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Abstract

Piston core LC07, located west of the Sicily Strait in the Mediterranean Sea, unambiguously records the Matuyama/
Brunhes (M/B) and the upper Jaramillo polarity reversals, with similar average sediment accumulation rates (SARs) for
the Brunhes Chron (2.29 cm/kyr) and late Matuyama Chron C1r.1r (2.19 cm/kyr). We report a relative paleointensity
record for the interval spanning the M/B boundary down into the Jaramillo Subchron, which is unique in the
Mediterranean because existing records from this basin cover only the last 80 kyr. The average SAR in core LC07 is
used to translate the depth-related paleointensity record to the time domain; the ratio of anhysteretic remanent
magnetization to low-field magnetic susceptibility is climatically sensitive and is used to tune the age model. This
correlation produces a good fit to the global ice volume model derived for summer insolation at 65³N. With this age
model, a paleointensity minimum in association with the M/B boundary has a duration of about 4^5 kyr, while the
directional change has a duration of 6 3 kyr. A second paleointensity minimum of similar duration is found about
16 kyr below the M/B boundary. This feature (precursor or `dip' in the literature) has previously been recognized at the
same time interval in many marine records, which reinforces the validity of our age model. Other relative paleointensity
minima are found within chron C1r.1r, and, within the uncertainties of the respective age models, these minima coincide
with those observed from the few published coeval paleointensity records. In particular, there is good correspondence
between the ages of minima at about 0.92 and 0.89 Ma, which probably correlate with two geomagnetic excursions
(Santa Rosa and Kamikatsura, respectively) that have been recorded in lava flows and dated using the 40Ar/39Ar
technique. In contrast, a recently dated excursion at 0.83 Ma from La Palma seems to correspond to a paleointensity
maximum. This observation is opposite to that expected and this excursion needs to be confirmed. In contrast to some
recently published paleointensity records, spectral analysis of the LC07 record does not reveal identification of
significant power at the orbital obliquity frequency. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The possibility of retrieving relative intensity
variations of the Earth's magnetic ¢eld from sedi-
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ments [1] and the availability of long marine
records recovered by drilling deep-sea sediments
allow the documentation of continuous geomag-
netic paleointensity variations back in time, in
contrast to volcanic rocks which represent spot
readings of the ¢eld. Documenting long-term var-
iations in the dipole ¢eld during periods of stable
polarity and ¢eld evolution across reversals or
other geomagnetic features (i.e., excursions, tiny
wiggles) is critical to understanding the geodyna-
mo. Furthermore, the relationship between geo-
magnetic proxies and the Earth's climatic system
and external climatic forcing needs to be assessed
[2,3]. The wealth of suitable sedimentary sequen-
ces spanning the youngest part of the geological
record allowed the compilation of a global geo-
magnetic paleointensity stack, Sint-200 [4]. More
recently, as su¤cient records have became avail-
able for the entire Brunhes normal polarity chron
(0^778 ka), a new extended stack, Sint-800, has
been compiled [5]. Consequently, there is growing
interest in retrieving sedimentary paleointensity
proxies throughout the Matuyama Chron and be-
yond in order to understand longer-term geomag-
netic evolution. A ¢rst long sedimentary record of
relative paleointensity spanning the last 4 million
years from the equatorial Paci¢c Ocean was pro-
vided by Valet and Meynadier [6]. The long-term
saw-tooth behavior observed by Valet and Mey-
nadier [6] has been claimed to be a consequence of
unremoved viscous magnetizations, although the
¢ner-scale features remain valid as indicated by
thermally derived paleointensity proxies [7]. A pa-
leointensity stack for the Ontong^Java Plateau
(western equatorial Paci¢c Ocean) (0.778^2.852
Ma) has also been derived using the thermal ap-
proach [8].

Technical advances of long-core magnetometers
and routine continuous (u-channel) sampling and
measurement of marine cores favors the develop-
ment of relative paleointensity records. A draw-
back in many recovered marine cores is the fact
that they are frequently a¡ected by severe coring-
related magnetic overprints that often render
them unsuitable for paleomagnetic purposes
[9,10]. In addition, diagenetic dissolution of mag-
netic minerals in organic-rich sediments is known
to occur, which hampers the acquisition of high-

resolution ¢eld records [11^13]. Most Mediterra-
nean cores collected by the Ocean Drilling Pro-
gram and others have been a¡ected by strong sec-
ondary magnetic overprints, magnetite dissolution
and/or other diagenetic artifacts [13^15]. This has
limited attempts to develop longer Mediterranean
paleointensity records.

We present paleomagnetic and rock magnetic
data measured on u-channels from a piston core
located near the Strait of Sicily that proved to be
suitable for relative paleointensity determinations.
The aim of this study is to document the ¢rst
relative paleointensity data from the Mediterra-
nean basin spanning the interval across the Ma-
tuyama/Brunhes (M/B) boundary through to the
Jaramillo Subchron. We have focused on this time
interval because is relatively poorly described
compared to the Brunhes Chron (see [5]).

2. Material and methods

Mediterranean piston core LC07 (length 23.66
m, latitude/longitude 38³08.72PN/10³04.73PE,
water depth 488 m) was collected by the R.V.
Marion Dufresne in 1995 (MAST II PALAEO-
FLUX Program) from a location north of the
Skerki channel at the western side of the Sicily
Strait (Fig. 1). Core LC07 was continuously
sampled with ca. 1 m long u-channel samples
[16] at the BOSCOR repository at the Southamp-
ton Oceanography Centre, UK. The sediment
throughout the interval studied here is a visually
homogeneous gray to olive gray foraminiferal
nannofossil ooze. The upper 0.5 m of the core
was unsuitable for u-channel sampling due to
sediment disturbances. Magnetic measurements
on the u-channels were made using a 2G Enter-
prises high-resolution (45 mm diameter) pass-
through cryogenic magnetometer at the Istituto
Nazionale di Geo¢sica e Vulcanologia in Rome,
Italy. Measurements on the u-channels were made
at 1 cm spacing, although smoothing occurs due
to the half-powder width of the response function
of the magnetometer pick-up coils [17] (4.8 cm for
the radial x and y directions and 5.9 cm for the
axial z direction in the Rome system). The data
from the upper and lower 4 cm of each u-channel
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were not used because these data are a¡ected by
edge e¡ects due to the width of the magnetometer
response function. Volume magnetic susceptibility
(U) was measured on the u-channels using an in-
line 45 mm diameter loop (MS-2C, Bartington
Instruments). The natural remanent magnetiza-
tion (NRM) was measured and progressively de-
magnetized using stepwise peak alternating ¢elds
(AF) of 10, 20, 30, 40, 50, 60, 80 and 100 mT. An
anhysteretic remanent magnetization (ARM) was
imparted using a 100 mT peak AF with a 0.1 mT
direct current (DC) bias ¢eld. The ARM was
measured and demagnetized at the same peak
AFs used for NRM demagnetization. Isothermal
remanent magnetizations (IRMs) were imparted
to the z axis of the u-channels in a steady DC
¢eld of 0.9 T. The IRMs were measured before
demagnetization and then after demagnetization
at 10, 20, 30, 40, and 60 mT. Finally, the rema-
nence obtained by ¢rst imparting a new IRM at
0.9 T, followed by a back-¢eld IRM at 0.3 T, was
measured. and used to calculate the S-ratio
( =3IRM30:3T/IRM0:9T).

3. Results

3.1. Magnetostratigraphy

Orthogonal projections of NRM demagnetiza-

tion data indicate that a characteristic remanent
magnetization (ChRM) is isolated after removal
of a low-coercivity viscous secondary component
at about 10^20 mT (Fig. 2c), with less than 2% of
the initial remanence remaining at 100 mT. The
ChRM component was calculated at 1 cm inter-
vals down-core by the least-squares line-¢tting
procedure [18]. The interval from 30 mT to 80
mT (¢ve steps) was chosen for ChRM calcula-
tions. The computed ChRM inclinations and the
maximum angular deviation (MAD) values are
plotted against depth in Fig. 2a. MAD values
are generally lower than 3³, which indicate well-
de¢ned ChRM components along the entire core.
Occasionally, higher MAD angles (6 18³) are ob-
served, some of which are related to magnetic
reversals or paleointensity minima (see below).
The inclination values for core LC07 are compat-
ible with the expected geomagnetic axial dipole
(GAD) inclination for the site latitude (Fig. 2b).
The down-core ChRM inclination values indicate
that core LC07 contains the entire Brunhes (C1n)
and the upper part of the Matuyama chrons
(C1r.1r and part of C1r.1n or the Jaramillo Sub-
chron). The location of the M/B and upper Ja-
ramillo (UJ) reversals at 17.83 mbsf and 22.48
mbsf, respectively, indicates that the mean sedi-
ment accumulation rate (SAR) is 2.29 cm/kyr
for the Brunhes Chron and 2.19 cm/kyr for chron
C1r.1r. Extrapolating the latter SAR down-core

Fig. 1. Map of the Mediterranean Sea with location and setting of core LC07 in the western Mediterranean Sea.
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gives an age estimate of 1.031 Ma for the base of
the core (i.e., core LC07 reaches 48% into the
Jaramillo Subchron). The astronomically cali-
brated ages of 0.778 Ma (M/B) and 0.990 Ma
(UJ) are used for these reversal boundaries
[19,20].

3.2. The M/B reversal

The M/B reversal occurs within a single u-chan-
nel. Core LC07 was not azimuthally oriented but
paleomagnetic declinations for this u-channel are
coincidentally close to the S and N direction be-
fore and after the reversal, respectively. The decli-
nation, inclination, MAD of the ChRMs and the

NRM at di¡erent demagnetization steps along
this u-channel are plotted in Fig. 3a. The NRM
intensities normalized by ARM, both after de-
magnetization at 20 mT, are also shown in Fig.
3a. The normalized NRM intensity is considered
an indicator for geomagnetic relative paleointen-
sity, as discussed below. In Fig. 3b, examples of
orthogonal demagnetization plots from above,
within, and below the M/B reversal are shown.
There appears to be an interval of about 5 cm
thickness, with `intermediate' directions in the
declination and inclination plots (Fig. 3a). The
demagnetization trajectories for NRM measure-
ments at 17.80, 17.82, and 17.84 m (Fig. 3b) illus-
trate the transition. A fully normal-polarity

Fig. 2. (a) Inclination and maximum angular deviation (MAD) of the ChRM component computed from the 30^80 mT demag-
netization steps. The magnetostratigraphic interpretation and the mean sediment accumulation rates (SARs) for di¡erent chrons
are shown. (b) Histogram of normal- and reversed-polarity ChRM inclinations. The vertical lines indicate inclinations for a geo-
centric axial dipole (GAD) ¢eld at the site latitude. (c) Representative examples of normal and reversed polarity orthogonal vec-
tor component diagrams at di¡erent depths.
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ChRM component is observed at 17.80 m. A
swing toward northerly declinations and positive
inclinations at 17.82 m is seen, and ¢nally a shal-
low reversed-polarity direction at 17.84 is ob-
served although it is not yet fully reversed and
linear as depicted for data at 17.90 m. Note that
computing a ChRM from 30 to 80 mT for data at
17.82 and 17.84 m produces an `intermediate' di-
rection with high MAD angles, as shown in Fig.
3a. Given that the u-channel data are smoothed
and that measurements are only independent at
4^5 cm intervals, it can be speculated that the
M/B reversal probably occurs across a strati-
graphic interval of just 2 or 3 cm at the most in
core LC07. Using an average SAR of 2.24 cm/kyr,
as derived from mean SAR values in the Brunhes
and C1r.1r chrons, the duration of the M/B direc-
tional transition was 6 3 kyr. The NRM/ARM
has a minimum or `dip' coinciding with the M/B

reversal at 17.83 mbsf and is labeled DIP2 in Fig.
3a, following the nomenclature of Kent and
Schneider [21]. Another minimum in relative pa-
leointensity (DIP1 in Fig. 3a) is observed V36 cm
below DIP2. The intensity of this pre-reversal
minimum is comparable in magnitude to that of
the reversal. No directional excursion is observed
associated with DIP1 (only a local increase in the
MAD value is observed which denotes reduced
NRM integrity; Fig. 3). DIP1 in core LC07 oc-
curs V16 kyr before the M/B reversal (assuming
a mean SAR of 2.24 cm/kyr) and is therefore
consistent with the age of DIP2 from many other
sedimentary paleointensity records [21,22]. The
presence of this global feature supports the reli-
ability of the NRM/ARM ratio as a paleointen-
sity proxy in core LC07 and indicates that the
mean SAR, as constrained by magnetostratigra-
phy, provides a consistent age estimate.

Fig. 3. (a) NRM intensity (prior to demagnetization and after AF demagnetization at 20 mT and 60 mT), declination, inclination
and MAD along the u-channel containing the M/B reversal. The NRM intensity normalized by the ARM is shown as a shaded
curve where two relative minima are labeled DIP1 and DIP2, respectively (see text for explanation). (b) Orthogonal vector com-
ponent diagrams illustrating the M/B polarity transition.
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3.3. Rock magnetic properties and age model

Low-¢eld magnetic susceptibility U, and the
IRM, ARM and NRM intensities generally re£ect
variations in the concentration of ferrimagnetic
minerals. However, U and IRM are biased toward
coarser-grained ferrimagnetic particles and ARM
and NRM are more strongly a¡ected by ¢ne-
grained particles. The NRM intensity also partly
re£ects the intensity of the geomagnetic ¢eld at
the time of magnetization lock-in. For magnetic
assemblages dominated by magnetite, the ratio
ARM/U is indicative of magnetite grain sizes with-
in the fraction from stable single-domain through
to multidomain sizes [23]. For core LC07, domi-
nance of magnetite is compatible with the AF de-
magnetization characteristics of the NRM illus-
trated in Fig. 2c. This conclusion is con¢rmed
by electron di¡raction analysis during scanning
electron microscope observations of magnetic ex-
tracts. However, a relatively small high-coercivity
(goethite/hematite) contribution is also likely.
This is shown by S-ratios that usually range
from 0.90 to 0.98 (Fig. 4). The down-core varia-
tion of the concentration-dependent parameters
IRM and ARM for the examined part of core
LC07 (Fig. 4) do not exceed a factor of 2, when
a thin interval with relatively low remanence val-
ues at about 21.7 mbsf is excluded. The S-ratio
for this interval is 0.90 (Fig. 4), which indicates a
relatively increased contribution of the high-coer-
civity fraction. Down-core variations of
ARM20mT/U (Fig. 4) show various maxima and
minima, which are indicative of grain size varia-
tions (i.e., larger values indicate smaller grain
sizes). The median destructive ¢eld of ARM
(MDFARM) varies from 33 mT to 40 mT and
generally follows the ARM20mT/U trend. Use of
a 100 mT AF to impart an ARM means that
high-coercivity particles will not signi¢cantly con-
tribute to the ARM. Thus, good agreement be-
tween MDFARM and ARM20mT/U variations
(Fig. 4) supports the use of ARM20mT/U as a grain
size proxy in this case.

A detailed and reliable age model is necessary
for the analysis and comparison of paleointensity
data from di¡erent cores. An oxygen isotope
stratigraphy, which is the most widely used chro-

nostratigraphic dating tool for marine sediments
of the Brunhes Chron, is not yet available for core
LC07. However, several studies have demon-
strated the usefulness of rock magnetic parame-
ters as climatic proxies in marine sediments and
have used them to establish age models for cores
where independent dating was not available by
correlating a rock magnetic parameter to an ap-
propriate climatic target curve (i.e., reference oxy-
gen isotopic curve or astronomical solutions)
[24,25]. Here, we examine the lower part of the
LC07 record where the presence of magnetostrati-
graphic boundaries (i.e., the M/B and UJ rever-
sals) provide tie points to constrain the age model.

The M/B reversal is established to have oc-
curred at 778 kyr, within interglacial marine iso-
topic stage (MIS) 19 [19]. The M/B boundary in
core LC07 occurs at 17.83 mbsf, within a prom-
inent ARM20mT/U maximum (Fig. 4), which can
be inferred to correlate with MIS 19. Down-core
variations of ARM20mT/U (and also MDFARM)
(Fig. 4) can easily be correlated to an oxygen
isotopic curve (we used the benthic record from
ODP Site 677 [20] as the target curve and the
AnalySeries software [26] for correlation pur-
poses). Di¡erent ARM20mT/U maxima and minima
can be correlated with respective maxima/minima
in the reference oxygen isotopic curve, which cor-
respond to almost all interglacial and glacial
stages from MIS 19 to MIS 29 (Fig. 4). Note
that a peak in the MDFARM parameter, which is
not clearly expressed in the ARM20mT/U parame-
ter, is used as a tie to MIS 21. This correlation
implies only minor adjustments to a constant
SAR model constrained by the M/B and UJ re-
versal boundaries alone. Constant SARs are as-
sumed between tie points as shown by £at pla-
teaus in the SAR plot of Fig. 5a. SAR values
vary mostly from 2 to 3 cm/kyr, with somewhat
lower values for the MIS 25/26 and MIS 23/24
glacial^interglacial transitions. In order to test
this age model, both the age-tuned ARM20mT/U
series for core LC07 and the oxygen isotope rec-
ord for ODP Site 677 have been passed through a
Gaussian ¢lter centered on 20 kyr (0.05 kyr31),
with a 0.02 kyr31 bandwidth. The ¢lter outputs
(Fig. 5b) show fairly good agreement indicating
that an accurate tuned solution has been
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achieved. However, an additional peak is ob-
served for core LC07 at around 810 kyr, corre-
sponding to the younger part of the long intergla-
cial MIS 21. We note that the isotopic record for
ODP Site 677 is not well resolved at this interval
and is dominated by relatively warm values in
contrast with other records from the North At-

lantic [27,28] where MIS 21 is interrupted by sev-
eral cold periods. These £uctuations have been
successfully correlated for ODP Site 983 [27] to
the ice volume model derived from the 65³N
summer insolation [29] (note that MIS 21 includes
three insolation peaks, Fig. 4). Hence, we are sat-
is¢ed with the presence of the extra peak in the

Fig. 4. (a) Down-core variations of the magnetic properties from 17.40 to 23.40 mbsf from core LC07: U, low-¢eld volume mag-
netic susceptibility; IRM; S-ratio; ARM; MDF�ARM�, median destructive ¢eld of the ARM; ARM20mT/U ratio. Shaded areas de-
note the Brunhes Chron and the Jaramillo Subchron, respectively, and vertical dashed lines represent core breaks. (b) Astronomi-
cally tuned benthic N18O record for ODP Site 677 [21] with identi¢cation of isotopic stages; 65³N summer insolation and
eccentricity curves of [43]. The tie points for deriving a detailed age model for core LC07 include the M/B and UJ reversals and
prominent minima and maxima in rock magnetic parameters. The tie points are shown as correlation lines to maxima and mini-
ma in the isotopic curve (see text for discussion).
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¢lter output for core LC07 with respect to the one
for ODP Site 677, and this is an additional argu-
ment in support of the accuracy of the achieved
correlation. Moreover, coherence analysis of the
spectra of the ODP Site 677 N18O data versus our
two grain size proxies (MDFARM and ARM20mT/
U) (Fig. 6) indicate signi¢cant coherence at most
frequencies and comparable power at the climatic
frequencies, which reinforces the validity of our
age model.

Assuming the validity of the age model sug-
gested above, and that magnetite dominates the
ferrimagnetic fraction, it can be seen that warm
interglacial periods are characterized by relatively
small ferromagnetic grain (high ARM20mT/U ra-

tios) (Fig. 4). Cold glacial events are dominated
by the relatively coarser ferrimagnetic fraction
(low ARM20mT/U values). Also, the relatively low-
er values of the S-ratio within the glacial periods
(Fig. 4) indicate an increased high-coercivity con-
tribution during glacial intervals. This may point
toward an enhanced eolian input during the cold
glacial periods.

3.4. Paleointensity determinations

The success of paleointensity determinations in
sediments relies on using an appropriate NRM
normalizing parameter in order to compensate
for variations in concentration of ferrimagnetic
grains. However, the choice of normalizer is not
critical if the ChRM component has been prop-
erly isolated and the sediment is magnetically ho-
mogeneous [30]. It is clear, however, that the

Fig. 5. (a) Benthic N 18O record for ODP Site 677 [21] and
grain size parameter ARM20mT/U for site LC07 on a common
age scale and age^depth map and interval sedimentation
rates for the examined portion from core LC07. (b) Filter
outputs (Gaussian ¢lter centered on 20 kyr (0.05 kyr31) with
a 0.02 kyr31 bandpass) of the benthic N 18O record for ODP
Site 677 (thick line) and the ARM20mT/U parameter for site
LC07 (thin line).

Fig. 6. Power spectra (Blackman^Tukey method with a Bart-
lett window) of N18O for ODP Site 677 (thick line),
ARMMDF (thin line) and ARM20mT/U (dashed line) in the
studied interval of core LC07. The coherence between di¡er-
ent parameters with the 95% con¢dence level (horizontal
line) is plotted in the lower part of the ¢gure.
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chosen normalizing procedure has to activate the
same relative spectrum of magnetic particles that
is also responsible for the NRM [31]. The best
normalizer is taken as the laboratory remanence
(ARM, IRM) whose demagnetization curve (co-
ercivity spectrum) most closely approximates that
of the NRM. ARM normally activates the same
magnetic grains as the most stable component of
the NRM, whilst IRM is expected to activate
larger magnetic grains in addition. Agreement be-
tween di¡erent normalization procedures is taken
to indicate a successful paleointensity estimate.

In Fig. 7, relative paleointensity proxy records
are plotted using di¡erent normalizers for the
studied interval of core LC07. The NRM/ARM
records after normalization at 20 mT and 40 mT
demagnetization levels are comparable. This also
applies to the IRM normalized intensity at the
same demagnetization levels, which also show
the same variability as the paleointensity derived
using ARM as normalizer. The susceptibility-nor-
malized curve shows a somewhat di¡erent varia-
bility, although common features with the other
normalized records are evident. In Fig. 8, the co-
herence is shown between the three normalized

Fig. 7. Di¡erent normalized NRM curves (paleointensity proxies) for core LC07 (see text for discussion). Vertical shaded lines in-
dicate core breaks.

Fig. 8. Coherence functions of the ARM20mT/U ratio (climatic
and grain size parameter) versus di¡erent NRM normalized
values (paleointensity proxies). All NRM, ARM, and IRM
intensities are after demagnetization at 20 mT. Coherence
above the horizontal line is signi¢cant at a 95% con¢dence
level. Only NRM/U shows signi¢cant coherence over a wide
range of frequencies and hence appears to be contaminated
by climatic e¡ects.
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paleointensity proxies with respect to the
ARM20mT/U grain size parameter. As demon-
strated in Fig. 5, ARM20mT/U in core LC07 is
climatically controlled. The wide range of fre-
quencies over which NRM/U is coherent with
ARM20mT/U indicates that U normalization has
not fully removed the lithological/climatic imprint
in this case. Reduced coherence in the case of the
ARM and IRM normalizers indicates that these
parameters are more suitable for paleointensity
normalization. In sedimentary paleointensity
studies, the best normalizer is usually selected
after coherence analysis between the candidate
normalizers and the derived relative paleointensity
[1] and it is suggested that coherence between the
normalizer and paleointensity should not exceed
the 95% con¢dence level. It has also been sug-
gested [32] that further insights for selecting the
optimal normalizer can be obtained from coher-
ence analysis of the normalizer versus the NRM
since a good normalizer will be highly correlated
with the remanence. Coherence values for the
three candidate normalizers and respective paleo-
intensities in core LC07 are shown in Fig. 9.

Fig. 9. Power spectra (Blackman^Tukey method with a Bartlett window) of (a) ARM, (b) IRM and (c) U and normalized inten-
sity using these parameters as normalizers in the studied interval of core LC07. The coherence between the normalized intensity
and normalizing parameters is shown in the lower part of each diagram with coherence above the 95% con¢dence depicted in
black.

Fig. 10. (a) Coherence between NRM and candidate normal-
izers. (b) Coherence between the various candidate normal-
izers.
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Although the coherence for the three normalizers
lies above the con¢dence level at certain frequen-
cies, ARM appears to be the least coherent and
therefore appears to be the best normalizer in core
LC07. Coherence functions between NRM and
the di¡erent normalizers for LC07 (Fig. 10a) in-
dicate a lack of coherence for U, whereas both
ARM and IRM show signi¢cant coherence with

NRM. Note also the high coherence between
ARM and IRM (Fig. 4b). In summary, all ap-
proaches indicate that U is not a suitable paleoin-
tensity normalizer in core LC07, whereas ARM
and IRM are more suitable normalizers. The
arithmetic mean of the NRM/ARM values at 20
mT and 40 mT is taken as the best paleointensity
proxy for core LC07.

Fig. 11. Comparison of the paleointensity record obtained from core LC07 in this study with other published records from the
Paci¢c (ODP Site 1021 [26], Ontong^Java Plateau stack (OJP) [8], and ODP Site 851 [6]), the Indian (MD90-940 [44]) and the
Atlantic oceans (ODP Site 983 [28]). Published 40Ar/39Ar numerical ages of excursional lava units for the upper Matuyama
Chron are indicated and represented as light shaded vertical strips, where the widths of the strips represent the respective error
envelopes (Santa Rosa and Kamikatsura [34], unnamed from La Palma [35]).
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4. Discussion

The relative paleointensity record for core
LC07 is plotted in Fig. 11 using the age model
described above (754^1033 kyr) along with pub-
lished records from the Paci¢c, Indian and Atlan-
tic oceans. The M/B and UJ reversals occur with-
in paleointensity minima in all the records. The
astronomically calibrated ages of these reversals
[19,20] allow us to put all the records onto a
common time scale despite the fact that the type
and accuracy of the detailed age models between
those two tie points may di¡er among the records
(see Table 1 for details of each record and tuning
procedures). The paleointensity minimum V16
kyr before the M/B reversal is another common
feature in all the examined records. Further com-
mon features in the examined paleointensity re-
cords are evident, but they either are not present
in all the records, have a somewhat di¡erent ex-
pression (i.e., amplitude, power), or are slightly
shifted in time among the records. Approximately
equivalent features include relative paleointensity
maxima at around 870 ka, 910 ka and 960 ka,
which are labeled as A, B and C, respectively, in
Fig. 11. Relative paleointensity minima occur be-
tween the A^B and B^C relative paleointensity
maxima in all the records and are labeled a and
b, respectively. A third conspicuous minimum (la-
beled c) is observed within the Jaramillo Sub-
chron at V1.03 Ma in some of the records. The
minima a and b have relative paleointensity values
similar to or just higher than the paleointensity
attained at the M/B and UJ reversals. Moreover,
these two paleointensity minima are compatible

with the age of 40Ar/39Ar dates from volcanic
units from the Haleakala volcano, Hawaii, and
Punuruu Valley, Tahiti [33], which contain transi-
tional directions and may correspond to short po-
larity intervals or geomagnetic excursions (see be-
low). A possible (unnamed) excursion, recorded in
a lava £ow with equatorial inclination and low
paleointensity value from La Palma island, Spain,
has been recently dated with the K/Ar method at
834 þ 12 ka [34]. This date and the associated ex-
cursion need to be validated, but it does not seem
to have a clearly expressed paleointensity mini-
mum in core LC07 and the other examined re-
cords (as would be expected for a geomagnetic
excursion). Feature a in the paleointensity records
corresponds well to the Kamikatsura event, while
feature b matches the age of the Santa Rosa event
in most of the records (Fig. 11) [33]. Di¡erences in
the exact position of the paleointensity features
with respect to the age of the events from volcanic
units may arise from inaccuracies or the particu-
larities of the tuning method for a given sedimen-
tary record (or lack of a robust age model). For
instance, feature b has an older age in the
ODP851 and MD90-940 records, while feature a
appears to be slightly older in Mediterranean core
LC07. It should be noted that the age model for
core LC07 in the interval corresponding to glacial
MIS 22 stage (Figs. 4 and 5) is constrained by a
tie point corresponding to a minimum in the
ARM20mT/U curve, and that positioning this point
further down (older) in core LC07 would not vio-
late the correlation and would bring event a to a
slightly younger age in better agreement with the
dating for the Kamikatsura event. Feature c,

Table 1
Sedimentary records used for comparison with LC07 in Fig. 11

Record Lat N/Long E Water depth SAR Dating Normalization parameter Reference
(³) (m) (cm/kyr)

MD90-940 306/061 3190 1 U corr. with ODP 709 ARM (U, IRM) [44]
ODP851 02/250 3760 1.8 GRAPE astron. corr. ARM (U, IRM) [6]
OJP 00/160 2806 1.2^1.8 magnetostratigraphy thermal [8]
LC07 38/010 488 2.3 RM astron. corr. ARM (IRM) this study
ODP1021 40/232 4213 V3 RM astron. corr. U (ARM) [25]
ODP983 61/336 1983 V13 N18O astron. corr. IRM (ARM) [27]

GRAPE density, gamma ray attenuation porosity evaluation; RM, rock magnetic parameter; astron. corr., astronomical correla-
tion.
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which is located at the bottom of core LC07, is
also present in the ODP 1021 and OJP records
(Fig. 11). This feature has not yet been observed
in volcanic rocks, but it might be associated with
a geomagnetic excursion within the normal-polar-
ity Jaramillo Subchron for which there is evidence
in both marine and continental strata [35^39].

The presence of common features in all the
sedimentary paleointensity records, together with
the correspondence of the major paleointensity
minima to full polarity reversals (M/B and UJ)
and other numerically dated geomagnetic features
recorded in volcanic rocks, validates the geomag-
netic nature of the salient features from the sedi-
mentary relative paleointensity records. Mediter-
ranean core LC07 shares these features with the
other examined records and therefore can be re-
garded as an appropriate core for geomagnetic
studies.

Coherence between the ARM and the normal-
ized paleointensity at some frequencies (Fig. 9a)
suggests that the paleointensity record from core
LC07 may not be fully free of lithological/climatic
in£uences. Examining the coherence between the
NRM/ARM the ARM20mT/U grain size ratio (Fig.
8) indicates slight signi¢cance at 0.054 kyr31

(close to the 19 kyr precession peak at 0.0526
kyr31) which is an indication of possible climatic
in£uence in the paleointensity proxy.

Evaluating the climatic imprint in any paleoin-
tensity record is complex because the same orbital
parameters that force climate have been claimed
to also drive the geodynamo [2,27]. The presence
of power at some orbital frequencies in the pale-
ointensity data, which were not obvious in the
normalizer, has been taken to support the geo-
magnetic origin for the observed frequencies.
This type of analysis on North Atlantic ODP
Sites 983 and 984 cores led Channell and cowork-
ers [2,27] to consider the signi¢cant power at the
orbital obliquity frequency (centered on a period
of V41 kyr) to be evidence for the orbital forcing
of the geomagnetic ¢eld intensity (because power
at this frequency in the IRM normalizer and bulk
magnetic properties was not apparent in contrast
to power at the V100 kyr eccentricity period
which was inferred to contaminate the paleointen-
sity record). However, a more sophisticated ap-

proach, using wavelet spectral analysis on the
ODP Site 983 record covering the time interval
0^1.1 Ma [3], suggests that the orbital frequencies
embedded in the paleointensity record are an ex-
pression of lithological variations and are prob-
ably not characteristic of the geodynamo. This
illustrates the inherent complexities in the paleo-
intensity data and the sensitiveness to the analyt-
ical procedure used to evaluate potential forcings
in the geomagnetic ¢eld. Lack of a signi¢cant or-
bital obliquity component in the LC07 data there-
fore seems to validate the conclusion of Guyodo
et al. [3] rather than earlier analyses, which sug-
gest the orbital forcing of geomagnetic ¢eld inten-
sity.

5. Conclusions

The rock magnetic properties from Mediterra-
nean core LC07 indicate that magnetite is the
dominant carrier of magnetic remanence. Stable
magnetizations enable retrieval of a magnetostra-
tigraphic record that spans the last V1.03 Ma
and contains the M/B and UJ reversals. The du-
ration of the M/B directional transition in core
LC07 (6 3000 years) is consistent with the esti-
mation of V2300^5000 years from the compila-
tion of Love and Mazaud [40], whose selection
criteria considered 11 out of 62 studies of the
M/B reversal. The estimate from core LC07 is
also comparable with the inferred magnetic di¡u-
sion time (V3000 years) of the Earth's inner core
which has been attributed as the mechanism that
stabilizes the reversing ¢eld [41].

Variations of rock magnetic grain size parame-
ters (e.g., ARM20mT/U) are climatically controlled
and are used to derive a precise astronomically
tuned age model for the interval between the
M/B and UJ reversals by correlation to a target
curve (the benthic N18O record from ODP Site 677
[20]). NRM/ARM is taken as the best paleointen-
sity proxy in core LC07, although there may be
some climatic in£uence embedded in the record.
This is shown by spectral analysis of the 754^1033
kyr mean NRM/ARM record which shows signif-
icant power close to the 19 kyr precession perio-
dicity. However, this overprint seems to be suf-
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¢ciently low that it does not obliterate the general
character of the geomagnetic expression. Compar-
ison of the paleointensity record from core LC07
with other published paleointensity records, tied
together by pinning them at the astronomically
tuned ages for the M/B and U/J reversals, reveals
paleointensity minima that coincide with numeri-
cally dated volcanic units that record geomagnetic
excursions (e.g., Santa Rosa at 0.92 Ma and Ka-
mikatsura at 0.89 Ma).

Data from core LC07 (754^1033 ka) improve
the restricted global paleointensity dataset for
the late Matuyama Chron, which is essential for
evaluating the long-term behavior of the geomag-
netic ¢eld. The data from core LC07 are unpre-
cedented from the Mediterranean basin where
only a paleointensity record for the last 80 kyr
was available to date [42].
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