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Abstract

A high-resolution paleomagnetic record for part of the Matuyama chron (0.7^2.1 Ma) is reported for Ocean Drilling
Program Site 1101 (Leg 178), off the Antarctic Peninsula Pacific margin. A rock-magnetic investigation of 62 discrete
samples revealed that the natural remanent magnetization (NRM) is carried by pseudo-single domain magnetite.
Progressive alternating field demagnetization of 83 m of U-channels provided a polarity stratigraphy down to the
Olduvai subchron. Two geomagnetic events preceding the Jaramillo subchron were identified, including the Cobb
Mountain polarity interval. The bulk magnetic parameters vary by more than a factor of 20 over the entire time
interval, but by less than a factor of 6 over the 0.7^1.1 Ma interval. This latter interval was selected for paleointensity
determinations, which were carried out by normalizing the NRM by the anhysteretic remanent magnetization (ARM).
Direct comparison of the Site 1101 paleointensity record with other curves available for the same time interval suggests
a geomagnetic origin for features present in the record. A more quantitative comparison was achieved by means of a
jackknife test performed on nine records of relative paleointensity over the 0.95^1.1 Ma interval. This test yielded no
outlier for the period considered, confirming the geomagnetic character of the records. We have constructed a low-
resolution stack revealing some of the characteristic paleointensity features of the Jaramillo subchron. ß 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Our understanding of the geomagnetic ¢eld has
increased tremendously owing in part to rapid
advances in paleomagnetic techniques and tech-
nology, which have facilitated the acquisition
of reliable continuous records of relative paleo-
intensity from marine sediments (e.g. [1^15]).
The growing interest in establishing sedimentary
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paleointensity records has led to the development
of compilations aimed at describing the time evo-
lution of dipole ¢eld intensity, as well as provid-
ing new stratigraphic correlation tools [16^18].
Most of the studies that have been published in
the past 20 years were limited to low and middle
latitudes, with only a few from the high latitudes
of the Northern Hemisphere [1^3,18,19]. To
establish the global character of the dipole ¢eld
variations, it is important to obtain paleointensity
records from high latitudes in the Southern Hemi-
sphere. The only relative paleointensity records
from mid or high latitude Southern Hemisphere
are from the subantarctic South Atlantic [20].
These records can be correlated among several
sites, and to records from the Northern Hemi-
sphere, for the last 100 kyr [20,11]. More sedimen-
tary paleointensity records from high latitude sites
are needed to understand the long-term evolution
of the geodynamo, to study spatial and temporal
variations in the strength of the ¢eld over periods
of constant geomagnetic polarity, and to examine
how the ¢eld regenerated following polarity rever-
sals [6,15,21^24].

In this paper, we present a geomagnetic record
derived from sediments collected on drift deposits
o¡ the Western Antarctic Peninsula continental
margin, at Ocean Drilling Program (ODP) Site
1101 (Leg 178). This record provides a magneto-
stratigraphy down to 2.1 Ma, and a record of
relative paleointensity for the period 0.7^1.1 Ma.
This high latitude, Southern Hemisphere paleoin-
tensity record is aimed at improving the statistical
robustness of the database available for this peri-
od of time.

2. Geological setting and lithology

ODP Site 1101 (64³22PS, 70³16PW, 3509 m
water depth) is located at the crest of a sediment
drift on the continental rise of the Antarctic Pen-
insula Paci¢c margin (Fig. 1). This drift is part of
a series of eight large hemipelagic sediment drifts
(about 130U50U1 km3 in dimension), which are
interpreted to have resulted from the interaction
between turbidity currents and bottom currents at
the base of the continental slope [25]. The drifts

are separated by large channels (up to 5 km wide)
formed by turbidity currents that transport sedi-
ment from the lower continental slope toward the
abyssal plain [26]. Part of the ¢ne-grained fraction
of those turbidity currents is entrained in a bot-
tom current nepheloid layer. The drifts are con-
structed above the level of turbidity £ow by the
down-current deposition of ¢ne-grained sus-
pended material [25]. During ODP Leg 178, the
sediment was collected by advanced piston corer
(APC) down to 142.7 mbsf (meters below sea
£oor), then cored with the extended core barrel
(XCB) technique down to 217 mbsf [27]. The re-
covered sedimentary sequence consisted essen-
tially of hemipelagic clayey silt, and was divided
into three lithological units during shipboard
analyses [27]. Unit I (0^53 mbsf) comprises alter-
nations of laminated and massive clayey silts that
are interpreted as the expression of glacial and
interglacial periods, respectively. In this unit, the
intervals corresponding to warm periods are indi-
cated by the presence of diatom-bearing layers.
Similar alternations were observed in the under-
lying unit (Unit II, 53^142.7 mbsf), but here the
warm intervals are characterized by foraminifera-
bearing layers. The laminated facies of Unit II is
characterized by mm-thick bioturbated silty clay
laminations, which appear as subtle color band-
ing. They suggest a low-energy depositional set-
ting dominated by weak bottom contour currents
[27]. As in Unit I, the faint laminations are inter-
preted as resulting from deposition of the ¢ne-
grained fraction of the suspended sediment load
associated with turbidity currents [27]. The third
unit (Unit III, 142.7^217.7 mbsf) does not display
the cyclic pattern observed in Units I and II, and
is mostly composed of massive clayey silts that
probably originated from the deposition of tur-
bidities, and ice-rafted debris.

We have sampled the depth interval 50^133
mbsf using 5 cm3 cylinders (at V1 sample per
core section) and U-channel samples (shore-based
continuous sampling). This depth interval corre-
sponds roughly to lithologic Unit II. Only one
APC hole was cored at Site 1101, so that no com-
posite section is available at this site and small
parts of the geological record may be missing.
In the unit sampled, laminated intervals alternate
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with massive intervals. These mm-scale lamina-
tions are subtle variations within a fairly homoge-
neous silty clay or clayey silt unit. The thickness
of the laminations is an order of magnitude small-
er than the V4 cm response function of the mag-
netometer used in this study. Occasionally, sharp-
based, 1^3 mm silt laminations are present,
probably induced by distal low-density turbidity
£ows. A few thicker layers, ranging from 0.5 to
4 cm in thickness are also present in the sequence
at 66, 87.5, 116.7, and 136.8 mbsf. These are as-
sociated with high frequency peaks in the ship-
board magnetic susceptibility data [27], and there-
fore have been omitted from further study. The
massive intervals, attributed to warmer periods,
are characterized by lower values of magnetic sus-
ceptibility, probably due to biogenic dilution of
the terrigenous input [27].

3. Magnetic mineralogy and grain size

We measured the hysteresis properties and low-
temperature demagnetization of the discrete sam-

ples at the Institute for Rock Magnetism at the
University of Minnesota. The hysteresis parame-
ters were measured on a Princeton Measurements
Corporation micro-VSM. The low-temperature
remanence properties were measured on a Quan-
tum Design Magnetic Properties Measurement

Fig. 1. Location map for ODP Site 1101, on the western margin of the Antarctic Peninsula.

Fig. 2. Thermal demagnetization at low temperature of the
saturation isothermal remanent magnetization imparted at 20
K on seven samples collected at Site 1101. The remanence
loss at 110^120 K indicates the Verwey transition for mag-
netite.
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System (MPMS). The low-temperature measure-
ments performed on seven samples (randomly se-
lected from 48 to 107 mbsf) show a signi¢cant
drop in the intensity of magnetization around
110^120 K, corresponding to the Verwey transi-
tion of magnetite (Fig. 2). No other low-temper-
ature transition was observed. This indicates that
magnetite is the main mineral carrier of the mag-
netization in these sediments (Fig. 2). The hyste-
resis loops obtained for 62 gelatin capsule samples
have been compiled in Fig. 3a. The shape of these
hysteresis loops, as well as the values of the co-
ercivity are compatible with those of magnetite.
Calculation of the coercivity of remanence over
coercivity (Hcr/Hc) and saturation remanence

over saturation magnetization (Mrs/Ms) indicates
a pseudo-single domain state for the magnetite
grains [28] (Fig. 3b), except for one sample which
is located in the multi-domain ¢eld on a `Day-
plot' (Fig. 3b). This sample (122.45 mbsf) was
taken from an interval containing coarser-grained
ice-rafted debris (IRD).

4. Magnetostratigraphy

The natural remanent magnetization (NRM) of
the U-channel samples was measured at 2-cm in-
tervals and was stepwise alternating ¢eld (AF)
demagnetized at 20, 30, 40, 50, 60, and 80 mT
peak values, using the 2-G Enterprises magne-
tometers located at the Institut de Physique du
Globe de Paris and at the University of Florida.
The viscous component of magnetization was suc-
cessfully removed by treatment at 20 mT, and the
progressive AF demagnetization provided data of
su¤cient quality to de¢ne reliable directions of
magnetization for the entire sedimentary sequence
investigated (Fig. 4). We used the standard least-
squares method to determine the principal com-
ponents of paleomagnetic directions de¢ned in the
20^80 mT interval [29]. Unfortunately, the decli-
nation was not azimuthally oriented during drill-
ing. The paleomagnetic inclination is, however,
su¤cient to establish a clear succession of polarity
zones down to below the Olduvai subchron (Fig.
5). The distribution of inclination values is bimo-
dal, with two maxima located at 375³ (normal
polarity) and +78³ (reverse polarity), which are
close to the values of þ 76.5³ expected for a geo-
centric axial dipole ¢eld for a site at this latitude.
Values of the maximum angular deviation (MAD)
associated with our calculation of the principal
components are for the most part lower than 5³,
which demonstrates the overall quality of the di-
rectional data. The Brunhes/Matuyama polarity
reversal occurs at 54.99 mbsf, the Jaramillo sub-
chron is present over the interval 70.96^76.15
mbsf, and the Olduvai subchron is recorded be-
tween 121.25 and 126.97 mbsf. These depths are
similar to those determined during shipboard in-
vestigations [27].

We also observed two thin intervals with anom-

Fig. 3. (a) Hysteresis loops for 62 samples collected at Site
1101. The magnetic moments are normalized by their values
at saturation. (b) Magnetic grain size distribution, as indi-
cated by variations in the hysteresis parameters [28]. SD, sin-
gle domain; MD, multi-domain; and PSD, pseudo-single do-
main. IRD, ice-rafted debris.
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alous directions below the Jaramillo subchron (at
77.2^78.5 mbsf and 80.9^82.5 mbsf), hereafter re-
ferred to as Event 1 and Event 2 (Fig. 5). Using a
linear interpolation from the base of the Jaramillo
subchron (1.07 Ma) to the top of the Olduvai
subchron (1.77 Ma) [30], we obtained ages of
1.09^1.11 Ma for Event 1 and 1.14^1.17 Ma for
Event 2. Event 2 is likely to be the Cobb Moun-
tain polarity interval, for which Shackleton et al.
[31] gave an age of 1.19 Ma by correlation of
ODP Site 677 and DSDP Site 609. A similar suc-
cession of events has been observed in sediments
from the California margin [14], where the event
between the Cobb Mountain and the Jaramillo

subchrons has been attributed to the Punaruu
event, originally recorded in three lava £ows
from the Punaruu Valley in Tahiti [32]. Our study
suggests that two short geomagnetic events pre-
ceded the onset of the Jaramillo subchron at least
locally over the Antarctic Peninsula, with a timing
similar to the succession of events recorded in the
Paci¢c [14].

Fig. 5. Inclination variations and maximum angular devia-
tion (MAD) at Site 1101. Values of the MAD are generally
lower than 5³, except during polarity transitions and short
polarity intervals (E1, Event 1; E2, Event 2). The geocentric
axial dipole (GAD) ¢eld inclinations for the site latitude
( þ 76.5³) are also shown.

Fig. 4. Typical examples of orthogonal projection (Zijder-
veld) plots for samples taken in reverse and normal polarity
intervals, and during a polarity reversal. Open and closed
symbols represent projections of vector endpoints onto the
vertical and horizontal planes, respectively. The plots show
clear single-component directions of the NRM during peri-
ods of stable polarity, and no apparent drilling overprint
after demagnetization at 20 mT.

EPSL 5908 13-8-01

Y. Guyodo et al. / Earth and Planetary Science Letters 191 (2001) 61^74 65



5. Time scale

Oxygen isotope analysis was not possible at Site
1101 due to the overall low biogenic carbonate
content, thus constraining us to date these sedi-
ments by other means. An initial time scale was
derived from the magnetostratigraphy (Fig. 5),
using the ages of Cande and Kent [30]. This
yielded mean sedimentation rates of 8.8 cm/kyr
for the period 0.7^0.99 Ma, and of 6.1 cm/kyr
for the period 0.9^2.1 Ma. A lower sedimentation
rate of 3.1 cm/kyr was found for the Olduvai sub-
chron, suggesting the possible presence of a hiatus
or at least large variations in sedimentation rates
in this interval. Considering the depositional set-
ting in this region, the sedimentation rates are
probably variable throughout the cored interval,
possibly varying on a glacial/interglacial time
scale.

Shipboard analyses showed that part of the
magnetic susceptibility (U) variations could be re-
lated to changes in the silica and carbonate con-
tent of the sediment, because susceptibility mini-
ma were generally associated with intervals of
higher biogenic content [27]. This suggests that U
is primarily responding to variable dilution of ter-
rigenous material with biogenic material. Conse-

quently, because the biogenic content at Site 1101
varies with climatic periods [27], ¢rst-order varia-
tions of the U-channel magnetic susceptibility (U)
should correlate with climatic proxies. Therefore,
we have re¢ned our time scale by correlating the
magnetic susceptibility to the benthic N18O target
curve of ODP Site 677 [31]. The correlation is
shown in Fig. 6, along with the location of
CaCO3 maxima, which indicate warmer periods
[27]. The major variations displayed by the sus-
ceptibility record can be matched fairly accurately
to the N18O record, although uncertainties remain
over shorter time scales.

6. Relative paleointensity

6.1. Choice of the normalizing parameter

The bulk magnetic parameters were measured
at 2-cm stratigraphic intervals using 2-G Enter-
prises cryogenic magnetometers located in
shielded rooms in the paleomagnetic laboratories
at the University of Florida and at the Institut de
Physique du Globe de Paris. An anhysteretic
remanent magnetization (ARM) was imparted
to the U-channel samples using a peak AF of

Fig. 6. Correlation of the U-channel magnetic susceptibility record from Site 1101 to the benthic N18O record from ODP Site 677
[31]. The correlation is suggested by gray lines. The gray triangles indicate the stratigraphic location of warmer climatic intervals
inferred in part from peaks in the shipboard CaCO3 record [27].
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100 mT and a 0.05-mT DC bias ¢eld, and sub-
sequently was demagnetized at peak ¢elds of 20,
30, 40, and 60 mT. The ratio of the susceptibility
of ARM (Uarm, ARM normalized by the bias
¢eld) over magnetic susceptibility (U) was subse-
quently computed. When dealing with magnetite,
Uarm/U varies inversely with magnetic grain size,

and so can be used to monitor down-core changes
in magnetic grain size. In addition, a saturation
isothermal remanent magnetization (SIRM) was
imparted using a 1 T ¢eld.

The down-core variations of these parameters
are shown in Fig. 7. ARM, U, and SIRM are
believed to primarily re£ect down-core changes

Fig. 7. Bulk magnetic parameters for Site 1101. From bottom to top: down-core variations of the NRM demagnetized at 20 mT,
ARM demagnetized at 20 mT, U, SIRM, and Uarm/U. Overall, ARM varies by a factor greater than 20, which is more than usu-
ally considered acceptable for paleointensity determinations [33]. Over the interval 50^78 mbsf, however, ARM varies by less
than a factor of 6, within the acceptable range.
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in concentration of magnetic particles in the sedi-
ment (e.g. [33]). It has been proposed that bulk
magnetic parameters should vary by less than an
order of magnitude in order to obtain useful pa-
leointensity proxies (e.g. [33,34]), which is not the
case in the present study. For instance, ARM val-
ues vary by almost a factor of 20 throughout the
entire record. However, most of this variability is
due to large amplitude changes below 78 mbsf,
where there is a 50% down-core increase of the
mean value of the NRM. The interval between 50
and 78 mbsf contains less variability in NRM in-
tensity than the underlying sediment. This change
is also seen to some extent in the Uarm/U ratio,
which indicates a slightly ¢ner average grain size
for the interval 78^133 mbsf. These changes are
probably su¤cient to induce a shift in the re-
sponse of remanence parameters to the applied
¢eld, and therefore these two depth intervals
should be treated separately. In addition, the low-
er interval (78^133 mbsf) contains more regions of
sediment disturbance (essentially at the top of
cores), which make it di¤cult to obtain a com-
plete geomagnetic record for this part of the rec-
ord. For the study of relative paleointensity at
Site 1101, we consequently restricted our investi-
gation to the depth interval between 50 and 78
mbsf. Over this interval, the ARM varies by less
than a factor of 6, which is appropriate for paleo-
intensity determinations [33].

6.2. Relative paleointensity

In order to construct a relative paleointensity

record, one must correct for variations in concen-
tration of remanence (NRM) carrying grains. This
is done by selecting the magnetic parameter (i.e.
ARM, U, or SIRM), that provides the best mea-
sure of the concentration of the magnetic grains
that carry the NRM. We attempt to ascertain this
using coherence functions between the magnetic
parameters (ARM, U, and SIRM) and the paleo-
intensity determined from normalizing the NRM
by these parameters (Fig. 8). In principle, when
the normalization is appropriate, the relative pa-
leointensity is not correlated to the bulk rock-
magnetic parameter used to normalize the
NRM, and the values of the coherence should
be lower than the 95% con¢dence level [33].
Squared coherence values lie above the con¢dence
level over speci¢c frequency intervals for the sus-
ceptibility normalization (Fig. 8b). Much higher
values of the squared coherence, and more spread
over the frequency domain, are found for the
SIRM normalization. Some problems were en-
countered when measuring the SIRM, due to
the fact that the dynamic range of the magne-
tometer was sometimes exceeded when the inten-
sity gradient was large. Therefore, some caution
should be used when dealing with SIRM magnet-
ization at this site. The lowest squared coherence
occurs for the ARM normalization, indicating
that it is the best choice, even though there are
some frequency intervals over which the coher-
ence is close to the signi¢cance level. The use of
ARM as the normalizer can be further validated
by comparing paleointensity estimates obtained
with the ratios NRM20/ARM20, NRM30/ARM30,

Fig. 8. Coherence function between (a) ARM, (b) U, and (c) SIRM, and the paleointensity proxies obtained by normalizing the
NRM with these parameters for the interval 50^70 mbsf. Coherence above the 95% con¢dence values level are shown in black.
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and NRM40/ARM40 (Fig. 9). They show nearly
identical variations, which con¢rm the match be-
tween the coercivity spectra of the ARM and the
NRM over the range of peak AFs. Therefore, we
consider the ratio NRM/ARM to provide the best
estimate of relative paleointensity at Site 1101. We
used the average of the three ARM normaliza-
tions as our paleointensity proxy (Fig. 9).

7. Comparison with other paleointensity records

One way of verifying the overall quality of a
sedimentary paleointensity record is to compare
it with other paleointensity curves available for
the same time interval. In Fig. 10, the paleointen-
sity record obtained at ODP Site 1101 is com-
pared with a record obtained at ODP Site 983
(ODP983) [3] and a compilation from the Paci¢c
Ocean (VM93) [15]. The long-term features
present in the paleointensity record at Site 1101
are also observed in the two other paleointensity
records. All records show a relatively sharp in-
crease in the paleointensity after the geomagnetic
reversals at the onset and termination of the Jara-
millo subchron, and at the onset of the Brunhes
chron. Overall, most of the variations with wave-

lengths of the order of a few tens of thousand
years can be correlated between Sites 1101 and
983 (Fig. 10). The correlation is poorer with
VM93, and is also less easy to establish between
V0.82 Ma and V0.9 Ma. The high-frequency
variations are more di¤cult to correlate from
one record to another, due to di¡erences in the
resolution and possible time scale discrepancies
between records.

Most of the long-term variations seen in con-
temporaneous paleointensity records from the
North Atlantic and Paci¢c oceans are reproduced
by our paleointensity record, and the main di¡er-
ences seem to appear as amplitude modulations of
the paleointensity. Therefore, we attribute a com-
mon geomagnetic origin to the features observed
in our paleointensity record. Some of the di¡er-
ences with other records could be due to failure in
removing some of the non-geomagnetic signal
present in the record, or uncertainties in chro-
nologies [16,35,36]. The best approach is probably
to compare our record with a database integrating
paleointensity records of resolution comparable
with that at Site 1101, and corresponding to dif-
ferent regions of the globe and to di¡erent lithol-
ogies. This type of comparison is tenuous for the
0.7^1.1 Ma interval, because few records exist

Fig. 9. Paleointensity proxies obtained by dividing the NRM demagnetized at 20, 30, and 40 mT by ARM demagnetized at 20,
30, and 40 mT (top), and the arithmetic mean of the three normalizations (bottom). The standard deviation associated with the
mean is plotted in gray.
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with reasonably good age control. However, some
answers may be provided by a study of the short
interval 0.95^1.1 Ma, which includes the Jaramillo
subchron. This interval is characterized by sharp
paleointensity features, and a time scale that is
relatively well constrained by the presence of
two geomagnetic reversals.

Nine paleointensity records corresponding to
di¡erent sedimentary environments are shown in
Fig. 11. There are six sites located in the Paci¢c
Ocean (ODP1021, [14] ; VM93, [15] ; S98, [37] ;
ODP1010C, [38]; KK78030, [39,40] ; KT99 [41]),
one in the Indian Ocean (MD940, [6]), one in the
Atlantic Ocean (ODP983, [3]), and Site 1101.
Most of these records show similar variations
with minima that are synchronous within a few
thousand years, although the amplitudes of spe-
ci¢c peaks may vary from one record to another.
Before performing a quantitative comparison, it is
important to reduce the discrepancies related to
resolution and dating. Over the time period con-
sidered, some of these curves have been dated
solely by magnetostratigraphy (ODP1010C,

KK78030, ODP1021, S98, KT99), others by cor-
relation of indirect climatic proxies to target
curves (VM93, MD940, ODP1101), and only
one using oxygen isotope techniques (ODP983).
This leaves some margin for small readjustments
of the age models for individual records. The age
model for ODP983 [3] was derived from the tun-
ing of precession cycles present in its N18O record
to those of the ice volume model of Imbrie and
Imbrie [42], and this paleointensity record prob-
ably has the highest resolution chronology. For
this reason, we correlated the major geomagnetic
features of all the paleointensity records to core
ODP983. We tied the records using correlation
points near the polarity reversals (Fig. 11b), main-
taining a consistent age for the two reversals at
the boundaries of the Jaramillo subchron, where
the intensity changes are the most dramatic. Other
paleointensity features could have been matched,
but the legitimacy of such a procedure would
have been di¤cult to assess without the existence
of independent control (i.e. oxygen isotope data).
We also resampled the data every 1 kyr to obtain

Fig. 10. Comparison of the paleointensity pro¢le obtained at Site 1101 with previously published records from the North Atlantic
[1^3] and the Paci¢c [15] oceans.
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an even time sampling and to reduce the di¡er-
ences in resolution (although some di¡erences re-
main), and normalized the data to equal mean
and variance over the time interval common to
all the records (0.958^1.086 Ma). The results of
this operation are shown on Fig. 11b, which is
similar to Fig. 11a.

A suitable procedure for evaluating the degree
of reliability of speci¢c records involves compar-
ing each paleointensity record to the rest of the
database. One statistical approach would be to
perform a test similar to a jackknife. In order to
do so, and to evaluate the amount of noise intro-
duced by each of the nine paleointensity records
in our database, we built nine distinct subsets of
data, each time removing a di¡erent record from
the database. For each subset of eight records, we
calculated the relative di¡erence between the aver-
age curve calculated with this particular subset
and a reference curve constructed with all the

records (Fig. 12a, hereafter referred to as the
Jaramillo Stack). This di¡erence provides a mea-
sure of the bias introduced by the record that was
removed from the database. If a signi¢cant
change is noticed in the average curve when a
speci¢c record is removed from the database, it
means that this record has a negative impact on
the stack, and therefore does not ¢t well to the
other records. The nine paleointensity curves ob-
tained by following this procedure are plotted in
Fig. 12b. From this ¢gure, it is not possible to
distinguish any outlier. The minimum di¡erence
between the average curves obtained with the
nine subsets and the Jaramillo Stack was found
with core KK78030 (1.0 þ 0.2%). The maximum
di¡erence was obtained with core KT99
(1.5 þ 0.2%) (Table 1). In addition, we calculated
the correlation coe¤cients between the individual
paleointensity records and the Jaramillo Stack.
All the correlation coe¤cients are greater than

Fig. 11. (a) Relative paleointensity at Site 1101 compared with eight other records over the time interval 0.95^1.1 Ma (ODP1021,
[14]; KK78030, [39,40]; MD940, [6] ; VM93, [15]; ODP1010C, [38]; S98, [37]; KT99, [41]; ODP983, [3]). All the records are
placed on their published age models. (b) The same records after minor readjustment of the time scales around the reversals (in
gray). The time scale of core ODP983 was taken as the reference. The records in (b) have been resampled at 1 kyr intervals.
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0.8 (Table 1), which indicates a strong correlation
between the records, and attests to their geomag-
netic origin.

8. Conclusions

We have investigated the magnetic properties of
a sedimentary sequence at ODP Site 1101 cover-
ing the time interval 0.7^2.1 Ma. The NRM of the
sediment is carried by pseudo-single domain mag-
netite, and yielded a directional record allowing
us to establish a magnetostratigraphy down to the
Olduvai subchron. In the sediment underlying the
Jaramillo subchron, two short geomagnetic events
were observed at 1.09^1.11 Ma (Event 1) and
1.14^1.17 Ma (Event 2). Event 2 is identi¢ed as

the Cobb Mountain polarity interval. Event 1,
which occurred closer to the onset of the Jaramil-
lo subchron, may be the same event as that ob-
served on the California margin (Paci¢c Ocean,
Site 1021) and in the Punaruu Valley, Tahiti.

We obtained a record of relative paleointensity
by normalizing the NRM with the ARM after
demagnetization at 20, 30, and 40 mT, over the
time interval 0.7^1.1 Ma. Comparison of the pa-
leointensity record obtained at ODP Site 1101
with records from the North Atlantic and Paci¢c
oceans indicated that the variations recorded at
Site 1101 are geomagnetic in origin. The quality
of the record was additionally assessed by a jack-
knife test over the time interval 0.95^1.1 Ma. This
enabled construction of a composite record of rel-
ative paleointensity for the Jaramillo subchron, by
compiling the geomagnetic features common to
nine sites from di¡erent oceans (Fig. 12a). Over-
all, the Jaramillo Stack displays the same varia-
tions as those documented in previous studies
(e.g. [3,38,39]) (Fig. 12a). The paleointensity var-
iations can be correlated from one hemisphere to
the other for this time interval, although features
may vary in amplitude from one record to anoth-
er. They re£ect global variations of the geomag-
netic dipole over the time span investigated here.
Better de¢nition of these features could be
achieved by slightly shifting the individual records
within the Jaramillo subchron, but the validity of
such a procedure cannot be established with the

Table 1
Compilation of the average di¡erences between the Jaramillo
Stack and the stacks (delta) calculated from nine subsets of
paleointensity records.

Paleointensity records Delta (%) R

ODP1101 1.3 þ 0.2 0.8
ODP1021 1.2 þ 0.2 0.9
VM93 1.3 þ 0.2 0.8
ODP983 1.1 þ 0.1 0.9
MD940 1.2 þ 0.2 0.8
S98 1.1 þ 0.1 0.9
ODP1010C 1.3 þ 0.1 0.8
KK78030 1.0 þ 0.2 0.9
KT99 1.5 þ 0.2 0.8

The uncertainties correspond to the standard error at the
95% level. Correlation coe¤cients (R) between individual pa-
leointensity records and the Jaramillo Stack.

Fig. 12. Results of the jackknife test performed on the paleo-
intensity records shown in Fig. 11. (a) Reference curve for
the test. This curve corresponds to the arithmetic mean of
the nine records in Fig. 11b. The error bars (in gray) corre-
spond to the standard error. The characteristic features of
this stack are labeled with numbers. (b) Jackknife results
showing the nine stacks obtained from nine subsets of paleo-
intensity records. Each subset is obtained by removing a dif-
ferent record from the entire database. The result corre-
sponding to the subset without core ODP1101 is shown in
black. No outlier can be identi¢ed.
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existing age control. Paleointensity minima num-
bered 3 and 7 in Fig. 12a are the most prominent
features of this compilation, and correspond to
the polarity reversals bounding the Jaramillo sub-
chron. Recovery of ¢eld intensity post-reversal is
abrupt and appears to occur within V15 kyr.
Additional records, with better age control and
higher resolution will be needed in order to reduce
the error bars, and extend the time domain ex-
plored by this type of compilation. With this in
mind, the recovery of complete and well-dated
sedimentary sequences from high latitudes will
be crucial for developing the database necessary
to test the various geodynamo models.
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