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The hypothesis of an influence of the astronomical precession on the geodynamo energy budget was recently
reappraised by theoreticians. Paleomagnetic indications of such an influence remain controversial because
reconstructions of paleointensity variations from sediments are suspected to be contaminated by lithological
paleoclimatically induced influences. Three sets of complementary indicators are however available:
1) records of the direction of magnetization in sediments, 2) records of magnetic anomalies of the deep sec
floor basalts and 3) records of production variations of cosmogenic isotopes from sediment and ice cores
These records confirm the genuine geomagnetic origin of paleointensity lows and their narrow link with
excursions or short reversals recorded in various materials and often dated by radiometric methods. The
analysis of these time series and their comparison with 5*®0 records of the paleoclimate suggest that such
globally recorded geomagnetic dipole lows have preferentially occurred in the context of interglacial or
transitional paleoclimates at the time of low or decreasing obliquity. The dominant periods, extracted with
the complex continuous wavelet transform technique, range from 40 to 125 ka, further suggesting a link with
orbital parameters. These results encourage future efforts of research to improve the precision, the resolution
and the dating of the time series of geomagnetic dipole low, in order to better decipher orbital signatures and
understand their origin. An important implication of this topic is that the next geomagnetic dipole low

should be related with the present interglacial.

1. Introduction

The Earth's magnetic field generation is attributed to a self-excited
dynamo process, maintained by the active convection of electrically
conducting fluids in the outer core modified by the Earth's rotation (e.g.
Glatzmaier and Roberts, 1995), and by a tidally-driven periodic forcing of
the core boundary and by a shearing stresses due to the Earth's axis
precession, conditions known to produce rotational parametric instabil-
ities (e.g. Aldridge et al., 1997; Aldridge and Baker, 2003).

After Poincaré's (1910) and Bullard's (1949) suggestions, Malkus
(1963, 1968) proposed that the internal Earth's magnetic field could be
maintained by the luni-solar precession, i.e. by a motion of the core
relative to the mantle, able to generate frictions transferring mechan-
ical, or magnetic, energy into the conducting fluids of the outer core.
Calculations then suggested that precession could produce only 10% ol
the energy supposed to be required to maintain the geodynamc
(Rochester et al., 1975; Loper, 1975).
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Geodynamo generation mechanisms became better understood
with numerical modeling and experimental systems involving highly

conducting liquids, usually liquid sodium, in rotating containers. Vanyc
(1991) showed that former calculation by Rochester et al. (1975) anc
Loper (1975) had largely underestimated the energy of the precession
New numerical experiments have re-evaluated this energy (Vanyo anc
Dunn, 2001; Roberts and Wu, 2005). The power required to drive the
geodynamo also appears to be smaller than previously estimated
(Christensen and Tilgner, 2004). Experiments contributed in showinc
that the flow geometry generated in a rotating and precessinc
spheroidal envelope filled with water, is similar to the flow in the
outer core inferred from geomagnetic secular variation (Vanyo, 2004)
Finally, numerical reconstructions of the dynamo effect of a precession-
driven flow in a spherical container (Tilgner, 2005) showed that i)
laminar and unstable flows maintain the dynamo; ii) for low ratios of
viscosity/geostrophic forces (i.e. low Ekman numbers), the dynamc
predominantly relies on the flow components excited by instabilities; iii)
the periods of motion are equal to the rotation period of the boundaries;
iv) a magnetic dipole moment undergoes slow variations interrupted by
reversals. Roberts and Wu (2005) gave the most synthetic and positive
opinion on this issue: “all that has been unequivocally established in
the intervening 55 yr is that precession can in principle supply the



geodynamo with abundant power. The question of whether the
geodynamo draw on this power is still unanswered, though it seems
probable from the work of Tilgner (2005)”.

Attempts to extract information from paleomagnetic records started
in the late 70s: using the protocol of Levi and Banerjee (1976), Kent and
Opdyke (1977) constructed a relative paleointensity (RPI) record for the
last 700 ka by dividing the natural remanent magnetization (NRM)
intensities by the anhysteretic remanent magnetization (ARM) inten-
sities measured along a core. They interpreted an emerging 43 ka period
as the sign of a modulation of a precession-driven dynamo by changes of
the Earth's axis tilt (obliquity) and noted that a future confirmation of
such observation (i.e. correlation between geomagnetic paleointensity
and obliquity) should evidence the contribution of forces arising from
the Earth's precession to the geodynamo. Considering the “good
evidence that long term climatic variations have been controlled at
least in part by Earth's orbital parameters”, they added that “a
correspondence between some component of climatic change and
variations of the Earth's magnetic field could be expected”. The
suggestion that geomagnetic excursions could be related to global ice
volume and Earth's eccentricity (Doake, 1977 and Rampino, 1979) laid on
non-normalized magnetic intensity records, which imposed a first bias.
Kent (1982) denounced the “apparent correlation of paleomagnetic
intensity and climatic records in deep sea sediments resulting from a
pronounced dependence of NRM intensity on sediment composition”
and concluded that “a weak positive correlation between the NRM/IRM
ratio and CaCO3;” can be “optimistically related to some geomagnetic—
climatic dependence or more likely to an inadequacy in the normal-
ization by IRM to take into account fully the strong lithological effect on
the NRM”. Various strategies were then employed to attempt improving
the reliability of RPI records. Selective criteria for the reliability of the
normalization by susceptibility, IRM and ARM were proposed (Kingetal.,
1983). Re-deposition of sediments under a controlled magnetic field was
attempted (e.g. Tucker, 1981) and tested (e.g. Thouveny, 1987). Other
improvements used progressive alternating field (AF) demagnetization
of ARM and IRM in a pseudo-Thellier approach (Tauxe, 1993; Tauxe et al.,
1995; Valet and Meynadier, 1998; Valet, 2003). Attempts to further
diminish or remove residual effects of grain size or magnetic
mineralogical variation were carried out (e.g. Williams et al., 1998) but
did not significantly modify the structure of the signals. Models and
experiments developed by Tauxe et al. (2006) suggested that environ-
mental factors controlling the flocculation of magnetic particles in saline
environments influence the depositional remanent magnetization
acquisition and play a critical role in determining reliability and accuracy
of normalization methods. Consequently, similarities persisting between
environmental records and normalized intensity records systematically
lead to question the reliability and the geomagnetic significance of RPI
records and lead to develop physical and analytical techniques to
improve the criteria for selecting the most accurate normalization
parameters (Hofmann and Fabian, 2007; Fabian et al., 2008)].

Spectral analyses of individual or stacked normalized intensity
signals often evidenced that the maximum variance is more or less
assignable to orbital parameter frequencies. This led to consider that
such “orbitally affected” paleomagnetic records suffer from significant
biases imposed by lithological and/or paleoenvironmental changes (i.e.
magnetic grain size, magnetic mineralogy, maghemitization). For
example, Channell et al. (1998), analyzing the NRM/ARM and NRM;
IRM signals along the last 700 ka of ODP holes 983 and 984 (North
Atlantic) attributed the dominant 100 ka period to the lithological
changes under the influence of glacial-interglacial alternations
However, admitting that the other significant period (41 ka) present
in the normalized magnetic intensity signal but absent from
paleoenvironmental records, could not be easily explained in terms
of lithological changes, these authors concluded that “orbital obliquity
affects the geomagnetic field intensity, presumably due to the effect of
obliquity on precessional angular velocity and hence on precessional
forces in the Earth's core”. Kent (1999) concluded from a similar

observation for an “evidence for orbital forcing of the geomagnetic
field”.

A dominant 100 ka period was found in RPI records from the Pacific
Ocean (Yokoyama and Yamazaki, 2000). The absence of this period in
the normalizing parameter (IRM) record supported the “possibility of
an external energy supply of the geodynamo variation through orbital
forcing or climate change”. This observation, initially limited to the last
700 ka, was extended to the last 2 Ma for inclination (Yamazaki and
Oda, 2002) and RPI variations (Yokoyama et al., 2007). NRM
inclination variation in the Equatorial band record reversals, excur-
sions, and paleosecular variation and have no reason to be biased by
lithological changes. The latter are moreover paced by the 41 ka, and
not by the 100 ka, period in this time interval.

Fuller (2006) compared paleointensity records, excursions and
reversals with obliquity variations, over various time ranges and
reached radically different clues: 1) the strongest RPI minima of the
last 800 ka correlate with obliquity minima, 2) polarity intervals
shorter than 100 ka occur at 30—40 ka periods, “marginally shorter
than the obliquity period”, 3) reversals preferentially occurred when
the average amplitude of the obliquity is low, 4) the most recent
reversals occurred near the inflection point of the descent slope from
obliquity maxima (verified for most of the reversals of the last 4 Mz
except the boundaries of the Olduvai event), 5) the last nine reversals
have a non-random phase relation to the obliquity signal, 6) the dating
of older reversals is not accurate enough: an error of 0.33% is sufficient
to destroy the relationship. Testing the relationship between the
obliquity and eccentricity phases and the ages of reversals or
excursions, Xuan and Channell (2006) have confirmed that reversals
of the last 5 Ma preferentially occurred during decrease of the
maximum obliquity envelope.

Other studies found no orbital periods or demonstrated their
artificial origin. Kent and Carlut (2001) did not find any “discernible
tendency of the reversals of the last 5.3 Ma to occur at consistent
amplitude or phase of obliquity nor eccentricity”. Analyzing the Sint-
800 curve, Guyodo and Valet (1999) concluded that no significant
stable periodicity could be retained, not even a 100 ka period
emerging in the 400-800 ka BP interval. Analyzing the 11 Ma RPI
record of ODP site 983, Guyodo et al. (2000) revealed periods near the
eccentricity and obliquity periods but interpreted that as due to &
lithological bias. Horng et al. (2003) and Roberts et al. (2003) did not
find any statistically significant 100 ka cycle in the 2.2 Ma long
Caroline basin record of Yamazaki and Oda (2002). They also denied
the influence of eccentricity because the 400 ka period typical ol
orbital eccentricity was not present. Most recently, several studies led
to contradicting conclusions. Heslop (2007) investigated the Sint-80C
and SPECMAP curves with a continuous wavelet transform routine
and concluded that periods ranging between orbital periods did not
reveal significant orbital or paleoclimatic influences on the geomag-
netic spectrum. Xuan and Channell (2007) applied power spectral
analysis and continuous wavelet analysis to four relative paleointen-
sity (RPI) records and their normalizer records covering the last 2 Mg
selected in the North Atlantic and North Pacific oceans. They
concluded that orbital cycles (significant power at 100 kyr and
41 kyr periods) detected in these paleointensity records are due tc
incomplete normalization of the natural remanent magnetization
(NRM) records for changes in magnetic concentration and grain size.
They pointed out however that since “RPI records can be satisfactorily
correlated across differing climatic regimes” and since “filtering
orbital power from the time series does not appreciably alter the RPI
records”, the lithologic contaminations do not debilitate the paleoin-
tensity records. Despite such a reassuring conclusion, such RPI-
paleoclimate relationships as observed by Xuan and Channell (2007)
recall a tendency denounced by Channell (1999) “for paleointensity
lows to correlate with peak interglacials”. The labeling system
proposed by Lund et al. (2006), relating excursions and RPI lows of
the ODP 1062 record with the contemporary paleoclimate trend,



revealed the dominance of odd-numbered excursions, suggesting &
narrow relationship with interglacial episodes. If such relationships,
concerning such major features are due to lithological contamination,
one cannot declare that the “lithologic contaminations do not
debilitate the paleointensity records” and one can readily reject the
geomagnetic significance.

In the present article, we first examine the reliability of ggomagnetic
moment proxy records by:

1) comparing relative paleointensity variations (RPI) with cosmo-
genic nuclide production variations reconstructed from the same
cores (e.g. Carcaillet et al., 2003, 20044a,b).

2) comparing the virtual axial dipole moment (VADM) stack Sint-80C
(Guyodo and Valet, 1999) with the sea floor magnetization
intensity record (Gee et al., 2000).

3) integrating paleomagnetic excursions reported for the Brunhes
epoch in the geomagnetic dipole moment lows series.

We will then analyze the timing of geomagnetic dipole moment
lows and excursions in the context of glacial/interglacial alternations
documented by 520 records.

Finally we evaluate and discuss the possible relations with orbital
periods.

2. Geomagnetic dipole lows and excursions of the Brunhes chron

According to studies of various rock-types sampled worldwide,
the normal polarity of the Brunhes chron is affected by a priori
different types of instabilities. Initially, the concept of “excursion”
was by convention linked with departures of the paleomagnetic
vector by more than 40° away from the direction of the average field
assignable to a geocentric axial dipole. However this concept is toc
often confused with that of “polarity event” which conventionally
designates complete and worldwide identified short reversals. Thig
criterion of “globality” yet depends on the geographical distribution
of paleomagnetic records available for a given time interval, which is
itself constrained by the distribution of studied deposits. The
criterion of duration and amplitude are biased by intrinsic properties
of the recording material (i.e. sediment lock-in depth, duration and
continuity of volcanic emissions) and by sampling and measure-
ments conditions affecting the temporal resolution. In fact, &
“polarity event”, like a short chron, should be framed by twc
distinguishable paleointensity drops separated by a legible return to
high intensities.

An ongoing debate about the distinction between the twa
youngest, and most seriously documented, excursions illustrates the
ultimate difficulty of establishing an exhaustive and accurate directory
of the Brunhes excursions.

— Quasi-reversed magnetizations of the Laschamp and Olby lavas
(Chaine des Puys, France) introduced the hypothesis of a recent
short reversal (Bonhommet and Babkine, 1967; Bonhommet and
Zahringer, 1969) later dated between 40 and 50 ka BP (e.g. Gillot et al.,
1979). This so-called “Laschamp event” was later found to be linked
with extremely weak absolute paleointensities (Roperch et al., 1988).
Its traces were searched and found in sedimentary deposits of Maar
lakes of the same region: amplified secular variation swings or quasi-
reversed paleomagnetic directions accompanied by weak relative
paleointensities (RPI) appeared in layers dated at ~37 ka corrected
14C BP (Thouveny et al., 1990; Thouveny and Creer, 1992; Thouveny et
al.,, 1993; Vlag et al., 1996). Marine sediment records contributed tc
confirm its wide extension and set its age (Guyodo and Valet, 1996)
The correlation of the NAPIS record (Laj et al., 2000) to the GRIP ice
core *¢Clrecord (Wagner etal., 2000) provided a precise age of ~41 ka
BP. Low RPI and excursional directions assigned to the Laschamp
were then evidenced in sequences of the north Atlantic (Channell,

1999; Lund et al., 2005), south Atlantic (Channell et al., 2000) and
south Indian Ocean (Mazaud et al., 2002).

— The other historical and exemplar discovery of excursion was
made in lake sediment deposits of western North America, at Monc
Lake (Denham and Cox, 1971; Liddicoat and Coe, 1979), Summer
Lake (Negrini et al., 1984) and Lake Lahontan (Liddicoat, 1992, 1996).
First dated at ~24 ka BP (Denham and Cox, 1971; Coe and Liddicoat.
1994), the Mono Lake excursion was re-dated between 26 and 30 ka
BP (Lund et al., 1988) and near 32 ka BP (Negrini et al., 2000). Out of
the Western U.S. region, directional and low RPI features were
recorded between 32 and 16 ka BP in the Baffin Bay sedimentary
sequence and tentatively correlated with the Mono Lake excursion
(Thouveny, 1988). The low RPI episode documented by Liddicoat and
Coe (1979) was related to a cosmogenic 3¢Cl enhancement
documented at 32 ka BP in the GRIP record (Wagner et al., 2000).
The dating of ash layers framing the excursion at Wilson Creek (Kent
et al., 2002) surprisingly provided ages ranging from 38 to 41 ka BP.
suggesting that the excursion recorded at Mono Lake is the
Laschamp excursion. Despite new dating and new attempts ol
correlation of the Mono lake paleoclimatic proxy record to the
Greenland record (Zic et al,, 2002; Benson et al., 2003), the recent
correlation of the Mono lake RPI stack (Zimmerman et al., 2006) tc
the GLOPIS record of Laj et al. (2004) supports this identification.
Finally recent detailed studies (e.g. Channell, 2006; Blanchet et al..
2006; Leduc et al., 2006) document a highly complex behaviour of
the geomagnetic moment between 30 and 45 ka BP.

This debate highlights the need to strengthen paleomagnetic
characterizations of each excursion by studying various rock facies
and numerous sediment sequences. It also evidences the necessity tc
perform multiple and methodologically independent dating of each
paleomagnetic excursion preferably from various recording materials.
Ultimately it shows that each chronological windows supposed
to contain an excursion should be investigated to decipher the
cosmogenic nuclide overproduction triggered by the dipole field
reduction. Former studies of sedimentary cores (e.g. Raisbeck et al.
1985) and ice cores (e.g. Raisbeck et al., 1987), demonstrated that
reversal and excursions led to cosmogenic nuclide overproduction.
Other studies (e.g. Henken-Mellies et al., 1990) however suggested
that such results were neither systematic nor significant. These
evidenced that environmental parameters, like the deposition rate.
have to be considered prior to selecting the studied sites. Recently, we
attempted to decipher the cosmogenic nuclide signatures on sediment
cores jointly studied for paleomagnetic identification of low RPI and
excursions. The Portuguese margin record was constructed on parallel
cores covering the last 300 ka with sedimentation rates of 10 to 20 cm/
ka (Thouveny et al., 2004; Carcaillet et al.; 2004a). The West Equatorial
Pacific records cover two time intervals with different sedimentation
rates: the interval 20 to 80 ka BP with ~50 cm/ka (Blanchet et al.
2006; Leduc et al., 2006) and the interval 600 to 1300 ka BP (Carcaillet
et al.,, 2003) with ~3 cm/ka.

By analogy with NRM normalization principles, the reconstruction
of pristine cosmogenic production rate variations requires to correct
the concentration of cosmogenic *°Be for the effects of terrigenous flux
variations. The °Be which has a lithogenic origin and the same chemical
behaviour as '°Be, is considered as the most appropriate normalizer.
Indeed, variations of erosion and transport of terrigenous materials not
only provoke variations of the input of solubilized °Be but also
variations of the adsorption capacity on the settling particles of the
solubilized *°Be. Thus the authigenic *°Be/°Be ratio (i.e. adsorbed on
the settling particles), corrects effects of variable terrigenous fluxes
and allows reconstructing the cosmogenic '°Be production rate
variations (e.g. Carcaillet et al, 2004ab; Leduc et al., 2006). A
calibration of the *°Be/°Be ratio using absolute dipole moment values



(Carcailletetal., 2004b) provided a relationship in the form : P=¢c- M™
[where P is the cosmogenic nuclide production at time t, M is the
magnetic moment at a time t, ¢ is a constant, and x is a natural
number], in remarkable agreement with relations established by
Elsasser et al. (1956) and Lal (1988, 1992).

Another proxy of the sediment flux, the excess of Thorium 23C
(**°Th,,) has been used on sediment sequences from the South
Atlantic (last 300 ka on ODP leg 177, site 1089; Christl et al., 2007) and
from the North Atlantic (an interval near 180—-220 ka BP at ODP sites
983 and 1063; Knudsen et al., 2008).

Low °Be/°Be ratios accompany high and medium RPI values, and
conversely, all peaks of the authigenic *°Be/°Be ratio occur at the same

time (depth) as RPI drops. This proves that over these intervals of the
Brunhes and late Matuyama epochs, the RPI lows linked with
excursions and reversals were global and provoked cosmogenic
nuclide enhancements. We thus feel allowed to call them geomagnetic
dipole lows or GDL.

In the Portuguese margin sequence the series of RPI lows and
cosmogenic nuclide production enhancements recorded for the last
300 ka (Fig. 1) are directly linked to paleomagnetic excursions.

— The Laschamp excursion is recorded as large amplitude
directional swings occurring in a major RPI low (Labeled “a”
located at 1420-1450 cm. The corresponding *°Be overproduction

Age (Ka BP)

= [Catab Rid1 [+

1200 1400 ME00 1800

b. MDA5-2040

Fig. 1. Variations of the relative paleointensity produced by the NRM/ARM normalization and variations of the authigenic *°Be/Be ratio along the depth (cm) in the cores of the
Portuguese margin: MD95-2042 (top) and MD95-2040 (bottom). The RPI record labeled MD95-2040 is a stack of two core records (MD95-2039 and MD95-2040). Upper horizontal
axes provide at 2 m intervals the ages obtained from the depth to time reconstruction. Heinrich layer #4 is located at 1381 cm in core MD95-2042, at least 20 cm above the signature
of the Laschamp event (see text). Grey area point out the position of each GDL recorded by significant RPI and '°Be/Be ratio signatures. Modified from Thouveny et al. (2004) anc
Carcaillet et al. (2004a,b). The cosmogenic response to GDL “h” was recently revealed (labeled here H) (Jouve, Bourlés, Thouveny unpublished Master thesis).



(labeled A) is located at 1400-1425 cm which suggests a lock-in
depth of the magnetization of 20-25 cm. These expressions of
the dipole collapse are recorded at the age of 41-42 ka BP (using
calibrated ages of Bard et al., 2004). They lie 20-30 cm beneath
the IRD layer of Heinrich Event #4, itself independently dated at
39.4+0.95 ka BP (Thouveny et al., 2000). This robust stratigraphic
constraint on the age of the Laschamp perfectly agrees with its
chronological position in the GLOPIS record (Laj et al., 2004), as
well as with the ages [*°Ar/3°Ar age=39.2+2.5 ka BP (10) ; K/Ar
age=41.4+1 ka BP (10)] obtained on the Laschamp and Olby flows
(Guillou et al. (2004). It thus implies that the collection of K/Ar age
(average age=37+0.7 ka BP) recently obtained by Plenier et al
(2007) may be biased by younger excursional lava flows.

— In the 60-80 ka BP interval the RPI record shows 3 minor drops.
but the relatively low resolution of the cosmogenic isotope record
does not reveal significant change. Yet, RPI low were reported at
this time in lake records of le Bouchet (Thouveny et al., 1993) and
Baikal (Peck et al., 1996; Demory et al., 2005) as well as in marine
records (Guyodo and Valet, 1999; Laj et al., 2004), and an excursion
was signaled in cores of the Norwegian sea (Nowaczyk and
Frederichs, 1999).

— Between 90 and 125 ka BP a long lasting RPI low is divided intc
two sub-units (b1l and b2) centered at 95-100 ka BP and 115-
120 ka BP respectively. The oldest one accompanied by a double
inclination anomaly and a declination swing has been correlated tc
the Blake event (e.g. Creer et al., 1980; Tric et al., 1991) dated
between 114 and 120 ka BP (e.g. Fang et al, 1997). The same
succession was signaled by Thouveny et al. (1990) in the Lac du
Bouchet record: an excursion at 95 ka BP followed a nearly
complete reverse to normal transition occurring at 115 ka BF
attributed to the Blake event. The youngest excursion reported in
the Portuguese margin record was provisionally called here the
“post-Blake” excursion. The major GDL “containing” the twc
excursions lasts 30 to 35 ka and is signed in the two studied
cores (Figs. 1 and 3) by two (in MD95-2040) or three (in MD95-

2042) successive episodes of cosmogenic nuclide overproduction
(“B1” and “B2”).

— Between 185 and 198 ka BP a deep RPI low (c) accompanies large
inclination and declination swings. A significant cosmogenic
nuclide production enhancement (C) occurs at 190 ka BP. This
expresses the “Icelandic basin event” a short full reversal defined
on ODP cores 983 and 984 (Channell, 1999), and confirmed in the
Lake Baikal sediments (Oda et al., 2002; Demory et al., 2005).

— Between 200 and 215 ka BP, a RPI low (d) and a cosmogenic
nuclide production enhancement (D) correlate with the Pringle
Falls excursion dated at 218+10 ka BP by “°Ar/3°Ar on a tephra ol
this locality (Herrero-Bervera et al., 1994).

— Centred at 240 ka BP, a marked RPI low (e) and a minor
cosmogenic nuclide production enhancement (E) occur at ~236 ka
BP. This agrees with the age of 230+12 ka BP obtained on
excursional lavas at Mamaku (New Zealand; Shane et al., 1994),
until now supposed to have recorded the Pringle falls excursion
(e.g. McWilliams, 2001). A small amplitude RPI drop (f), validated
by one single cosmogenic nuclide enhancement (F) falls at 250~
255 ka BP, time of the Calabrian ridge O excursion (Mediterranean
core KC-01B, Langereis et al., 2000) and Fram strait excursion
(Nowaczyk and Frederichs, 1999).

— At 290 ka BP the deep RPI low (g) associated with anomalous
directions defining the “Portuguese margin excursion” is accom-
panied by a sharp cosmogenic nuclide production enhancement (G).
— At 315-320 ka BP, with the deep RPI low (h) a significant *°Be
enhancement labeled here “H” was recently revealed (Jouve.
Bourlés, Thouveny, unpublished results).

The cosmogenic nuclide record of the cores of the Portuguese
margin is now under completion using the Accelerator mass spectro-
meter “ASTER” installed at Cerege in 2006.

For the 300—800 ka BP time interval the global stacked record Sint-
800 (Guyodo and Valet, 1999) can be compared with the magnetiza-
tion record of the South-East Pacific deep sea floor (DSF) measured
with a deep-tow magnetometer (Gee et al., 2000). Such record derives
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Fig. 2. The RPI stack Sint-800 expressed as Virtual axial dipole moment (VADM, in 1022 A mz) (Guyodo and Valet, 1999) and the south East Pacific deep sea floor magnetization recorc
(DSF) (A/m) (Gee et al., 2000) on their respective time scales. Continuous grey bands emphasize GDL recorded at the same time in both records. Light grey bands mark the
discrepancies (inconsistencies or chronological mismatches). Excursions, i.e. witnesses of dipole field configuration departures are listed at their respective ages (see text). Note thai
the expression of the Brunhes—Matuyama boundary is recorded by minimum values of the VADM (top curve) and by the transition from negative to positive values in the DSF recorc
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Fig. 3. The Portuguese margin paleomagnetic and cosmogenic isotope stacks (see Fig. 1 and text) have been plotted along the 5'°0 record obtained on core MD95-2039 (Thomsor
et al., 1999). GDL and the resulting cosmogenic isotope peaks are marked by grey bands. Corresponding excursions have been indicated (italics for the weakest cases). Interglacial;
glacial alternations are conventionally labeled as follows: odd digit for interglacial complexes, even digits for glacial complexes, odd—even couples for stadials (glacial episodes)
interrupting interglacials complexes, odd.odd couples for interstadials in interglacials complexes, even—odd couples for interstadials interrupting glacials complexes. Dashed lines
discriminate glacial, interglacial and transitional modes (see text). The chronological position of MIS 10 and 11 is refered to the specmap curve (Martinson et al., 1987).

from radically different concepts and methods, both for the variable
measured (a magnetic field) and for the spatial variation (temporal
variability). The variable depends on the thermo-remanent magneti-
zation acquired by underlying crust at the time of its formation
Assuming a reasonably constant ridge expansion rate, the time scale of
the DSF record was derived by linear interpolation between O (present
time) and 780 ka BP, age of the B/M reversal (Gee et al., 2000). This
proxy record should be interpreted as a regional record integrating
contributions of the non-dipole field, however its advantage over
sedimentary records lie in the total absence of paleoclimatic bias on
the paleointensity proxy. As a matter of fact, neither the nature, nor
the quantity of magnetic minerals of the oceanic crust, can be
considered as being influenced by glacial/interglacial alternations.

The Sint-800 and DSF records on their respective time scales
exhibit the same rhythms and amplitudes of deep lows, attributable to
magnetizations acquired in a weak or even in a reverse field (Fig. 2).
Since cross-correlation coefficients will drastically depend on wiggle
matching, we found more efficient and convincing to analyze the
series of GDL features on their own original time scales.

At 40 ka the GDL a, associated with the Laschamp event appears as
a relatively wide feature in the Sint-800, but as a very sharp reverse
signal in the DSF record. Different structures are evidenced between
40 and 150 ka BP. A secondary feature labeled a" has been
distinguished in both records at 60—65 ka BP, the age of the Norwegian
sea excursion. GDL features bl and b2 assignable to the post-Blake
excursion and to the Blake event are recorded between 95 and 125 ke
BP in the Sint-800 and between 100 and 120 ka BP in the DSF record
The GDL c, “Icelandic basin event” occurs at 190 ka BP in Sint-800 anc
at 200 ka BP in the DSF record. At ca 218 ka BP, the Sint-800 contains ¢
weak feature (d) related to the Pringle Falls excursion in the
Portuguese margin record, which seems to be integrated in the
descent from high intensities to the low c of the DSF record. The GDL e,

linked with the Mamaku excursion, is weakly expressed at ca 240 ka
BP in both Sint-800 and DSF records. Between 260 and 350 ka BP, both
records contain features of limited amplitude: GDL f (260 ka BP) linked
to the Calabrian Ridge O (or Fram strait) excursion, GDL g (290 ka BP)
linked to the Portuguese margin excursion, and GDL h (320 ka BP)
linked to the Calabrian Ridgel excursion. At 390 ka BP the GDL i is

Table 1
Geomagnetic dipole lows and related excursions of the last 400 ka revealed in the
Portuguese margin sequence are listed as a function of their age

RPI low Name of the 1°Be/°Be AGE(ka BP) Occurrence of GDL vs
label excursion enhancement Portuguese marine isotope stages in
or event label Margin record the Portuguese Margin cores
a Laschamp A 41-43 Interstadial 3
(Dansg-Oeschg 1.5.10)
a’ Norwegian sea  Insignificant 75 End of interstadial 5.1
bl Post-Blake B1 100 Interstadial 5.3
b2 Blake B2 110-120 End interglacial 5.5
c Icelandic © 190 End interglacial 7.1
basin
d Pringle Falls D 210 235- End interglacial 7.3
e Mamaku E 240 255 End interglacial 7.5
f CRO/Fram St F single dat. 290 Interstadial 8.3. (glacial 8)
g Portuguese G Interstadial 9.1
margin
h CR1 H (unpubres) 315-320 Interglacial 9.5 transition
9.4 (specmap)
i Levantine Under study 400-385 Interglacial 11 (specmap)

The paleoclimatic context of their occurrence is identified by the marine isotope stages
labels (see text). Names in bold characters distinguish the excursions expressed by
inclination and/or declination anomalies in the same cores. Bold numbers give the ages
of cosmogenic nuclide enhancements. Italic data indicate cases to be completed.



assignable to the Levantine excursion defined in cores V12-122 and
RC9-181(Ryan, 1972) and core KC-01B record (Langereis et al., 2000).

Near 450 ka BP, one single GDL (j) in the Sint-800 is expressed by a
two-fold anomaly at 440-470 ka BP in the DSF. The “Emperor event”
defined by one single reverse inclination datum in core V12-122
(Jamaica ridge; Ryan, 1972) was first loosely dated at 465+50 ka BP on
reversely magnetized lava flows from Idaho (Champion et al., 1981). Its
re-dating on the same lavas at 565+ 14 ka BP led Champion et al. (1988)
to redefine it as the “Big Lost event”. Despite this ambiguity, we felt
legitimate to keep the name “Emperor” for GDL j defined at 450 ka BP.

At 500 ka BP a minor GDL (k) in the Sint-800 has no clear
equivalent in the DSF record but can be related with another anomaly
in the sea floor magnetic record of the Galapagos spreading centre,
broadly dated at 490+50 ka BP (Wilson and Hey, 1980).

Both records exhibit a two-fold GDL at 520 ka BP (I) and 555 ka BF
(m) at the time of two known excursions: 1) Calabrian ridge 2 signaled
at ~515 ka BP (Langereis et al., 2000) is related with anomalous
directions and weak paleointensities recorded in lava flows of the Eifel
(Germany) dated by “°Ar/3*°Ar at 528+ 16 ka BP (Singer pers. comm.).
2) Big Lost described in lava flows from ldaho dated at 565+ 14 ka BF
(Champion et al., 1988) and re-dated at 558+20 ka BP (Lanphere
2000) also recorded by anomalous directions and weak paleointen-
sities in lava flows of the Eifel dated by “°Ar/*°Ar at 555+16 ka BF
(Singer pers. comm.). The excursion and the GDL are both recorded at
~540 ka BP in ODP sites 983 and 984 (Channell et al., 2004).

Paleaclimate

Dipole Momant

At 590-600 ka BP a marked GDL (n) was related by Guyodo and
Valet (1999) to an excursion recorded in lavas of La Palma Island
(Canary) dated at 602+24 ka BP (at 20) (Quidelleur et al., 1999).
Another age of 580+8 ka BP obtained from the same lavas by Singer
et al. (2002) was first considered as identical with that (558+20 ka BP)
obtained for the Big Lost excursion by Lanphere (2000). Recent dating
of excursional lavas of the Eifel (578+8 ka BP) and of Tahiti (579+6 ks
BP) (Singer pers. comm.), however tend to place the occurrence of the
“La Palma excursion” at ~580 ka BP, in agreement with the age of GDL
n at 590 ka BP. Again, the excursion and the GDL are both recorded
at ~590 ka BP in ODP sites 983 and 984 (Channell et al., 2004).

At 620-630 ka BP, both the Sint-800 and the DSF mark a first
minimum before the La Palma excursion, this feature labeled o can be
related to a full reversal recorded in a soil section in the Lishi loess
sequence (Liu et al., 1988).

A two-fold feature, GDL p and q, occurs in both records between
670 and 710 ka BP. It can be related to a double inclination anomaly
recorded in the Osaka bay sediments deposited in Marine isotope
stage 17 (Biswas et al., 1999), and to a double inclination anomaly
recorded in a low RPI phase in ODP sites 983 and 984 (Channell et al.,
2004). These authors correlated their excursion to the delta excursion,
a low inclination feature, signaled by Creer et al. (1980), first dated at
620 ka BP and re-dated at 680 ka BP after revision of the age of the
Brunhes/Matyuama boundary. Therefore from the two GDL, p and q,
only p, the younger (680 ka BP) can be related to the Delta excursion.
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Fig. 4. The geomagnetic instabilities of the Brunhes epoch (right column) are defined by the directory of dated events and excursions (see text), established with the series of
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alternation. Dashed lines discriminate glacial, interglacial and transitional modes (see text).



The other remains without name, although it was initially named as
the Stage 17 excursion.

At 725-730 ka BP, a short drop in the Sint-800, r, occurs during the
descent from high to low intensities in the DSF record. In the ODP site
983 and 984 records, a similar RPI low is recorded with large
amplitude inclination variations just after the Brunhes/Matuyamsa
transition here labeled “s”. We emphasize that the expression of the
Brunhes—Matuyama boundary is recorded by minimum values of the
VADM (top curve) and by the transition from negative to positive
values in the DSF record (bottom curve), thus justifying the apparent
time shift of the two curves at this time.

This summary does not only completes previous compilations of
“geomagnetic instabilities or reversal excursions” (e.g. Singer et al.
2002; Channell, 2006; Lund et al., 2006), it presents the strongest
arguments for a robust interpretation of the relative paleointensity
curves: i) cosmogenic isotope enhancements confirm the reality of RPI
lows and allow interpreting them as GDL, ii) Most GDL are
recognizable as anomalies of weak or reversed magnetization of the
deep sea floor. This suggests that several GDL, other than Laschamp
Blake, and Icelandic basin, are expected to be accompanied by reverse
directions in a growing number of high resolution paleomagnetic
records. In several cases lasting episodes of low dipole moment are
interrupted by short dipole moment increase. It is the case for the
following twins: post-Blake/Blake, Iceland Basin/Pringle falls, Portu-
guese margin/Calabrian Ridge 1, Calabrian Ridge 2/Big Lost, and Deltas
unnamed. These structures mimic VADM variations across polarity
subchrons (e.g. Jaramillo, Cobb Mountain and Olduvai). This may
constitute a discriminating factor between GDL triggering excursions
and GDL triggering short (aborted) reversals.

Finally these evaluations and comparisons suggest that the highest
possible resolution is probably not yet reached by directional and RPI
records, and is certainly hampered by stacking and averaging processes.

3. Paleoclimatic or orbital constraints on geomagnetic dipole lows ?
3.1 A preferred occurrence in peculiar paleoclimatic contexts?

The use of data sets measured on the same sediment cores allows a
stratigraphic approach and avoids errors linked to transformation into

Table 2

time scales. Even though, offsets may be introduced by differential
settling processes of biogenic and lithogenic particles and/or by
significant and variable lock-in depth of the depositional remanent
magnetization in sediments, still under debate (e.g. Roberts and
Winklhofer, 2004 and Tauxe et al., 2006). Plotting RPI variations and
authigenic °Be/°Be ratio allows partly solving the latter problem. In
Fig. 3 these geomagnetic intensity proxy records of the Portuguese
margin cores are plotted besides the 880 record of the sister core
MD95-2039 (Thomson et al., 1999). Conventionally, in Fig. 3 and in
Table 1, sub-stages are identified by a double labeling (e.g. odd—odd
labels for interglacial sub-stages and odd—even labels for glacial sub-
stages, even—odd labels for “interstadials” interrupting a glacial, even-
even labels for glacial sub-stages in glacials. Note that MIS 8.5 is re-
labeled in MIS 9.1 in agreement with re-interpretations of 3%°C
records (Roucoux et al., 2006) and pollen records (Tzedakis, 2005).

Among the six GDL confirmed by significant cosmogenic enhance-
ments, five (b1, b2, ¢, d and g) occurred during or at their terminations
of interglacial marine isotope stages (MIS) 5.3,5.5, 7.1, 7.3 and 9.1). The
exception is GDL a, linked with the Laschamp excursion. It occurred
during MIS 3 (30-55 ka BP), an “interstadial”’, weakly expressed in
50 records, but characterized by rapid fluctuations of the global (air
and sea surface) temperatures (e.g. Shackleton et al., 2000; Bard et al..
2004; North GRIP members, 2004; Masson-Delmotte et al., 2006) and
by a 60—85 m rise of the sea level (Chappell, 2002; Arz et al., 2007).
implying a melting of ~50% of the ice volume.

Thefive other cases of GDL (a', e, f, hand i) associated with excursions
are linked to interstadials (MIS 5.1 and 8.3) or to interglacials (MIS 7.5,
9.5 and 11). Further studies are required to constrain the cosmogenic
nuclide record. Finally, no GDL of the last 400 ka can be linked to full
glacial conditions, contrarily to former claims by Worm (1997).

In absence of longer term multiproxy records, testing such
relationship over longer time series requires comparison of paleo-
magnetic and paleoclimatic series obtained from different cores, thus
independently dated, which does not provide the same degree ol
confidence. In Fig. 4, the updated geomagnetic instability time scale
(Section 2) section is shown besides the Sint-800 record. The
planktonic 880 record of core MD90-0963 (Bassinot et al., 1994) has
been considered as the best paleoclimatic reference for its high
resolution, and for its astronomical calibration anchored on the B/M

Geomagnetic dipole lows and related excursions of the last 800 ka (Sint-800) related with deep sea floor anomalies (text and Fig. 2) listed as a function of age

GDL label Name of the excursion or event AGE(ka BP) Sint-800
Mono 347 (glopis)

a Laschamp 41-43

a' Norwegian sea 70

bl Post-Blake 100

b2 Blake 118

c Icelandic basin 190

d Pringle Falls 215

e Mamaku 240

f Calab R O/Fram strait 260

g Portuguese margin 290

h Calab. R 1 320

i Levantine 390

] Emperor 450

k Un-named Galapagos) 495

| Calab. R 2 530

m Big Lost 555)

n La Palma 590

o Un-named (Lishi) 625

P Delta or Osaka Bay 680

q Un-named (q) 700

r Un-named (r) 745

s Brunhes—Matuy. Rev. 778

Occurrence of GDL — excursions vs
paleoclimate in MD90-0963

Obliquity trend at this age
Interstadial 3 Minimum

i.s. #10 of Greenland ice records Inflection descent

End interstadial 5.1 Minimum
Interstadial 5.3 Minimum

End interglacial 5.5

End interglacial 7.1 Minimum
Interglacial 7.3 Maximum
Interglacial 7.5 Inflection descent
Interstadial 8.3. (glacial 8) Minimum
Interstadial 9.1 Maximum

End interglacial 9.5 Minimum

Stadial 11.2. (interglacial 11) Minimum
Interstadial 12.3. (glacial 12) Inflection descent
Interglacial 13.3 Maximum
Transition glacial 14—interglacial 13.5 Maximum
Transition interglacial 15.1-glacial 14 Minimum
Interglacial 15.3 Maximum
Transition glacial 16—interglacial 15.5. Maximum

End interglacial 17.3 (stadial17.2) Minimum

Stadial 17.4 Maximum
Interstadial 18.3 (glacial 18) Minimum

End interglacial 19.3 (transitional 19.2 Inflection descent

Their paleoclimatic context is identified by marine isotope stages labels (see text) and their relation with Earth's obliquity context is given (see text Section 3.2). For the last 400 ka we rely
more on correspondences directly established on the same cores (Table 1). Italic data distinguish excursions still waiting for robust description. Bold character distinguish the besi

documented and dated excursion or reversal linked with GDL.



boundary. In order to better analyze the correspondence, we
discriminated three paleoclimatic modes in the 880 record: the
glacial (even labels) and interglacial (odd labels) modes include the
most reduced features glacial MIS 14 and interglacial MIS 19.
Intermediate 580 values correspond to a transitional mode between
interglacial and glacial.

The comparison presented in Fig. 4 and summarized in Table 2
confirms the case analyzed for the last 400 ka along the Portuguese
margin record (Fig. 3) and completes the observation for the interval
400-800 ka BP. Over the 21 described GDL, 17 are tightly related tc
documented and labeled excursions), 8 cases occurred in full
interglacial conditions and 13 cases occurred in a “transitional”
state. The latter consist in four different types: 1) marked interstadials
(5 cases), 2) Interglacial to mid-glacial transition (3 cases), 3) glacial-
interglacial transitions (deglaciations) (3 cases), 4) significant reces-
sion of the glacial climate such as MIS 3 and MIS 8.3.

The comparison of paleomagnetic and cosmogenic isotopes
records (Carcaillet et al, 2003) with the 80 record (de Garidel-
Thoron et al., 2005) of core MD97-2140 (West-Pacific) (Fig. 5) further
supports these observations: GDLs at 590 ka and 690 ka BP.
attributable to the La Palma and Delta excursions fall in interglacial
stages 15 and 17 respectively. The Brunhes/Matuyama reversal
accompanied by a strong dipole field collapse documented in the
RPI record and in the cosmogenic isotope record occurred at the end of
isotope stage 19. This was confirmed by the increase of the
cosmogenic isotope flux recorded in Antarctic ices deposited during
the end of stage 19 in the EPICA dome C core (Raisbeck et al., 2006)
Prior the mid-pleistocene transition (at ~900 ka BP) weak amplitudes
and short periods (T=41 ka) of the paleoclimatic variations preclude
such interpretation.

Paleomagnetic records of RPI and directions, cosmogenic nuclide
signatures and &0 stratigraphies will benefit from the highest
possible signal/noise ratio in sedimentary sequences collected in high
sedimentation rate area. Such future research will enable testing the

statistical significance of such links. The present status of our analysis
is however sufficient to definitely reject the link claimed by Worm
(1997) between excursions and glaciations. If the occurrence of GDL in
interglacial or transitional paleoclimatic context is confirmed as &
robust and non-fortuitous characteristic, it will imply orbital influ-
ences on the geomagnetic field intensity.

3.2. Do orbital influences appear in the GDL time series?

The hypothesis of indirect orbital influence via the role of ice sheets
can be evoked. The last 900 ka, and more particularly the last 400 ka,
were characterized by the presence of giant ice sheets at high and mid
latitudes of the Northern hemisphere that abruptly melt when the
summer insolation at 65°N reached maximum values (e.g. Berger and
Loutre, 1991). This occurred at obliquity maxima (i.e. each 41 ka) (e.g.
Masson-Delmotte et al., 2006 and references therein), and was
amplified at precession maxima [i.e. N.H. summer occurring at the
perihelion (w=1/2) when the Earth—Sun distance is minimum (i.e. at
maximum eccentricity)]. This is why the spectrum of glacial/
interglacial alternations contains these orbital periods, although the
dominance of the 100 ka period and the absence of the 400 ka period
are not fully understood.

Relations observed for the historical times between variations ol
the geomagnetic dipole moment and variations of the length of day
(i.e. Earth's rotation speed) (e.g. Jin, 1992) suggest that on longer time
scale such coupling may have existed. Now at the scale of glacial-
interglacial times, Earth's angular speed changes may have resulted
from several mechanisms. First, latitudinal redistributions of water
masses between ice caps and the ocean (although 130 m of sea level
variation only concern a water mass of 7-107° of the Earth's mass).
Second, a synergic contribution from tidal frictions is suggested by
Lourens et al. (2001) who showed that over glacial times, the sea level
drops, due to ice caps water storage, resulted in a weaker tidal
dissipation and thus a higher Earth's angular speed.
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reported excursions (see text and Fig. 4). Middle panel: authigenic 1%8e/°Be ratio peaks at the time of reversals and excursions (see text). Bottom panel:
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discriminate glacial, interglacial and transitional modes (see text). Grey bands underline RPI lows falling in interglacial stages 15, 17 and 19.



A direct influence of orbital parameters, namely astronomical
precession (cf Introduction) represents however a more realistic, and
common, forcing on the geomagnetic and paleoclimatic variations
Therefore, orbital influences on the GDL records have been investi-
gated using two strategies.

1) Plotting VADM variations besides variations of orbital parameters
(data from Berger and Loutre, 1991) (Fig. 6) demonstrates that
there is no particular relationship between GDL and eccentricity
or equinoxial precession contexts. By contrast, Fig. 6 and Table 2
reveal that from the 20 reported GDL, 13 (a, a", b, ¢, e, f, h,i,j, m, p,
r, s) fall at obliquity minima, or at the inflection point of the
descent from high obliquity (a, e, j, s). This namely concerns the
four best documented and dated (a, b, ¢ and s), linked with
reversed events (Laschamp, Blake, Icelandic basin) and with the
B/M reversal. Other cases (d, g, k, I, n, o, and q) fall near, or at,
obliquity maxima: d, confirmed by cosmogenic enhancement, is
associated with the Pringle Falls excursion dated at 218 ka BP,

with an error bar of £10 ka allowing some tolerance. Features k
and o, are relatively minor wiggles in the Sint-800 and the DSF
and are not yet firmly related with well-dated excursions. Features |
and n, are shifted by +10 ka and -10 ka respectively in the DSF
record, where they appear at 520 ka BP (I) and 600 ka BP (n), related
with obliquity minima. Finally only GDL g (related to the Portuguese
margin excursion) and q (yet related to no excursion) remain linked
with obliquity maxima; they are interestingly coupled with GDL 1
and p, under the form of twinned GDL.

Finally among the 20 GDL discussed, 13 cases against 2 support the
Fuller's (2006) conclusions of a link between geomagnetic polarity
instabilities and low or decreasing obliquity (cf Introduction). It i<
interesting to add that, if they were linked to decreasing or low
obliquity, GDL arithmetically occurred 10 to 20 ka after obliquity
maxima. Since the latter have triggered deglaciations (Masson-
Delmotte et al., 2006), the coincidence of many of the GDL with the
end of interglacial stages appears as a logical consequence of a link
to low obliquity (Table 2).
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Fig. 6. Orbital parameter fluctuations (Precession, Eccentricity and Obliquity data of Berger and Loutre, 1991) plotted with the dipole moment record of Sint-800. GDL are marked by
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boundary in legend of Fig. 2).



2) Investigations of power spectra of the dipole moment variations
were performed using a complex continuous wavelet transform
(CCWT) method (Saracco et al. submitted to Geophyscial Journal
International) developed for acoustic physics, based on the
extraction of a ridge from the phase of the CCWT, allowed under
particular conditions of the wavelet with respect to the signal
(Saracco et al., 1991; Guillemain et al., 1991; Delprat et al.,, 1992;
Saracco, 1994; Saracco et al., 1990). The first step in working with &
complex analyzing wavelet is to obtain a complex wavelet
transform. Two complementary pieces of information are
obtained: the modulus and the phase of the transform. From the
phase of the CCWT are extracted the ridges corresponding to the
frequency modulation laws of the signal, and from the modulus

values along these ridges are extracted the amplitude modulation
laws. The second interest to work with a complex analyzing
wavelet is that the phase is defined even if the signal energy (or
modulus) is low, which allows extracting spectral lines. This
method therefore provides robust results on noisy signals, and a
quantification of the power of signals at a given frequency.

The results obtained on RPI and Beryllium stacks for the last 300 ka
( Fig. 7), on the Sint-800 and on the deep sea floor record for the last
800 ka (Fig. 8) are interpreted in Table Al in the Appendix. These time
series all present maximum modulus around periods shifting between
40 ka and 125 ka. The 40-50 ka period mostly expressed in the
long records might be an obliquity period biased by chronological

Be- 10809 stack Poruguese marghn (Cascailiet of al. 2004)
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Fig. 7. Complex continuous wavelet analysis on the Portuguese Margin records: RPI (top) and *°Be/°Be (bottom). Top panel: time series analyzed, Mid panel: phase diagram from -1 to +1
Bottom panel: modulus (warning: red is for minimum modulus and blue for maximum modulus). The ridge extracted on the phase of the CCWT represents the frequency modulation law of

the signal. Frequencies as well as periods are indicated.



imperfections. The range 91-125 ka encompassing characteristic
periods of the eccentricity is well expressed in most time windows
The intermediate range (67—-83 ka) expressed in several time windows
of the long records might result from mixtures of, or shifts between
the two framing period ranges.

Using the same CCWT analysis, we checked the relationship
between GDL and interglacial stages by comparing the phase diagrams
of Sint-800 and MD90-0963 520 record (Fig. 9). The fact that the twc
phase diagrams are similar for the 100 ka period supports the
hypothesis of a common forcing. Over the last 400 ka, the paleocli-

matic signal seems to lead the dipole signal by 10 to 20 ka, which is
fully compatible with the phase shift of ~18 ka deduced from cross-
coherence and phase analyses on the Portuguese margin records
(Thouveny et al., 2004, Fig. 13). This reinforces the observation that
GDL occurred during or at the end of interglacial stages, deduced from
the analysis of Figs. 3 and 4.

Since it is now accepted that precession can in principle supply the
geodynamo with abundant power (e.g. Roberts and Wu, 2005; ci
Introduction) the presence of near orbital periods in the geomagnetic
moment records, revealed by our — as well as other's — spectral
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analyses implies that the rejection of hypotheses of mechanical
disturbances of the geodynamo by rotational and/or precessional
motion is at least premature.

4. Conclusion and perspectives

All available records of the Earth's magnetic field activity over the
Brunhes epoch [1) paleodirections and paleointensity reconstructed
from sediment sequences, 2) anomalies carried by the thermo-
remanent magnetization of the deep sea floor basalts, and 3)
variations of the production of cosmogenic isotopes] document a
series of geomagnetic dipole lows (GDL) that triggered instabilities ol
the polarity, excursions or events. These features of undisputable
geomagnetic origin, present intriguing relationships with paleocli-
matic and/or orbital time series: i) many of them occurred
preferentially during or at the end of interglacial or interstadial
episodes, ii) in agreement with Fuller's (2006) observations, the best
dated and best characterized as full reversals (Laschamp, Blake.
Icelandic basin and the Brunhe—Matuyama reversal) occurred when
the Earth's obliquity was low or decreasing, iii) major periods slide
between 40 and 125 ka.

The relationship of GDL with the end of interglacial stages and with
low obliquity, if confirmed will constitute a logical consequence of the
direct orbital forcing on both the geomagnetic field and the
paleoclimate variations.

Altogether, the results of this study (and hopefully future studies)
have crucial implications for the knowledge of the future evolution of
the Earth's environment.

1) They imply that the next dipole field collapse, triggering the next
excursion or reversal (e.g. Hulot et al., 2002; Constable and Korte,
2006), should start prior the end of the present interglacial stage.
Will this interglacial stage last only few more millennia (like MIS
5.5)? Or will it last much longer, as its astronomical equivalent MIS
11 (Berger and Loutre, 2002)?

2) Throughout the last 800 ka, the dipole moment collapses have
triggered huge and lasting cosmic rays fluxes at the Earth's surface.
Effects of the heliomagnetic or geomagnetic screenings of such
cosmic rays flux on the Earth's climate (e.g. Svensmark and Friis-
Christensen, 1997; Courtillot et al., 2007, 2008 and comments by
Bard and Delaygue, 2008) should be expressed by significant
paleoclimatic variations. The fact that these cosmic ray fluxes
occurred at various phases of interglacial context (although mostly

near their end) suggests that at this time scale their climatic effects,
if any, are not legible.
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