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Abstract

A paleomagnetic study was carried out on the radiocarbon dated MD97-2134 core located in the western Equatorial Pacific (Southern

Papua New Guinea margin). Rock magnetic investigations revealed changes of the magnetic mineralogy along the hemi-pelagic

sedimentary sequence but the reconstruction of past direction and relative paleointensity variations of the geomagnetic field remained

feasible. Four successive paleointensity drops are recorded between 30 and 50 ka BP. The largest one is associated with an abrupt swing

of declination and inclination interpreted as a smoothed signature of the Laschamp excursion (�41 ka BP). The succession of four events

of weak intensity between 30 and 50 ka BP introduces a complex behaviour of the geomagnetic field in the time interval spanning over the

Laschamp and the Mono Lake excursions.

r 2005 Elsevier Ltd. All rights reserved.
1. Introduction

High-resolution records of the paleomagnetic field
provide a series of markers applicable for global scale
correlation of paleoclimatic archives. The interval 30–50 ka
BP containing important evidence of the variability of the
climate during Marine Isotope Stage (MIS) 3 deserves
more detailed investigations. The present debate about the
Mono Lake and the Laschamp excursions and their
respective age illustrates this point. Quasi-reversed magne-
tizations measured in the Laschamp and Olby lavas
(Chaı̂ne des Puys, France) introduced the concept of rapid
incomplete reversals (Bonhommet and Babkine, 1967).
First dated between 20 and 8 ka BP (Bonhommet and
Zahringer, 1969), these lavas later provided K/Ar ages
between 40 and 50 ka BP (e.g. Gillot et al., 1979). The
excursion was later shown to be associated with weak
paleointensities (Roperch et al., 1988). Studies of Maar
lake sediments of Lac du Bouchet and Lac St Front
(Thouveny et al., 1990, 1993; Vlag et al., 1996) demon-
strated that wide departures of the virtual geomagnetic
e front matter r 2005 Elsevier Ltd. All rights reserved.
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pole occurred near 37 ka BP (33 ka 14C BP) during the
period of weakest relative paleointensities (RPI). Marine
sediments RPI and directional records also helped to better
constrain the age of the Laschamp excursion. By correlat-
ing a North Atlantic Paleointensity stack (NAPIS) (Laj
et al., 2000) to the cosmonuclide 36Cl record of the GRIP
ice-core, Wagner et al. (2000) constrained the age of the
low RPI event at �41 ka BP. The excursion, the low RPI
event and the associated 10Be overproduction are recorded
30 cm beneath the signature of Heinrich Event 4 in the
Portuguese margin sedimentary sequence, at an interpo-
lated age of �41 ka BP (Carcaillet et al., 2004; Thouveny
et al., 2004). These estimates agree with the mean age
40.472 ka computed from Ar/Ar and K/Ar datings of the
Laschamp and Olby lava flows (Guillou et al., 2004).
The occurrence of the excursion beyond the European

and North Atlantic area was attested by directional
anomalies and RPI minima recorded in sedimentary
sequences from the southern Atlantic Ocean (Channell
et al., 2000) and the southern Indian Ocean (Mazaud et al.,
2002).
Studies of lacustrine sequences of the western United

States have provided fundamental data about excur-
sions. The Mono Lake excursion was first described in
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Fig. 1. Geographical location of the Ashmore Trough and Core MD97-

2134 (star). The bottom panel presents the bathymetric map of the coring

site area and the relation with the coast line and the Fly river delta.

Intervals of bathymetric contours are 100m.
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sedimentary outcrops from the Mono Lake Basin, Cali-
fornia (Denham and Cox, 1971; Liddicoat and Coe, 1979),
and later found in other lake sequences from the same
region: Summer Lake (Negrini et al., 1984) and Lake
Lahontan (Liddicoat, 1992; Liddicoat, 1996). Preliminarily
dated at �24 ka BP (Denham and Cox, 1971), this
excursion was recently re-dated at �32 ka BP (Benson et
al., 2003) and associated with a low RPI event located at
�32 ka BP in the 36Cl record of the GRIP ice-core (Wagner
et al., 2000).

The ash layers of Wilson Creek at Mono Lake Basin
were recently dated to the interval ranging from 38 to 41 ka
BP (Kent et al., 2002). This timing and the absence of a
second excursion in the Wilson Creek Formation suggested
that the excursion recorded at Mono Lake is actually
correlative with the Laschamp excursion. However, at
Summer Lake, two distinct excursions are recorded
(Negrini et al., 2000; Zic et al., 2002).

Finally, both the NAPIS (Laj et al., 2000) and the GRIP
cosmogenic isotope records (Wagner et al., 2000) suggest
that two distinct geomagnetic dipole moment lows
occurred between 30 and 45 ka, supporting the distinction
of the Mono Lake and Laschamp excursions.

This non-exhaustive review of the evidence for the
Laschamp and Mono Lake excursions indicates that data
about paleomagnetic field changes during the 30–50 ka BP
interval are needed, especially from widely distributed
regions. Here, we present new paleomagnetic results
obtained from a sedimentary core (MD97-2134) collected
on the southern margin of Papua New Guinea, in the West
Equatorial Pacific, a region where paleomagnetic varia-
tions are poorly documented.

2. Geographical setting and core description

The MD97-2134 core (Fig. 1) was retrieved southeast of
the Papua New Guinea margin (Lat. 09154.44S; Long.
144139.65E, 760m depth). The core, 26.9m long, was
collected using the Calypso corer of the French R.V.
Marion Dufresne during the IMAGES III campaign
(1997).

Beneath 2m of oxidized biogenic carbonate ooze, the
sediments consist of green-grey hemi-pelagic clays. Iron
diagenesis is revealed by the presence of iron sulphide
(pyrite) and iron phosphate (vivianite) patches. Two thick
tephra layers are identified between 6.3 and 6.8m and
between 15 and 15.3m with sharp magnetic signatures.
Other thinner tephra layers are located at 8.3 and 13.25m.
The depth scale was corrected for two voids caused by gas
expansion.

3. Methods

After 4 years of storage in a cold room, the core was
subsampled using U-channels (length ¼ 1.5m; sec-
tion ¼ 2� 2 cm) and using standard 8 cm3 cubes of plastic
pushed into the sediment at regular intervals, in order to
obtain: (i) a low-resolution record (80 cm intervals) of the
anisotropy of susceptibility, and (ii) a high-resolution
subsampling (2 cm intervals) for the analysis of natural
remanent magnetization (NRM) within selected depth
intervals.
The magnetic susceptibility (MS) was measured on U-

channels samples using a Bartington MS2B probe. The
anisotropy of MS was analysed on the cubic samples using
a Kly 2 Kappabridge.
Hysteresis loops and demagnetization curves of the

saturation isothermal remanent magnetization (SIRM)
were analysed on selected microsamples using a VSM
Micromagnetometer (P.M.C., model 3900).
Natural and artificial remanent magnetizations were

measured on a three axis direct current SQUID
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magnetometer (2G model 760R) with response curves of,
respectively, �4 cm (for the X and Y axes) and �6 cm (for
the Z axis); this procedure of pass-through measurement
implies a slight smoothing of the signal continuously
measured on U-channels.

The NRM was measured every 2 cm on U-channels
collected along the core and on additional discrete samples.
The alternating field (AF) demagnetization was imposed at
successive steps [5, 10, 15, 20, 25, 30, 40, 60 and 80mT] on
U-channels and standard specimens. Stepwise thermal
demagnetization was imposed at 100, 160, 220, 280, 340,
400 and 500 1C on standard specimens dried in zero field at
ambient temperature.

Anhysteretic remanent magnetization (ARM) imparted
on U-channels in a 100mT AF and a 0.1mT steady field,
was measured and demagnetized according to the same AF
demagnetization process as the NRM.

Isothermal remanent magnetization (IRM) was imparted
in a 1T direct field (IRM1T) and a 0.3 T backfield
(IRM�0.3T) by passing U-channels through permanent
rare earth magnets (Rochette et al., 2001). In order to study
the IRM acquisition, discrete specimens were submitted to
stepwise increasing fields from 0 to 3T on a pulse
magnetizer. The IRM acquired at 3 T, called here satura-
tion IRM (SIRM), was then stepwise demagnetized up to
650 1C in an Argon atmosphere.

4. Rock magnetic results

The magnetic susceptibility variations and the natural or
artificial magnetizations intensity variations (Fig. 2) pre-
sent a few notable features: (1) high ARM and NRM
intensities at �2.5m; i.e. near the lithological transition
between clays and carbonates, (2) large MS and IRM0

spikes at the tephra layers and (3) a low MS and low
magnetization intensity interval (zone A) defined by sharp
boundaries at 8.8 and 11.8m. AF demagnetization of IRM,
ARM and NRM indicate that unblocking fields strongly
vary along the sequence (Fig. 2). Such variations are also
documented by normalized magnetic parameters (Fig. 3)
and indicate changes of the magnetic mineralogy and/or
magnetic grain size along the core. Magnetic susceptibility,
K (Fig. 3a) is mostly influenced by large ferrimagnets such
as coarse (Titano-) magnetite. The IRM1T is dominantly
carried by (Ti-) magnetite and secondarily influenced by
high-coercivity minerals, i.e. hematite or goethite. ARM is
mostly carried by (Ti-) magnetite; its unblocking field
varies with the grain size of this fraction. Therefore, if (Ti-)
magnetite is the only contributing ferrimagnetic mineral,
the ARM30mT/ARM ratio (Fig. 3c) constitutes a proxy of
the ARM medium destructive field (ARMMDF) which in
turn can be considered as a proxy of the relative grain size
of the (Ti-) magnetite fraction.

In summary, transitions from low to high, or high to low
ratios correspond to a decrease, or an increase of the
magnetite grain size. In the same conditions of (Ti-)
magnetite dominance, ARM/SIRM (Fig. 3b) and SIRM/K
(Fig. 3d) are inversely related to the magnetic grain size:
low ratios indicate large grain sizes as high ratios indicate
small. Such inferences cannot be drawn when other
ferrimagnetic minerals such as greigite (Fe3S4) and
pyrrhotite (Fe7S8) are present. Indeed, Roberts (1995)
showed that SIRM/K values of greigite are high; and Peters
and Thompson (1998) demonstrated that (i) pyrrhotite is
also characterized by large SIRM/K values and (ii) that
both pyrrhotite and greigite significantly increase the
ARM30mT/ARM ratio.
Those considerations imply that if the magnetic fraction

of the MD97-2134 was exclusively composed of (Ti-)
magnetite, then the three magnetic grain size indicators
(Fig. 3b–d) would present parallel variations along the
sequence. However, this is clearly not the case, especially
between 8 and 11m (zone A) where ARM/SIRM and
SIRM/K both decrease while ARM30mT/ARM abruptly
increases. This suggests that the magnetic fraction is a
mixture of different ferrimagnetic minerals. This hypoth-
esis can be checked using various coercivity parameters.
The hard IRM [HIRM ¼ 0.5 (SIRM+IRM(�0.3 T))] is

the fraction of SIRM acquired above 0.3 T i.e. by high-
coercivity minerals such as hematite, goethite or iron
sulphides (Fig. 3e). The S ratio, [�(IRM�0.3 T)/SIRM] is
the ratio of the magnetization of low-coercivity minerals
versus the total magnetization of all ferromagnetic
minerals.
HIRM variations (Fig. 3e) present several minima at

7–8, 8.8–11.8 (zone A) and at 13.5–14.5m, indicating low
concentration of high-coercivity minerals. The strongly
variable S ratio (Fig. 3f) reaches minimum values (0.65) in
zone A, further indicating a diagenetic dissolution of the
magnetite content.
Complementary information was drawn from hysteresis

cycles obtained between �1 and 1T (Fig. 4a–d) and from
stepwise IRM acquisition up to 3T (Fig. 4e and f).
Hysteresis loops, after correction of para- or dia-magnetic
contributions, generally indicate low saturation fields
(o0.3 T) and low coercivities (Hco8mT). Specimens of
zone A have stronger Hc and Hcr (Hc410mT and
Hcr420mT), indicated by wasp-waisted loops (Fig. 4c)
and by a larger IRM increase above 0.3 T (Fig. 4f).
Thermal demagnetization of SIRM was conducted up to
650 1C. In all cases, 95% of the SIRM is lost at 580 1C.
Specimens of zone A are distinguished by a rapid loss
of intensity between 240 and 400 1C that can be
related, according to Roberts (1995), to the presence of
greigite.
In summary, in zone A, magnetite dissolution is

suggested by weak susceptibility and remanence values.
The presence of ferrimagnetic iron sulphides is supported,
despite weak SIRM/K values, by the: (1) drop of the S

ratio, (2) increase of the remanence coercivity (up to
50mT), (3) wasp-waisted hysteresis loops, (4) accentuated
thermal demagnetization of the IRM between 240 and
400 1C and (5) abrupt increase of the ARMMDF at the
boundaries of zone A.
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The MD97-2134 sedimentary sequence is affected by
large changes of the magnetic fraction (nature, concentra-
tion and grain size) but these do not match with the first-
order paleoclimatic information deducted from the
classical d18Ocalcite proxy record (Fig. 3g). Despite
such variations, magnetic properties indicate that (Ti-)
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magnetite is the main carrier of the NRM throughout the
sequence, which allows to consider the paleomagnetic
study as feasible.

5. Paleomagnetic results

5.1. Stability of intensity and direction magnetization

The medium destructive field (MDF) of the NRM lies
between 25 and 30mT in hemi-pelagic sediments and above
40mT in sediments of zone A (Fig. 5a). A low unblocking
field magnetization probably of viscous origin was
removed below 10 or 15mT; the characteristic remanent
magnetization (ChRM) of selected pilot samples was thus
computed on at least five directions obtained between 20
and 60mT AF using the component analysis (Paleomac 5
software) (Cogné, 2003) (Fig. 5c–e). Thermal demagnetiza-
tion performed on discrete specimens confirms the relia-
bility of AF demagnetization (Fig. 5b and f–h). For U-
channels, the direction of magnetization isolated at 20, 30
and 40mT is compatible with the ChRM directions
obtained on specimens (Fig. 6a and b), although the
continuous measurement provides smoother declination
and inclination profiles.

Most inclination values (Fig. 6a) range between �351
and �51. The average inclination (�201) is fully consistent
with the inclination (�19.51) of the field produced by an
axial dipole at the site latitude. The inclination variation
defines a regular paleosecular variation (PSV) of7151 with
maximum amplitudes in the interval 4–6 and 7–8m. The
signature recorded between 9.5 and 11.5m is affected by a
larger scatter between successive inclination values and
characterized by the largest amplitude of the whole record
(up to 401 between 10 and 10.5m).

The declination curve (Fig. 6b) was constructed by
adjusting declination patterns at the section boundaries. A
correction of �501 was imposed on the declination values
in order to present declination curves centred on 01. The
most remarkable feature is a large amplitude swing (up to
701) recorded between 10 and 10.5m, affected by a larger
scatter between successive declination values. This event
corresponds to the anomaly described in the inclination
curve.

The most intriguing feature of the directional record is
the larger amplitude directional signature associated with
larger noise. Stepwise AF and thermal demagnetization
performed on specimens attest the stronger resistance of
the magnetization (Fig. 5a and b) and the instability of its
directions (Fig. 5h).

The anisotropy of magnetic susceptibility was measured
in order to check the sedimentary fabric along the core
(Fig. 7). Foliation dominates (Fo8%, Lo2%) everywhere
(Fig. 7b). Down to 9m, Kmax inclinations range from 01 to
201, and Kmin inclinations generally range around 801 (Fig.
7c). In the 10–10.5m interval, the scattered paleomagnetic
directions are associated with Kmin inclinations ranging
from 551 to 751. Since such weak bias does not constitute a
clue for secondary sedimentary fabric due to sediment
deformation, the scattered directions can be considered as
the expression of geomagnetic direction anomalies
linked with an abrupt secular variation or an excursion.
However, it should be noted that the computed paleomag-
netic pole co-latitudes do not exceed the conventional limit
of 451.

5.2. Estimation of the relative paleointensity variations

The use of normalized NRM intensity to evaluate RPI
variations conventionally relies on the reliability criteria
established by King et al. (1983) and further refined by
Tauxe (1993). In the present case, hysteresis ratios, Hcr/Hc
and Mr/Ms, suggest, as it is usually the case in sediment
mixtures, that average grain size corresponds to the
Pseudo-Single Domain range. It has to be emphasized,
however, that such observation could also derive from a
mixture of two populations of single domain and multi-
domain grains.
The IRMmax/IRMmin ratio, index of ferromagnetic

mineral concentration, presents large variations; the high-
est ratio (excluding the tephra layer) reaches �20 at �9m
and �12m. This is linked with the reduction and
dissolution effects in the zone A sediments that led to a
depletion in ferromagnetic minerals. Therefore, we can
anticipate the unsuitability of the NRM normalization for
reconstruction of the RPI variations across the boundaries
of zone A.
The normalized parameters commonly used for deci-

phering RPI from sediments (NRM/K, NRM/SIRM and
NRM/ARM) are presented in Fig. 6. Conventionally, the
co-variation of these three parameters is a prerequisite for
their use as RPI indicators (Tauxe, 1993).
NRM/K (Fig. 6d) and NRM/SIRM (Fig. 6e) present

similar behaviours, both strongly different from the NRM/
ARM profile (Fig. 6c). In the upper part, NRM/K and
NRM/SIRM regularly decrease in relation with increasing
trends of K and SIRM. In the lower part, and specifi-
cally across the boundaries of zone A, both exhibit
significant jumps linked to changes of mineralogy and/or
grain size of the magnetization carriers at the boundaries of
zone A.
NRM/ARM varies between 0.05 and 0.28 (Fig. 6c); four

intervals contain evidence of minimum NRM/ARM phases
(numbered 1–4). The largest amplitude variation is
recorded between 8.8 and 12m. A decreasing trend leads
to low phase 3 at 10.3m, with a noticeable step at 8.8m
coinciding with the upper boundary of zone A. A two-fold
increase including phase 4 (at 11.5m) ends by an abrupt
increase coinciding with the lower boundary of zone A.
These abrupt steps are linked to mineralogical and/or
grain-size changes of magnetization carriers at the bound-
aries of zone A. However, the continuity of NRM/ARM
signal throughout zone A and throughout the adjacent
sedimentary units suggests that the NRM/ARM ratio is the
most appropriate proxy for the RPI variations.
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Finally, the variations of directions and RPI are
compatible with the record of regular PSV, except
in the interval 10–11.5m where large amplitude direc-
tional swings occur during a two-fold low RPI
phase.
6. Chronological reconstruction and timing of the

paleomagnetic variations

The chronology of the sequence is based on 12 14C ages
corrected for a 400-year reservoir effect and calibrated
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Table 1

Calibrated 14C ages (De Garidel-Thoron et al., 2004) used to construct the

age-depth model of core MD97-2134

Corrected depth (m) Calibrated 14C age (ka BP) 1 sigma error (ka)

0 0.418 0.06

0.09 0.768 0.06

0.86 3.844 0.06

1.3 5.407 0.07

1.66 8.082 0.07

2 8.502 0.08

2.93 11.501 0.09

3.34 13.822 0.09

3.58 16.233 0.11

4.58 26.463 0.19

4.92 32.125 0.31

5.67 34.628 0.34

6.2 36.066 0.37

Ages were corrected from a 400 yrs reservoir age, and calibrated using

Stuiver et al. (1998) and Bard (1998) methods.
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Fig. 8. Chronological data and age/depth relationship used to construct

the core time scale. The depth scale is corrected by removal of the 66 cm

pristine tephra (see text). Radiocarbon ages (13 data given in Table 1) are

represented by white squares including the 1s error bars. The MIS 3/4

boundary is represented by a black star. The stratigraphic position of the

paleomagnetic anomaly is presented as a cross (linear interpolation) and a

black square (tuned chronology considering its identification with the

Laschamp excursion dated at 41 ka BP). Sedimentation rates are

indicated.
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using INTCAL 1998 (Stuiver et al., 1998) for the last 20 ka
and the equation proposed by Bard (1998) beyond 25 ka
BP (Table 1 and Fig. 8). The oldest chronological tie-point
is 59 ka BP and corresponds to the transition from the MIS
4 to 3 (Martinson et al., 1987) identified in the d18O record
of planktic foraminifera Globigerinoides ruber (De Garidel-
Thoron et al., 2004).

After removal of the 66 cm thickness of the pristine
tephra inter-bedded at �6.8m, considered as an instanta-
neous deposit, we constructed the age model by applying a
linear interpolation between the successive tie-points
(Fig. 8). Based on this age model, the major paleomagnetic
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features occurred at 31, 37, 45 and 48 ka BP coinciding,
respectively, with RPI lows 1, 2, 3 and 4 (Fig. 9a–c). The
directional anomaly characterized by highly negative
inclinations and eastward declinations is dated at 45 ka
BP, and corresponds to the weak RPI low 3. This event is
rapidly followed by a return to low negative inclinations
accompanied by a westward declination swing. We
interpret such a large-scale directional behaviour during a
low RPI event as the expression of a smoothed excursion.
The geomagnetic excursion classically reported worldwide
in the 45–40 ka BP time period is the Laschamp excursion,
dated at 40.472 ka BP by Ar/Ar (Guillou et al., 2004), and
not significantly different from the age of 41 ka BP retained
in both NAPIS (Laj et al., 2000) and SAPIS (Stoner et al.,
2002) reconstructions.

The accuracy of the chronological reconstruction can be
discussed on the ground of this identification. The
depth–age function can be improved by adding the age of
the Laschamp excursion as a tie-point (41 ka BP at 10.3m
depth). This solution introduces a minor change of
apparent sedimentation rates (Fig. 8) in comparison with
those occurring at 3.5 and 5m depths. The age of the older
RPI events is thus significantly modified: low RPI event 3
naturally falls at 41 ka BP and the low RPI event 4 now
falls at 45 ka BP (from 48 ka BP). Low-RPI events 1 and 2
are tightly constrained by 14C ages at �31 and �37 ka BP,
respectively. Despite the absence of concomitant excur-
sional directions, it is possible to propose a correlation of
these low RPI events with the events of weak dipole
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Fig. 10. Comparison of the MD97-2134 RPI record (a) with the SAPIS (b)

underlined.
moment linked to the Mono Lake excursion and to the late
part of the Laschamp excursion introduced by Negrini et
al. (2000).
7. Discussion

In order to assess the validity of the RPI curve on its
tuned chronological scale, we compared it with paleoin-
tensity stacks reconstructed for the North Atlantic
(NAPIS) and South Atlantic (SAPIS) regions (Fig. 10).
These stacks were recently completed with new individual
records and merged as a global paleointensity stack
(GLOPIS) (Laj et al., 2004). When separately plotted,
however, NAPIS and SAPIS still present significant
differences in the amplitude and in the structure of the
RPI, decrease from �50 to 40 ka BP. SAPIS is character-
ized by a smaller amplitude and by an additional RPI low
at 45 ka BP. A second difference is the timing and structure
of the RPI lows recorded after 33 ka BP; i.e. the youngest
RPI low is shifted by 3–4 ka.
The timing and structure of RPI lows in the MD97-2134

record better agrees with the SAPIS succession, but it must
be emphasized that the larger shifts between the MD97-2134
and NAPIS records may partially be explained by different
chronological constraints (14C ages and SPECMAP for
MD97-2134 and tuning on GISP2 for NAPIS-75).
Finally, the comparison presented in Fig. 10 suggests a

reasonable coherency between the MD97-2134 record with
40 50 60
ge (ka)

40 50 60
ge (ka)

2
3

4

and NAPIS and (c) RPI stacks. Correlations of major features 1–4 are
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the SAPIS record, but to a lesser extent with the NAPIS
record, over the interval 30–50 ka BP.

A detailed study of the authigenic 10Be/9Be ratio across
the 25–55ka BP interval (Leduc et al., 2004) has been
performed in order to assess the reliability of the RPI record
(Elsasser et al., 1956; Lal, 1988; Carcaillet et al., 2004).
Three significant peaks of the authigenic 10Be/9Be ratio
confirm the overproduction of the cosmogenic nuclide at the
time of low-RPI events 1, 2 and 3. Low-RPI event 4 does
not seem to be deep enough to induce a significant
overproduction. Surprisingly, the largest 10Be/9Be peak is
not correlated with the most severe low-RPI event 3,
assigned to the Laschamp excursion (41 ka BP), but is coeval
with the low-RPI event 2 dated at 37ka BP. These results
will be presented in detail and discussed in the light of the
paleomagnetic results in another article. They support our
paleomagnetic results introducing a complex behaviour of
the geomagnetic field, with 3 major and one minor events of
weak dipole moment between 30 and 50ka BP.
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