
derived from experiments performed in a 1T direct
field and a 300 mT back field (IRM−0.3). The S ratio
(defined as (1+IR0.3T/SIRM1T)/2) [Bloemendal
et al., 1992] is always higher than 0.9 and indicates,
therefore, that the magnetization is dominantly car-
ried by a low coercivity mineral, likely magnetite.
Similarly to magnetic concentration, both ARM/K
and S ratios depict glacial/interglacial fluctuations
with larger magnetic grain sizes and a higher ratio
of hematite/magnetite during the glacial periods
(Figure 4). The rapid and large amplitude fluctua-
tions of ARM/K during the marine isotopic stages 2
and 3 may not be fully significant as they are asso-
ciated with extremely low magnetic concentration.
Last, the magnetic concentration parameters and the
S ratio show a long‐term increasing trend with
depth, which indicates an increasing amount of
magnetite (ARM/K).

[14] Changes in concentration and magnetic min-
eralogy (Figure 4) largely depend on paleoceano-
graphic conditions that prevailed in the basin.
Hematite content in marine sediments is mostly
linked to the flux of aeolian material. Its higher
abundance in glacial intervals of Core MD98‐2182
may suggest, therefore, that the climate was drier
than today in the neighbor islands of the WCB. In
addition, a large area of the Indonesian continental
shelf, as well as the western part of New Guinea
were exposed during glacial, low sea level stands,
which generated more alteration products than today
[Kawahata et al., 2002] and more aeolian dust. It is
likely that climatic and sea level changes were not
the only factors at play and that mineralogical
changes also reflect modifications in deep water
conditions. The reduction of deep water ventilation
during glacial periods with subsequent consequences
on diagenesis may have yielded dissolution of the
finest fraction of magnetite and thus coarser magne-
tite grain sizes with a relative increase of hematite.
The higher content of magnetite during interglacials
should result from increased continental alteration
associated with more humid climate, more intense
runoffs and, therefore, lower influence of wind‐
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transported particles. In the meantime, better venti-
lation of deep waters and weakening of reductive
diagenesis would also contribute.

4.2. East China Sea

[15] The downcore profiles of ARM and K are
similar in core MD98‐2194 but both show many
large amplitude peaks. The most prominent spikes
are present in the susceptibility record (Figures 3c
and 4) at 55.3–58.2 ka (570–604 cm), 99.3–
106.6 ka (908–956 cm) and 185.6–190.6 ka
(2292–2398 cm) while smaller ones are associated

with layers of volcanic ashes. All have been
removed from the paleomagnetic record. Both
parameters are not without relationship with the
climatic evolution and indicate that a stronger
magnetic concentration has prevailed during the
interglacials. The ARM/K ratio (Figure 4) displays a
similar pattern and thus reflects some coarsening of
the magnetic fraction during the glacial intervals.
Note also the presence of large dips which are
associated with the typical large and sudden coars-
ening of the magnetic grain sizes within the ash
layers. Two other intervals found in stages 3 (42.7–
51.6 ka; 420–530 cm) and 6 (143–155 ka; 1420–

Figure 3. (a) Variations of low‐field magnetic susceptibility compared with the evolution of the d18O/16O ratio in
core MD98‐2182. (b) Variations of low‐field susceptibility before and after correction from CaCO3 content in core
MD98‐2182. (c) Same as Figure 3a but for core MD98‐2194.
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1660 cm) indicate a strong coarsening of the mag-
netic fraction but they are not related to a specific
climatic event.

5. NRM Measurements
and Demagnetization

[16] The cores were sampled using 1.5 m long
U channels. Measurements and stepwise demag-
netization (at 5–10 mT steps up to 80 mT) have
been performed every 2 cm using 2G Enterprises
horizontal cryogenic magnetometers with their in
line demagnetization coils in the shielded rooms
of IPGP and CEREGE. Most demagnetization
diagrams (Figure 5) linearly decay to the origin. In
some cases, a low coercivity viscous overprint
has been removed at 20 mT. The directions of the
characteristic remanent magnetization (ChRM)
have been derived from the best fitting line of the
demagnetization diagrams passing through the
origin using the PaleoMac software [Cogné, 2003].

[17] In the absence of core orientation the decli-
nations plotted in Figures 6a and 6c have been
corrected to provide an arbitrary zero mean decli-
nation over the time interval covered by each core.
The declinations exhibit some large amplitude
changes in the upper part of the cores that reflect
twisting of the sediment within the core barrel.
Other very small intervals with larger changes
caused by clear sedimentary disturbances (i.e.,
turbidites) have been removed. Overall, these per-
turbations make the record relatively discontinu-
ous. Due to differential rotation of some pieces of
sediment within the core barrel the declinations
initially retrieved in both cases displayed a com-
plicated pattern. We have thus been constrained to
reconstruct a coherent picture of the variations by
matching together the successive pieces. At first,
a few rotated broken blocks 0.5 to 2 m long have
been assigned to the same mean declination as
the layers above and below. In a second step, the
declinations affected by a long wavelength torsion
have been corrected using the slope of the linear

Figure 4. Rock magnetic parameters reflecting the changes in magnetic concentration, magnetic grain sizes, and
magnetic mineralogy as a function of age.
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regression between the bottom and top of the dis-
turbed intervals. The declination records (Figures 6a
and 6c) are subject, therefore, to some uncertainties,
but they provide a picture of the field changes that
allows us to scrutinize the occurrence of large field
variations.

[18] The inclination records (Figures 6b–6d) were
considerably less affected by these problems and
have been plotted without any correction. The mean
inclination of 44°+/−8° for core MD98‐2194
(Figure 6d) is in agreement with the value of 47°
expected at the coring site latitude (28°06′N). The
upper 10 m from core MD98‐2182 exhibit a mean
inclination of 6° in perfect agreement with the geo-
centric axial dipole (6.5°) but with a large standard
deviation of 20° likely caused by the disturbances
inherent to the elongation of the sediment. Below the
sediment has not been affected and the inclinations
oscillate around a mean value of 0.5+/−6° which is
consistent with the inclination anomaly of −6° that

has been reported for the western equatorial Pacific
in global models of the time‐averaged field (TAF)
[Gubbins and Kelly, 1993; Johnson and Constable,
1998]. Note however that this anomaly is only
constrained by a few marine cores whereas volcanic
data from this area are crucially needed to confirm
the actual geomagnetic origin of the deviation. It has
been defended [Yamazaki et al., 2008] that the
agreement of the mean inclinations with the pre-
dictions of the TAF models indicates the absence of
inclination shallowing. However, we see here some
circular reasoning since the model predictions are
not validated by enough data. Interestingly, no
anomaly has been reported from the paleomagnetic
study conducted in a large collection of volcanic
lava flows from Java [Elmaleh et al., 2004].

[19] As noticed above, a striking feature of the
MD98‐2182 record is the large amplitude of the
oscillations in the upper 8–10 m which has mainly
been caused by oversampling of the water‐rich

Figure 5. Typical af demagnetization diagrams from distinct stratigraphic levels in both cores.

Geochemistry
Geophysics
Geosystems G3G3 VALET ET AL.: CLIMATIC AND PALEOMAGNETIC SIGNALS 10.1029/2011GC003697

8 of 23



Figure 6. Declination and inclination changes for each core plotted as a function of age. The hachured intervals
correspond to disturbed areas that have not been considered in the results.
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upper meters of sediment within the core barrel
[Thouveny et al., 2000; Skinner and McCave, 2003;
Széréméta et al., 2004]. Oversampling of sediment
should not be without consequences on magnetic
fabric [Thouveny et al., 2000]. Despite the fact that
K is sensitive to coarse grains that are not involved
in the remanence, we have measured the anisotropy
of magnetic susceptibility. These measurements
performed at deeper levels allow us to investigate
whether the mean inclination has been affected by
flattening caused by elongated particles lying with
their long axes parallel to the horizontal plane.
The mean percent of anisotropy of 1.02+/−0.03
(Figure 7a) indicates a variable elongation of the
ellipsoid, which culminates at 1.15 (at about 45 ka).
These observations do not really fit with the

suggestion that oversampling of sediment can be
accompanied by an upward elongation of the
magnetic fabric. However, it is striking that the
upper 100 ka are characterized by an inverse fabric
with most Kmin axes (Figure 7b) lying close to the
horizontal plane while the corresponding Kmax
axes (Figure 7b) are characterized by very steep
values. These results confirm that the magnetiza-
tion of the upper 10 m of the core cannot be used
with confidence.

[20] We have also scrutinized whether the inclina-
tion pattern has been influenced by differential
compaction reflected by changes in the wet bulk
density (WBD). Taking advantage of the high res-
olution measurements of WBD performed on this

Figure 7. Parameters of magnetic anisotropy measured in core MD98‐2182. The elongation of the upper part of the
core is reflected by horizontal (vertical) Kmin (Kmax) axes.
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core, we can directly compare the evolution of the
two parameters in Figures 8a and 8b. Despite small
apparent resemblances linked to the fact that the
two parameters oscillate with short wavelengths,
there is no apparent relationship between the two
signals. The downcore increase of density in core
MD98‐2194 is likely caused by compaction and has
no effect on the inclination record. The next step has
been to compare the present inclination record with
those obtained from nearby cores that have been
shown to bemodulated by a 100 ka periodicity. Core
MD98‐2185 (3°08′N, 135°E) has been taken at
about 350 km away from MD98‐2182 in the same
basin. Water depth at the site was 4415 m, thus
below the carbonate compensation depth, so that

the record has a lower resolution than core MD98‐
2182 and is also likely subject to uncertainties in
the depth‐time correlation. It is thus not surprising
that the two inclination records do not perfectly
match with each other. In contrast, coreMD98‐2183
(2°01′N, 135°02′E) located nearer core MD98‐2182
is characterized by a higher resolution and by
inclination changes that are similar to those of
MD98‐2182. Since a detailed isotopic stratigraphy
has been obtained for core MD98‐2182 we have
relied on this suitable depth‐time correspondence
to combine the two inclination patterns. The agree-
ment between the two cores was improved by
matching similar features that were offset by a
few ka at most. When short and large amplitude

Figure 8. (a and b) Downcore variations of inclination and wet bulk density. (c) Evolution of the composite incli-
nation derived from the variations recorded at sites 2182 and 83.
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deviations were present in only one record, they
have been removed. The two records obtained after
these little corrections are very similar.We have thus
produced a composite inclination curve (Figure 8c)
from these two sites, which has the advantage of
removing the influence of local disturbances that
can affect the amplitude of the variations.

[21] Core MD98‐2182 is located in the same area
as nearby cores MD98‐2183 and MD98‐2185 with
inclination and paleointensity signals described to
be modulated by a 100 ka period [Yamazaki and
Oda, 2002; Yokoyama et al., 2007]. The downcore
profiles of magnetic concentration of these cores
exhibit amplitude changes similar to those of

Figure 9. (a–c) Frequency spectra of the inclinations and density variations shown in Figure 8. (d) The 21 ka filtered
signals of the inclination and WBD signals from core MD98‐2182. (e) The 100 ka filtered signal of the inclination and
the eccentricity parameter of the Earth.
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MD98‐2182. However, the amplitude of their
ARM/K and S ratios differ, likely as a consequence
of their closer position with respect to the CCD.
We expect that these small differences should not
significantly affect the paleointensity records, which
should all display similar periodic behavior. Spectral
analyses have been applied to the inclination of core
MD98‐2182 (Figure 9a), to the composite inclina-
tion curve (Figure 9b) and to the WBD (Figure 9c)
for the period 100–650 ka. We used the Blackman‐
Tukey method with two different windows (Bartlett
and Tukey) in order to unambiguously identify the
main frequencies without being affected by sec-
ondary peaks. Both inclination spectra are similar
and point out the presence of four periods at 200,
80, 26 and 21 ka. We also note the presence of a
24 ka peak in the spectrum of the WBD. These
last values may indicate some relation with the
precession of the Earth’s axis. We have filtered out
the WBD and the inclination of MD98‐2182 in
order to extract the 21 ka component. The results
plotted in Figure 9c show that there is no significant
phase relationship between the two filtered signals.
Thus, we infer that sedimentological changes and
differential compaction, which are evidenced in the
density variations, are not responsible for the 21 ka
modulation of the inclination, but we cannot com-
pletely rule out some other complex influence
associated to climatic changes. We note that the
second part of the inclination record (between
400 and 650 ka) oscillates in phase with the
WBD. However, because the phase relationship
considerably varies with time we do not see here
any causality with the climatic changes.

[22] As we have just seen above, the frequency
spectra of inclination show very little evidence for
a 100 ka periodicity in core MD98‐2182, in con-
trast to the previous analyses performed from the
nearby cores. The difference may be linked to the
accuracy of the time scale, which in the present
case has been directly established from the isotope
record of MD98‐2182 instead of being transferred
from other records. Despite the lack of a strong
signal at that periodicity in the power spectra, we
have extracted the 100 ka signal from the inclination
record of core MD98‐2182 using a band‐pass filter
and then compared the variations with those of the
100 ka Earth’s orbital eccentricity signal [Laskar
et al., 2004]. Assuming that a causal relationship
would govern both signals, they should be similar
or at least keep the same phase relationship. The
filtered inclination signal does not keep the same
phase relationship with eccentricity, particularly

prior to 300 ka (Figure 9e). We infer that there is
no causal relation between the two parameters.

6. Relative Paleointensity:
Normalization

[23] All magnetic parameters and experiments
described above have indicated that the NRM of the
two cores is primarily governed by magnetite with
relatively low coercivity.Magnetic homogeneity is a
key factor for obtaining suitable records of relative
paleointensity, otherwise the amplitude of the var-
iations is strongly affected. The largest relative
amplitude change in magnetic concentration reaches
a factor 10 for core MD98‐2182, which meets the
current criteria of acceptance but remains quite
large. Since these large changes are climatically
constrained we found no reason to remove them
keeping in mind the objectives of the present study.
A few tiny layers from core MD98‐2194 with large
amplitude changes in susceptibility and likely
associated to rapid sedimentation disturbances have
also been removed.

[24] Before dealing with relative variations of
paleointensity, attention has been paid to scrutinize
the consistency of the directional changes. Since
we are dealing with a full vector and not simply its
modulus, the paleomagnetic directions cannot be
treated independently. In the case of core MD98‐
2182, the existence of nearby cores was helpful for
identifying critical layers with large changes that
were not reproduced in all cores. Thus, we have
removed the levels characterized by sudden and
large variations in inclination, which cannot be
related to field variations. Note that in many cases
these levels are accompanied by disturbances or
changes in lithology that are revealed by large
variations in rock magnetic parameters, but this is
not systematic. In core MD98‐2194 they mostly
coincide with large changes in concentration or
with a few turbiditic levels.

[25] Following stepwise demagnetization of NRM,
the ARM was demagnetized at the same steps of
10, 20, 30, 40, 60 and 80 mT. As expected, all
demagnetization curves of ARM show a progres-
sively linear decrease of the magnetic moment and
therefore the downcore changes in the slopes fitting
the NRM versus ARM plots display the same
pattern as the mean NRM/ARM ratio calculated for
the steps between 20 and 60 mT. These profiles are
also identical to the variations derived from a single
demagnetization step (e.g., NRM/ARM at 20 mT),
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particularly the 20 mT step which is currently
selected in paleointensity studies, all viscous com-
ponents being mostly removed at this stage.

[26] The standard technique for relative paleo-
intensity (RPI) is to normalize the NRM by changes
in magnetic concentration. Paleointensity records
are evidently more suitable when all concentration
parameters display the same downcore evolution
[Meynadier et al., 1992; Valet and Herrero‐Bervera,
2000] because the relative paleointensity does not
depend upon the choice of the normalizing param-
eter. This condition is not always taken in consid-
eration and it happens that paleointensity records are
obtained based on a single normalization parameter,
usually the least sensitive to lithological changes.
The profiles of NRM/K, NRM20mT/ARM20mT
and NRM20mT/SIRM from core MD98‐2182 have
been calculated every 2 cm and they are all identical.
This may be surprising given the differences
between the downcore profiles of the concentration
parameters. However, they are small compared to
the large amplitude changes of the NRM, which
governs, therefore, the ratios. The succession of

the slopes derived from the NRM versus ARM
demagnetization plots has also the same pattern
(because of the linear decrease of ARM during
demagnetization). This approach has been pre-
ferred for the record of relative paleointensity of
core MD98‐2182 shown in Figure 10a.

[27] The paleointensity record of core MD98‐2194
from the eastern China Sea has been obtained using
the arithmetic mean of the NRM/ARM and NRM/k
ratios at all steps between 20 and 40 mT. The slopes
fitting the plots of NRM versus ARM at different
demagnetization steps display the same downcore
variations as the mean NRM/ARM ratio between
20 and 60 mT (Figure 10b). These curves are also
identical to the variations derived from any single
demagnetization step between these two values.
The NRM/K variations remain also similar to the
other curves.

[28] The major problem arising from determina-
tions of relative paleointensity is to estimate their
degree of reliability. So far, despite many attempts,
no parameter provides a quantitative estimate of the

Figure 10. Records of relative paleointensity. (a) Core MD98‐2182 compared with the Sint‐2000 composite curve for
the same period. (b) Different paleointensity proxies using various parameters for core MD98‐2194 with Sint‐2000.
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quality of the records. A direct way is to compare
composite curves providing that they are global
and constructed from a large number of cores
[Ziegler et al., 2008]. Another way is to attempt
corrections assuming that we are able to identify
the contribution of the various factors [Frank et al.,
2003; Mazaud, 2006]. This approach has recently
been followed by Hofmann and Fabian [2009]
who corrected the records from variations of sedi-
ment composition. It relies on successive paleo-
intensity profiles obtained by normalizing the NRM
to a quantity incorporating a concentration param-
eter (e.g., ARM, K or SIRM) to which is added a
certain amount of a “lithological” parameter. The
profiles that are in closer agreement are considered
as being the most reliable ones and are used, there-
fore, to determine the amount of lithological input
that provides the optimal correction. The authors
have tested the pertinence of their technique by
comparing their best approximation of relative
paleointensity with the Sint‐800 composite record.
The optimal correction has reduced discrepancies
between records. A major limitation is that this
approach requires multiple records. Notwithstanding
we have compared proxies of relative paleointensity
obtained for the two present cores using varying
amounts of the normalizing parameters for core
MD98‐2182, but found no significant improvement
in the correlation with the Sint‐2000 composite
curve [Valet et al., 2005].

7. Principal Component Analysis

[29] The lack of successful correctionmay reflect the
absence of linear response of the different para-
meters involved in the magnetization process. It is
evidently reasonable to suspect that factors other
than the field could affect the RPI determinations of
both cores and this suspicion is likely valid for any
record obtained by the current techniques for rela-
tive paleointensity. We have attempted a different
approach to isolate the contributions of different
components by performing principal component
analyses (PCA). Not tested yet for studies of relative
paleointensity, this technique uses an orthogonal
transformation (derived from a set of orthogonal
eigenvectors) to convert measurements of possibly
correlated variables into uncorrelated variables called
principal components. The first principal component
has the highest variance possible and each succeeding
component, in turn, has the highest remaining vari-
ance possible under the constraint that it is orthogonal
to and, therefore, uncorrelated with the preceding
components.

7.1. Core MD98‐2182

[30] Successive calculations have been performed
(using FactoMineR, an R package dedicated to
multivariate Exploratory Data Analysis [Lê et al.,
2008]) first for three sets of parameters from core
MD98‐2182 that are linked to geomagnetic inten-
sity, lithology, and climate, respectively. In this
first analysis (referred to as PCA1) d18O has been
used as a climatic indicator, CaCO3 as a litho-
logical indicator (which is strongly dominated by
the precessional cycle) and the relative paleo-
intensity as the geomagnetic component. In a
second step (PCA2) the carbonate content has been
replaced by the wet bulk density, which is mostly
sensitive to lithology. Last, in PCA3 the magnetic
susceptibility, which is climatically related to the
changes in magnetic mineral concentration has
been considered along with density and relative
paleointensity (RPI). Since d18O, K and WBD are
all related to climate it is expected that the first and
sometimes even the second principal component
have a large climatic imprint. In contrast, the third
component is expected to be primarily governed
by the geomagnetic field without any significant
climatic signature.

[31] The results of all PCA calculations performed
for core MD98‐2182 are given in Table 1. In
Figure 11, the first and third components derived
from PCA1 have been plotted along with the d18O
and the paleointensity records, respectively. The
PCA requires that distinct sets of measurements
have been performed on the same core and, there-
fore, we could not apply the technique to the com-
posite curve developed from cores MD98‐2182
and MD98‐2183. Table 1 gives the coefficients of
linear correlation of the three principal components
(Dim 1, Dim 2 and Dim 3) with the oxygen isotopes
and the relative paleointensity (RPI), respectively.
In all cases, the first component has extracted the
climatic variations and fits very well the oxygen
isotopic record. The second component (Dim 2)
seems to be decoupled from the climate‐related
proxies and fits better the initial RPI. The third
component remains correlated with climate‐related
proxies (except PCA3) and is in rather poor agree-
ment with the RPI. Thus, we could argue that the
second component provides the best approximation
of the geomagnetic intensity. However, the coher-
ence with the RPI is relatively meaningless since
the RPI signal has not been validated as a real
geomagnetic signal and may be strongly climati-
cally contaminated. Additional complexity arises
from the fact that the climatic and geomagnetic
signals have similar characteristic times. We are
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also aware that correlations can be limited only to
specific intervals.

[32] Table 1 also gives the correlation coefficients
of dim 1, dim 2 and dim 3 with the Sint‐2000
record. In the present state of the art, the geomag-
netic relevance of the composite curve Sint‐2000 is
difficult to question for several reasons. The curve
integrates many cores from various paleoenviron-

mental conditions with different, sometimes even
opposite, responses of the magnetic concentration
and mineralogy to the succession of the climatic
periods. It is thus reasonable to suspect that the
“climatic contamination” effect has been removed.
This is supported by the remarkable coherence of
the Sint‐2000 record with the magnetization inten-
sity of the seafloor over the past 800 ka [Gee et al.,

Figure 11. First and third component derived from the principal components analysis (PCA) of d18O, CaCO3, and
RPI from core MD98‐2182. (a) Dim.1 is dominated by the climatic changes as shown from comparison with the
d18O/16O changes. (b) Dim.3 has isolated the geomagnetic component which is plotted along with Sint‐2000.

Table 1. Results of the PCA Calculations Performed for Core MD98‐2182a

PCA1: d18O, CaCO3, RPI PCA2: d18O, WBD, RPI PCA3: WBD, K, RPI

Dim.1/d18O 0.74 0.72 0.43
Dim.1/RPI 0.60 0.54 0.64
Dim.1/Sint‐2000 0.01 0.04 0.11
Dim.2/d18O 0.05 0.29 0.11
Dim.2/RPI 0.66 0.84 0.70
Dim.2/Sint‐2000 0.06 0.44 0.21
Dim.3/d18O 0.66 0.62 0.27
Dim.3/RPI 0.48 0.1 0.33
Dim.3/Sint‐2000 0.68 0.54 0.52

aColumns give the results of different analyses involving the parameters quoted below the PCA number. Rows show the correlation coefficients
between the two parameters that are indicated in the first column. PCP/Sint = 0.68, and RPI/Sint = 0.30.
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2000] as well as with the variations in production of
cosmonucleides [Baumgartner et al., 1998;Carcaillet
et al., 2003, 2004].

[33] Thus, we have relied on the respective coher-
ence of the 3 components with Sint‐2000 in order to
define the most suitable field intensity estimate. In
all analyses the best correlation with Sint‐2000 has

been obtained with the third component (PCA3),
which indicates the geomagnetic origin of the signal.
In order to constrain further the suitability of the
determinations, all third components from the three
PCAs have been stacked together into a unique
curve that will be subsequently referred to as PCP
for “principal component of paleointensity.” In
Figure 12a, we plotted the PCP along with the

Figure 12. (a) Evolution of the principal component of paleointensity (PCP) of core MD98‐2182 obtained after
averaging the third component from three PCA analyses summarized in Table 1. (b) Residue between RPI and
Sint‐2000. (c) Residue between PCP and Sint‐2000 compared with the climatic changes.
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Sint‐2000 curve. The PCA approach has signifi-
cantly improved the correlation (R2 = 0.7) compared
to that obtained with the initial RPI (R2 = 0.3) and
we infer that this approach has been very valuable
to extract the field intensity changes from this core.

[34] In Figures 12b and 12c, we have removed the
Sint‐2000 geomagnetic reference curve from the
paleointensity record of core MD98‐2182 and from
the PCP curve, respectively, both being normalized
by their mean amplitude and standard deviation.
Oxygen isotopes and magnetic records being mea-
sured in the same cores, we can compare the varia-
tions displayed by these two residues (Figures 12b
and 12c) with the d18O record. It is striking that
the residue derived from the RPI matches very
well the climatic changes, particularly the fluctua-
tions occurring on a 100 ka scale while the one
obtained with the PCP does not show any striking
resemblance with d18O.

[35] This being said, it is puzzling that the third
component has kept such a rather strong relationship
with the oxygen record (Table 1). Taken at face
value, this should either be interpreted as an actual
causal relationship between climate and field inten-
sity, or reflect the presence of some still unremoved
imprint of lithology. In addition, we cannot rule out
that different periods may have different behavior
and residual paleoclimatic imprints.

[36] The first question that comes to mind concerns
the spectral content of Sint‐2000 (Figure 13a) and
the one of the PCP (Figure 13b). Similarly to the
previous analysis of inclination we used the
Blackman‐Tukey method with a Bartlett and a
Tukey window. The PCP is characterized by a peak
near 100 ka which is also present in Sint‐2000 with
the Bartlett window but not with the Blackman‐

Tukey one. Significant peaks also occur at orbital
periods 41 ka and 25 ka in the PCP record which
are hardly present in Sint‐2000. At this stage, it is
important to remind that these frequencies do not
persist in Sint‐2000 over the past 800 ka [Guyodo
and Valet, 1999] and that two different spectra
have been obtained when splitting the Sint‐2000
record in two 400 ka long intervals (0–400 ka,
400–800 ka) and analyzing them separately. We
have applied a similar approach to investigate the
PCP spectrum by separating the youngest interval
(100–370 ka) from the older one (370–650 ka).
The very different spectra obtained for both time
intervals in Figure 13c confirm the absence of
stable periodicities suggesting that climatic periods
are either restricted to specific intervals and/or
result from combination of various frequencies.

[37] This result confirms previous studies which
indicated that there is no direct physical link between
paleointensity and orbital/climatic variations. The
comparison between several records, including core
MD98‐2185 from the Caroline Basin indicates that
orbital periods are significant only during limited
time intervals, and these intervals are not compara-
ble between different regions [Xuan and Channell,
2008b]. Similarly, Heslop [2007] found that cross
wavelet transform analysis and squared wavelet
coherence between geomagnetic records, the Sint‐
2000 stack [Guyodo and Valet, 1999; Valet et al.,
2005] and the marine magnetic anomaly paleo-
intensity record [Gee et al., 2000] share com-
mon power at certain orbital periods (particularly
between 80 and 125 ka) with climatic records
(SPECMAP stack [Imbrie et al., 1993] and the
ETP (Eccentricity + Tilt + Precession) curve).
However, the geomagnetic and orbital variations
do not exhibit a consistent phase relationship.

Figure 13. Frequency spectra of (a) Sint‐2000 and (b) PCP. (c) Two different successive intervals of PCP.
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Figure 14. (a) Record of relative paleointensity of core MD98‐2194 shown with its d18O variations as a function of
age. (b) PCP derived from core MD98‐2194 plotted for comparison with Sint‐2000. (c) Frequency spectrum of PCP.
(d) Residue obtained after removing PCP and Sint‐2000 versus the oxygen isotopic ratio.
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7.2. Core MD98‐2194

[38] The RPI and the d18O from core MD98‐2194
have been plotted together in Figure 14a. There is a
strong similarity between the two data sets over
intervals characterized by large climatic changes,
such as the onset of glacial stage 6 (∼190 ka ago),
the Termination II (transition fromMIS 6 to MIS 5),
or the Termination I (the last deglaciation, ∼15 ka
ago). For comparison, it is interesting to go back to
Figure 10b where the paleointensity record from
core MD98‐2194 can be scrutinized with the Sint‐
2000 composite record [Guyodo and Valet, 1999].
The two curves show similar patterns but they are
not always in phase. Some episodes such as the large
decrease of the geomagnetic field surrounding the
Laschamp event, 40 ka ago [Guillou et al., 2004;
Plenier et al., 2007] are well preserved in the
MD98‐2194 paleointensity record. At the onset of
isotopic stage 6 (about 190 ka ago), the two records
display a similar rise in paleointensity although
more abrupt for core MD98‐2194 at the upper
boundary of isotopic stage 6 (at 130 ka). Thus, the
large field variations (such as the Laschamp excur-
sion) have been correctly recorded but we cannot
exclude that the RPI signal could be “contaminated”
by climatic changes.

[39] Similarly to core MD98‐2182, we have per-
formed a PCA on MD98‐2194 using the same
succession of parameters. The correlation coeffi-
cients obtained for each component are summa-
rized in Table 2. Again, for each PCA analysis, the
climatic component appears to be dominant, while
the geomagnetic component is present in the third
one and even in the fourth one for the PCA first
analysis. We also note that the climatic inference of
component 3 is lower than for Core MD98‐2182.
We combined the third components of two PCA
analyses (PCA1 and PCA2) to produce the PCP
curve for Core MD98‐2194 which has been plotted
along with Sint‐2000 in Figure 14b. As expected,

the agreement between the two records character-
ized by a correlation coefficient of 0.58 is consid-
erably higher than the value (R2 = 0.27) that was
obtained with the initial RPI. Thus, we can rea-
sonably infer that the geomagnetic variations were
better isolated by the PCA. The power spectrum
(Figure 14c) of the PCP variations points out a
dominant 100 ka peak, which has no significance
for a 200 ka long record. The other peak at 33 ka is
probably a secondary peak. This period has already
been observed in some records [Constable et al.,
1998] and does not reflect any direct climatic or
geomagnetic variable. The residue obtained after
substracting Sint‐2000 from the PCP is not corre-
lated with the oxygen record (Figure 14d), sug-
gesting that the persisting differences between the
two data sets are not related to lithological changes.

8. Conclusion

[40] Different orbital frequencies have been reported
by various authors who performed spectral analyses
of paleomagnetic directions and paleointensity var-
iations recorded in marine sedimentary cores. Pre-
vious studies in the Caroline basin [Yamazaki and
Oda, 2002, 2004, 2005; Yokoyama et al., 2007;
Yamazaki et al., 2008] have pointed out the contri-
bution of a 100 ka periodicity in the inclination as
well as in paleointensity records of several marine
cores [Thouveny et al., 2008]. Despite the fact that
we found it conceptually difficult to imagine the
physical process by which changes in the eccen-
tricity of the Earth’s orbit could influence the geo-
dynamo, this area was appropriate for testing further
the relation between the orbital parameters and the
magnetization of the sediment. The present study
of a nearby core (MD98‐2182) has confirmed that
detailed isotopic stratigraphy should ideally accom-
pany each record of relative paleointensity, because
accurate chronology is critical for analyzing the

Table 2. Results of the PCA Calculations Performed for Core MD98‐2194a

PCA1: d18O, RPI, ARM, K, WBD PCA2: d18O, RPI, WBD PCA3: RPI, ARM, WBD

Dim.1/d18O 0.85 0.82 0.43
Dim.1/RPI 0.91 0.9 0.88
Dim.1/Sint‐2000 0.04 0.03 0.07
Dim.2/d18O 0.1 0.51 0.05
Dim.2/RPI 0.0 0.08 0.06
Dim.2/Sint‐2000 0.22 0.2 0.17
Dim.3–4/d18O 0.4 (dim4) 0.3 0.13
Dim.3–4/RPI 0.25 (dim4) 0.38 0.37
Dim.3/Sint‐2000 0.56 0.52 0.46

aSame as for Table 1. PCP/Sint = 0.58, and RPI/Sint = 0.27.
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spectral contents of the magnetic and paleomagnetic
variations. Uncertainties in depth versus time cor-
relation can rapidly yield significant differences in
the frequency spectrum. In the present case, we have
shown that there is no significant 100 ka periodic
signal in the inclination that can be associated with
the Earth’s orbital frequency over the past 650 ka
recorded by the sediment. Similarly, no climatic
dependence could be detected in the paleomagnetic
record of another core from the eastern China sea
which only covers the past 200 ka but with a high
deposition rate.

[41] In a second step, we have evaluated the con-
sistency of the two records of relative paleointensity
obtained by the usual normalization techniques.
Despite the convergence of all techniques, we have
tested whether the signal of relative paleointensity
was purely geomagnetic or was altered by litho-
logical or climatically related components. We have
shown that the climatic and magnetic components
could be isolated by principal component analysis
providing that independent proxies linked to the
climatic (e.g., d18O) and lithological changes (e.g.,
the wet bulk density) have been documented with a
good resolution. It is striking that, despite strong
influence of environmental conditions, the magne-
tization of the two cores has preserved a geomag-
netic signal which has been properly isolated in
both cases, as evidenced by the comparison with
the Sint‐2000 composite curve. We conclude that
these results point out the potential interest of PCA
for studies of relative paleointensity. Alternatively,
this protocol can be seen as a powerful test for
evaluating the quality of the records.
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