
ELSEVIER Earth and Planetary Science Letters 166 (1999) 105–119

Climatic influence in NRM and 10Be-derived geomagnetic
paleointensity data

Yvo S. Kok *

Paleomagnetic Laboratory Fort Hoofddijk, Budapestlaan 17,
3584 CD Utrecht, Netherlands

Received 16 August 1998; revised version received 7 January 1999; accepted 7 January 1999

Abstract

One can determine geomagnetic paleointensities from natural remanent magnetizations (NRM) and by inverting
production rates of cosmogenic isotopes such as 10Be and 14C. Recently, two independently derived 200-kyr stacks [Y.
Guyodo, J.-P. Valet, Relative variations in geomagnetic intensity from sedimentary records: the past 200,000 years, Earth
Planet. Sci. Lett. 143 (1996) 23–36; M. Frank, B. Schwarz, S. Baumann, P.W. Kubik, M. Suter, A. Mangini, A 200
kyr record of cosmogenic radionuclide production rate and geomagnetic field intensity from 10Be in globally stacked
deep-sea sediments, Earth Planet. Sci. Lett. 149 (1997) 121–129] were compared and the good agreement was suggested to
validate the use of sedimentary cores for studies. Both compilations use mainly the astronomically forced and climatically
controlled oxygen isotope stratigraphy to date and synchronize the sedimentary records, while this very curve has several
coherent features with the supposedly pure geomagnetic records. An NRM relative paleointensity record, which was
included in the conventional paleointensity stack, shows correspondence with climatic features, which is explained by an
inadequacy in the normalization technique. Therefore, it is possible that the extraction of the pure paleointensity signal
from marine sediments has not always been accomplished.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The records of variations of the paleomagnetic
field of the Earth registered in rocks provide infor-
mation on geophysical processes, for instance those
related to the long-term history of its core. In gen-
eral, lavas record most reliably information on the
prevailing magnetic field by registering magnetic
vectors during cooling. These spot-readings of abso-
lute paleointensity have a more continuous equiva-
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lent in relative records reconstructed from sediments,
which have proved to be able to register both direc-
tions and intensities of the ancient geomagnetic field
(see review [1]). However, the mechanism of rema-
nence acquisition is still not fully understood. Thus
the translation of sedimentary magnetizations to ge-
omagnetic information remains ambiguous. A recent
compilation by Guyodo and Valet [2] of several
globally distributed sedimentary records provides a
coherent Synthetic intensity curve for the last 200
kyr (Sint-200). However, global agreement of vari-
ations in various sedimentary paleointensity records
is a necessity, though not a sufficient proof that the
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evolution of the strength of the geomagnetic dipole
field has been correctly recorded.

Many problems with sediments as recorders of
geomagnetic field strength have been reported, e.g.
by Kent [3]. He reminds us that Pleistocene NRM
intensity records correlate well with lithological pa-
rameters driven by the same climatic forcing as δ18O
(oxygen isotopes) or carbonate content. It is likely
that the intensity of NRM co-varies to some extent
with climate change, but also has a component of the
geomagnetic field strength. Normalization of such
NRM intensities by magnetic susceptibilities � or
laboratory induced magnetizations gives relative pa-
leointensity estimates. In principle, these normalized
records should correlate negligibly with climatic fea-
tures. However, if a normalized remanence record
still correlates with for instance carbonate content,
either some geomagnetic–climatic dependency or —
more likely — an inadequacy in the normalization
must exist [3]. Twenty years ago Wollin et al. [4]
suggested a relationship between climate, intensity
of the geomagnetic field and the eccentricity of the
Earth’s orbit. Somewhat later, Chave and Denham
[5] and Kent [3] maintained that no connection is
evident and that the previous results had been the
consequence of a failure — or an omission — in
removing the effect of a varying input of magnetic
material, which is largely climatically controlled.

More recent studies cast additional doubt on the
fidelity of sedimentary paleointensities. Schwartz et
al. [6] suggest that about 25% of the low-frequency
variation in their normalized paleointensity record
can be biased by climatic or other environmental
factors. The authors caution that extreme care must
be taken to remove such influences from sedimen-
tary paleointensity records, and they are concerned
that other records are similarly affected. Worm [7]
suggests a link between reversals, events, paleointen-
sities and glaciations. According to him, the apparent
correlations of normalized NRM intensity and δ18O
records are thought to stem from normalizing prob-
lems.

Not only time-domain records are tested, but also
frequency analyses give interesting results regarding
paleointensity data. Dominant periods between 30
and 40 kyr for relative paleointensity variations are
found in records from the Ontong–Java Plateau, and
are argued not to be an artifact of lithologic vari-

ability [8,9]. Some correspondence with periods de-
scribing the Earth’s orbit appears, but those stacked
records are too short for a meaningful discussion on
geomagnetic–climatic dependency.

An independent estimate for geomagnetic field
intensity variations is deduced from the recently
published stack of cosmogenic beryllium-10 (10Be)
deposition rates for the last 200 kyr [10]. The nor-
malized 10Be stack is interpreted as a record of
cosmogenic radionuclide production rates which are
translated into relative geomagnetic field intensity
changes (following [11]). These paleointensity vari-
ations correspond well with those from the con-
ventionally determined paleointensity stack Sint-200
[2]. However, several studies hint that the local 10Be
deposition rates can be controlled by climatic fac-
tors, such as advection of different water masses
on glacial–interglacial time scales [12], enhanced
scavenging due to increased productivity [13], or
increased glacial terrigenous particle flux [14]. Al-
though the global stacking of records should average
out these effects, one may fear that the transla-
tion from averaged 10Be production rates to 100%
variations of geomagnetic field intensity [10] is not
always valid.

In this paper it will be shown that both recently
published 200-kyr stacks, which mainly use the δ18O
chronology [15] to construct the age models, have
coherent features with the oxygen isotope record it-
self. Different material and=or techniques are needed
to obtain more reliable paleointensities from the
sediments if persistent climatic contaminations are
present in the geomagnetic signal. New data from an
individual core, included in Sint-200, are presented
to investigate whether more sophisticated normal-
ization techniques can reduce the coherence with
environmental factors.

2. Stacks for the last 200 kyr

Shown in Fig. 1 are the stacked profiles of sed-
imentary records for oxygen isotopes [15] (δ18O),
conventional NRM paleointensities [2] (Sint-200),
and the expected geomagnetic field intensities de-
rived from 10Be deposition rates [10] (for brevity
I will refer to this Synthetic geomagnetic intensity
stack as Sint-Be). The δ18O record has a very smooth
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Fig. 1. Independent paleointensity records for the last 200 kyr with error estimates (gray) and the δ18O curve (dashed) representing global
climate variability. (a) Stack of 10Be production rates inverted to geomagnetic field strength [10]. (b) Stack of relative paleointensities
determined the conventional way [2]. Fluctuations in both (a) and (b) are compared to the oxygen isotope signature.

(‘over-stacked’) character and conforms to the con-
vention depicting ‘warm climate’ (small global ice
volume) up and ‘cold climate’ (large global ice vol-
ume) down.

Frank et al. [10] point out the impressive
agreement between Sint-Be (Fig. 1a) and Sint-200
(Fig. 1b). However, upon close inspection, it is no-
ticeable that a slight shift of Sint-200 to younger
ages would improve the fit. More importantly, the
δ18O curve contains many features that are present
in both relative paleointensity records. In particular,
the strong correspondence between δ18O and Sint-Be
seems to contradict the assumption of Frank et al.
[10] that climatic influences are averaged out in the

10Be compilation, even though the agreement is not
as evident in the 160–130 ka interval (Fig. 1a).
One must keep in mind that non-geomagnetic fac-
tors have influenced the beryllium records as well,
and that it is assumed that for the entire 200-kyr
period no link between paleomagnetic field strength
and δ18O exists. Comparing the 10Be-based record to
Sint-200, an inconsistency in the 125–115 ka interval
is mentioned [10] which corresponds extremely well
to oxygen isotope stage 5.5 (¾120 ka). Frank et al.
[10] argue that, by coincidence, this may have been
an interval with uniformly reduced local 10Be rain
rates. It is also possible that this interval is hampered
by a number of sediment cores with relatively high
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230Thex concentrations that are used to normalize the
10Be data [16].

2.1. Cross-spectral analysis

To further investigate the correspondence between
two time series, one can calculate correlation coeffi-
cients, however, their significances strongly depend
on the amount of data. The data also need to be
Gauss-Laplace distributed, which is not always the
case and is rarely checked for paleointensity data.
A more quantitative means to determine the degree
of resemblance of two data sets is cross-analysis of
spectral power. This technique, first described for
paleointensity data by Tauxe and Wu [8], and more
recently by Constable et al. [17] (whose code is used
in this manuscript), can reveal potentially important
relationships. The squared coherence  2 of two un-
correlated Gauss-Laplace distributed time series are
expected to fall below a so-called zero-coherence
level 95% of the time. Constable et al. [17] recom-
mend that the phase spectrum of  2 should be used
as an additional diagnostic.

Frequency analyses of the Earth’s paleoclimate or
δ18O records exhibits the Milankovitch periods of ca.
100 kyr for eccentricity, 41 kyr for obliquity, and
23 and 19 kyr for precession (see e.g. [15]). Both
paleointensity data sets have power spectrum density
(PSD) concentrations at and near the orbital frequen-
cies as well (Fig. 2a). Fig. 2b shows the squared
coherence as function of frequency for the three
curves. When  2 is higher than the zero-coherence
level of ca. 0.21, frequencies are considered signif-
icantly coherent. Although the coherences between
the conventional Sint-200 paleointensity stack [2]
and the beryllium based Sint-Be stack [10] (Sint-200
and Sint-Be) are clearly the most prominent, signifi-
cant coherences at or near some of the Milankovitch
frequencies are present for the other combinations as
well. The phase diagrams for the coherence of all
combinations (Fig. 2c) suggest that all records are
not in phase with each other, but that small and rather
consistent delays are present. The 100-kyr compo-
nent lacks in Sint-Be and δ18O (and Sint-200 and
Sint-Be), but this eccentricity component should be
ignored because the records are only twice its cycle
length. Also the phase diagram indicates non-uni-
form behavior in the left part of the spectrum (i.e., in

the interval 0.00–0.02 kyr�1). Furthermore, the 41-
kyr component is missing in Sint-200 and δ18O, but
present in 10Be and δ18O, whereas Fig. 2a suggests
that the paleointensity curves have rather similar
power spectral density. Moreover, the Nyquist fre-
quency of the paleointensity records with 1-kyr data
spacing would be 0.5 kyr�1, but Guyodo and Valet
[2] warn that variations shorter than 5 kyr cannot
be extracted from their record, since the sample
frequency of the original records in Sint-200 much
lower than 1 per kyr. Therefore, frequencies higher
than ca. 0.08 kyr�1 are not meaningful, also because
the phase data become unstable. Furthermore, all
the positions of the peaks discussed here might be
slightly out of tune because of the frequency resolu-
tion of the data. Although the peaks in PSD (Fig. 2a)
are insignificant in comparison with the calculated
error bars, it is plausible that such peaks at or near or-
bital frequencies should reflect the climate’s control
in the records (see also [17]).

The above mentioned problems illustrate the limi-
tations of squared coherence analysis on these rather
short stacked records. Still, the benefits of working
in the frequency domain, rather than a correlation
coefficient of the time series, are clear. Just for the
record, the correlation coefficient for the two Sint
records is 0.492, for Sint-Be and δ18O 0.298, and
for Sint-200 and δ18O 0.079. One should consider
that the 5% and 1% significance levels for 198 de-
grees of freedom are respectively 0.138 and 0.181,
which would imply that Sint-Be and δ18O are well
correlated, but not Sint-200 and δ18O.

3. Individual record

Compilations that include a number of globally
distributed records from different environments will
not perfectly represent the behavior of magnetic pa-
leointensity or δ18O. In the previous section, exact
one-to-one matches between the records of magnet-
ics and climate may be obscured. Consequently, one
turns to a high-resolution record that has detailed
oxygen isotope and paleomagnetic data. The piston
core SU-92-18 from the Azores area published by
Lehman et al. [18], which has a sedimentation rate
ca. 3.6 cm=kyr, is selected from the Sint-200 stack
because it is one of the few records that span the
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Fig. 2. Spectral analysis results for the three stacks of the previous figure. (a) All records contain power spectrum density (PSD) at
Milankovitch frequencies. (b) Squared coherences  2 above zero-coherence are significant (95% confidence level) at several frequencies.
The resemblance of Sint-200 and Sint-Be is most prominent, though other combinations show cross-spectral coherence as well. Note that
the δ18O stack contains relatively little power at the frequencies where  2 peaks in Sint-200 and Sint-Be. (c) Phase of squared coherences
of (b)

entire interval of 200 kyr. It appears that the NRM
(demagnetized to 25 mT) agrees well with the δ18O
of this core (Fig. 3a), and it is therefore corrected by
an estimate of ‘magnetizability’: anhysteretic rema-

nent magnetization (ARM). Note that the upper axes
of the magnetizations are shifted 5 kyr (³18 cm) to
younger ages with respect to the lower ones of oxy-
gen isotopes to improve the fit (see later discussion).
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Fig. 3. (a) NRM intensity of core SU-92-18 [18] (gray) depicts strong correlations with the oxygen isotopes (dashed), the normalizer
ARM (black) is concordant. Both remanences have been demagnetized at 25 mT. (b) The NRM=ARM ratio (gray) contains several
features that correlate with the δ18O curve (dashed); in other words, this relative paleointensity estimate does not seem to be sufficiently
free of climatic influences. Note the 5-kyr shift of the magnetizations to ‘younger ages’ (upper axes). Sint-200 (dotted) shows good
correlation with NRM=ARM, but often misses the specific signatures of the δ18O curve of this core.

The correspondence between the ratio NRM=ARM
(Fig. 3b) and the oxygen isotopes for this individ-
ual core is more evident than the one between the
stacks Sint-200 and δ18O (Fig. 1b). In this Atlantic
record, characteristic signatures in paleointensity of-
ten correlate with variations in the oxygen isotope
curve, in spite of the normalization. Examples are
the paleointensity high at ¾125 ka (isotopic stage

5.5), the low at ¾180 ka (isotopic stage 6.6), and,
despite the offset in amplitude, the pattern from ca.
115 to 80 ka can be matched to isotopic stages 5.4–
5.2. When compared to the Sint-200 curve (dotted
in Fig. 3b), the NRM=ARM paleointensity estimate
has similarities, but interesting discrepancies as well,
for instance, a usual characteristic for stacks like
Sint-200 is that high-amplitude and high-frequency
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features are filtered. Non-dipole contributions in the
individual record, which are likely to have been av-
eraged out in the stack, can also cause differences.
Core SU-92-18 has a ‘rather high’ coefficient of
correlation with Sint-200 (0.64 in [2]).

3.1. Thellier-Thellier paleointensity estimates

Because there is reason to suspect that the
NRM=ARM ratio is not a perfect determination
of the paleointensity, the core has been resampled
and discrete samples were subjected to different pa-
leointensity methods. Thermal methods have been
performed on part of the resampled collection. This
took place in the shielded room of Scripps Institution
of Oceanography, in an identical manner to that used
in earlier encouraging studies on deep-sea sediments
[19,20]. Although thermal paleointensity techniques
on sediments are increasingly used, the mechanism
of detrital remanent magnetization (DRM) is fun-
damentally different from thermoremanent origin.
Therefore, absolute paleointensity estimates will be
difficult to obtain from sediments, whereas volcanics
do give rise to absolute values. An example of sed-
imentary Thellier-Thellier experiment is shown in
Fig. 4 for a sample with age 77 ka. The NRM demag-
netization shows a gradual decrease of the magnetic
vector. The pTRM acquisition shows a very typi-
cal change after 275ºC, which might be explained
by alteration from magnetite to maghemite caused
by repetitive heating. Thermomagnetic runs on these
sediments suggest that after temperatures as high as
325–350ºC the magnetic phases slightly change. In
any case, the Arai plot (Fig. 4c), which ties NRM to
corresponding pTRM, can only be used up to 275ºC.
For this example, the best-fit slope through at least
3 data points is �0.056, which is found between
175–250ºC.

Crucial information about the uncertainty in the
best-fit line is obtained by a jackknife method (Kok
et al., in prep.). On all samples, jackknife resampling
of the NRM–TRM pairs in the interval 150–275ºC is
performed to obtain additional estimates for the best-
fit slope. The central 90% of the distribution of 21
extra paleointensity estimates comprises the original
slope and steeper slopes up to �0.073 (see Fig. 4d).
This error indication is not symmetrically distributed
around the best-fit slope, contrary to a standard de-

viation. Fig. 5a depicts the best-fit slopes picked
between 150 and 275ºC (filled circles) and jackknife
error estimates as a gray band. These thermal data
could suggest a rather constant paleointensity pattern
for the last 200 kyr, with a distinct decrease in pa-
leointensity between ca. 190 and 180 ka. However,
the amount of samples is small and it is likely that
aliasing has occurred.

The absolute paleointensity data set has recently
been extended with a record from Hawaiian lava
flows, and has been compared with the sedimen-
tary stack Sint-200 by Brassart et al. [21]. The
two records are not inconsistent, but an alternative
interpretation of the virtual axial dipole moments
(VADM) of the 8 lava flows (ca. 400–60 ka) is that
the paleointensity has varied less than sedimentary
records suggest. Fig. 5a also includes the new results
[21] (symbols with error bars) for the last 200 kyr,
and the fit with the new thermal paleointensities of
SU-92-18 is acceptable.

3.2. Pseudo-Thellier paleointensity estimates

A pseudo-Thellier approach [23] on the resam-
pled collection of SU-92-18 sediments shows, to first
order, similar results as the NRM=ARM paleointen-
sity estimates [22]. Fig. 5b indicates pseudo-Thellier
slopes ma (dashed line) and corresponding jackknife
uncertainty bounds (gray). The trend of this pseudo-
Thellier record is similar to the one of the Thel-
lier-Thellier data (Fig. 5a vs. b). One could argue
that the paleointensities have been more stable than
the alternating field results of Fig. 3b (and Fig. 5b)
indicate, but the thermal results of SU-92-18 can be
hampered by under-sampling (Fig. 3a). As already
mentioned in [21], the possibly too broad intensity
low from sediments in 190–175 ka in Sint-200, but
also all three records of SU-92-18, could be caused
by other factors than the geomagnetic field behavior.

3.3. Cross-spectral analysis

Since there now is different data from one single
core, we can perform more detailed and more ap-
propriate squared coherences tests. Although in the
interval 0–200 ka the thermally derived sedimentary
paleointensity estimates outnumber the absolute pa-
leointensity determinations of Brassart et al. [21],
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Fig. 4. An example of Thellier-Thellier paleointensity determination on sediment of SU-92-18. (a) Zijderveld diagram depicts step-wise
destruction of the net magnetic moment. (b) NRM intensity gradually decays on higher temperature steps. Peculiar behavior in the pTRM
acquisition is observed after 275ºC. This temperature step is therefore the highest to be used in the Arai plot (c). A relative estimate
for the geomagnetic paleointensity is given by the slope determined between 175 and 250ºC. (d) Representation of the 21 additional
jackknife slopes in ranked order. The central 90% excludes the two most extreme data.

their sample density is still far too low to be used in
frequency analyses. Just the pseudo-Thellier slopes
ma, NRM, ARM, their ratio, and δ18O of SU-92-18
are tested against each other and against Sint-200.

The zero-coherence level for the analysis of this
core is now ca. 0.31 because of the smaller amount

of data, as compared to the number of data points
in the Sint-stacks. First of all, NRM=ARM corre-
sponds fairly well to Sint-200 (Figs. 3 and 6a), and
the routine check whether NRM=ARM is coherent
with ARM indicates slight coherence, for example
at 0.035 kyr�1. More importantly, NRM=ARM with
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Fig. 5. Paleointensity estimates as function of age for SU-92-18. (a) Best-fit slope results from Thellier-Thellier for sediments indicated
by filled circles with their jackknife error estimate in gray, show a rather constant paleointensity behavior for the last 175 kyr. Absolute
determinations in VADMs (open symbols) from a recent study by Brassart et al. [21] do not contradict the sedimentary data. The
horizontal dashed line indicates the present-day dipole moment of 8ð 1022 A m2. (b) Pseudo-Thellier results of this core (dashed curve)
and jackknife error bounds (gray) [22], thick line represents the original NRM=ARM data [18]. In principle, the data are similar though
subtle differences are present. The horizontal dashed line indicates the mean of the record.

δ18O gives squared coherences above zero coher-
ence at precessional frequencies, leading to suspect
a slight but significant climatic influence. The mid-
dle panel shows that NRM and ARM are similar
(Fig. 6b), as already noted from Fig. 3b. These re-
manent magnetizations have common features with
the oxygen isotopes near the precession frequency
band (ca. 0.03–0.05 kyr�1). Ideally, a proper nor-

malization of NRM by ARM should eliminate all
environmental influences, but apparently this is not
the case. Finally, the paleointensity slope ma is sub-
jected to the coherence check (Fig. 6c). The strong
coherence between ma and the faster NRM=ARM
method [18] is evident, although a dip can be recog-
nized in the precession interval. Also, Sint-200 and
ma correlate fairly well over a rather broad frequency
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Fig. 6. Squared coherence tests for SU-92-18. (a) The paleointensity estimate NRM=ARM is coherent with Sint-200 (which includes
the Azores core). The test whether ARM did a fair job in normalizing the NRM (i.e., NRM=ARM and ARM) shows slight coherence;
it is less pronounced than the coherence of NRM=ARM and δ18O. (b) The NRM and ARM are highly coherent, which could
eventually validate the use of ARM as a normalizer. Both NRM and ARM have coherent features with oxygen isotopes, and also
their ratio NRM=ARM is above the zero-coherence level. (c) The pseudo-Thellier slope ma is coherent with the original paleointensity
determination, though a dip is observed at the precession frequencies. The squared coherence of ma with δ18O has dropped below
the zero-coherence level, suggesting that ma has lost the climatic contamination that conflicted with the geomagnetic character in
NRM=ARM.
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interval. However, where NRM=ARM and δ18O co-
here, the more elaborate paleointensity determina-
tion seems to have lost its resemblance with oxygen
isotopes. The pseudo-Thellier approach is designed
to suppress climate influences [23], in contrast to
NRM=ARM which appears to contain some climatic
contamination. However, one should take care in
interpreting the  2 plots. Possibly, the squared co-
herences of ma and NRM=ARM with δ18O are too
close to the zero-coherence level to be distinguished
as significantly coherent. Also, deviating data in ei-
ther record can strongly influence the spectral power.
Furthermore, the records have been interpolated and
are possibly too short and not densely enough sam-
pled for frequency purposes. Finally, in 5% of the
cases the squared coherence exceeds zero coherence
from chance. Most probably, the ‘safe’ conclusion
to be drawn is that the records NRM, ARM, and
their ratio cohere with δ18O. Consequently, a stack
of more or less comparable records (like Sint-200) is
likely to contain climate influences.

4. Ineffective normalization

As a first order approximation, the natural re-
manent magnetization (NRM) depends on the pa-
leomagnetic field and a response function of the
sediment:

NRM.X; t/ D M.t/ð f .X; t/ (1)

with M.t/ as the desired true field behavior of the
geomagnetic intensity as a function of age t . The
non-linear function f depends on many variable
factors, such as grain size, carbonate content, sed-
imentation rate, bioturbation, diagenesis, all driven
by environmental conditions. Its arbitrary parameter
X represents climate, which is perhaps best approxi-
mated by the data of δ18O [15] and to a lesser extent
by, for instance, magnetic susceptibility � . The sed-
iment function f is usually approximated by bulk
magnetic parameters or laboratory induced magneti-
zations, such as anhysteretic remanence (ARM), that
is:

ARM.X; t/ D g.X; t/ ³ f .X; t/ (2)

Normalization of NRM by ARM will give a relative

paleointensity estimate:

NRM.X; t/

ARM.X; t/
D M.t/ð f .X; t/

g.X; t/
(3)

Only if g.X; t/ is linearly related to f .X; t/, the
ratio of Eq. 3 is proportional to the true field behav-
ior M.t/, and consequently a relative paleointensity
independent of X is accomplished. From Fig. 3 it is
obvious that the ratio NRM=ARM corresponds in a
number of cases to the sedimentary response func-
tion δ18O.X; t/; the most ‘pure’ function of X , which
is independent of magnetic field strength. Also the
squared coherence  2 (Fig. 6) suggests involvement
of climate X in the paleointensity curve NRM=ARM.

Oftentimes, other normalizers of NRM, such as
� or IRM, yield very consistent paleointensity esti-
mates within a particular core. It is likely that these
responses are again not linearly related to the com-
plex f .X; t/ in Eq. 1, but are comparable to g.X; t/
of ARM in Eq. 2. Stacking several records like SU-
92-18 will give a more or less coherent estimate for
M.t/. Its reliability in representing solely the geo-
magnetic paleointensities must be questioned when
correlations with purely environmental functions like
δ18O are still evident.

5. Discussion

5.1. Climatic influence in beryllium data

Is it possible that the stacked 10Be deposition
rates from marine sediments are contaminated by a
climatic signal? There are several studies on 10Be
data that indicate climatic involvement.

First of all, it is well known that there is a
climatic influence or control on the 10Be=230Thex

ratio in marine sediments [13,14,24]. Increased val-
ues during glacial periods are even used as a proxy
for paleo-particle flux on glacial–interglacial time
scales and may be attributed to enhanced scaveng-
ing intensity. Strong climatic controls are found in
high-resolution profiles of 230Thex and 10Be from
the southernmost Atlantic Ocean (Weddell Sea), that
deliver a stratigraphy similar to the δ18O variations
[25]. These records are not included in the present
10Be-stack [10] because of their variable contri-
butions of old, rapidly resedimented particles and
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changes in bottom-water currents on interglacial–
glacial time scales. This very local phenomenon of
the Antarctic continental margin is not representa-
tive for the variable advection in the entire Atlantic
ocean, still a direct link with climate is evident.

Second, in a study on Fe–Mn crusts [12], it is sug-
gested that fluctuations in 9Be-normalized records
of 10Be might be caused by variations in the At-
lantic-Ocean circulation. The change in the global
thermohaline conveyor pattern could well effect the
distribution of dissolved 10Be=9Be in the deep sea.
However, the 10Be stack [10] incorporates only ac-
cumulation rates normalized by 230Thex. This is done
to obtain 10Be deposition rates primarily influenced
by boundary scavenging effects and production rate
variations.

Third, a 10Be study on the youngest 80 kyr of
SU-92-18 [26] shows that approximately half of the
variability of the 10Be=9Be ratio can be explained
by variations in the global geomagnetic intensity as
inferred from NRM=ARM. The authors argue that
the remaining differences could be caused by uncer-
tainties in the assumed relationship or inaccuracies
in either record. Instead of resulting from a change
in cosmic-ray intensity through variation of the pale-
omagnetic field strength [26], the 10Be=9Be increase
in this core during the last glacial maximum might
also be explained by a changed import of Antarctic
Bottom Water [12]. However, it should be noted that
the 10Be=9Be ratios in this study are an order of
magnitude lower than data for authigenic deposits,
which could result in the observed discrepancies.

Finally, it is argued in Ref. [10] that although
the major part of the long 10Be records cluster in
the Southern Atlantic Ocean, the equal distribution
north and south of the Polar Front averages out dras-
tically different paleoflux conditions. Consequently,
the 10Be stack is suggested to represent a global
signal. However, the global distribution of the (long)
10Be cores used is rather uneven (see fig. 2 in [10]),
which may result in incorrect averaging of local ef-
fects. This approach can give systematic errors in the
Sint-Be stack. Whereas the global 10Be deposition
rate as function of time could in fact be controlled
for 100% by paleomagnetic intensity, the transport
of the cosmogenic isotopes to specific areas and the
accumulation in ocean sediments is to a significant
extent driven by paleoclimatic controls.

Thus, there is evidence that beryllium-10 records
in the Atlantic Ocean are not only affected by the
geomagnetic field strength, but also by changes in-
duced by global climate. It is difficult to unambigu-
ously link circulation in the Atlantic Ocean and=or
other glacial–interglacial phenomena to changes in
the 10Be stack. Moreover, it is beyond the compass
of the present study to solve this debate. Merely
the observation that Sint-Be acts as δ18O, together
with (indirect) evidence that 10Be is influenced by
climate, makes the assumption that the entire 10Be
stack is not influenced by ocean circulation varia-
tions or glacial–interglacial successions of Frank et
al. [10] seem too optimistic.

5.2. Climatic influence in NRM paleointensity data

The correspondences between the δ18O record and
the conventionally determined Sint-200 may also be
attributed to the sedimentary response to climate.
Certainly, amplitude variations in the magnetic in-
tensity have occurred in the past, but the traditional
normalization for obtaining relative paleointensity
behavior from natural remanences apparently fails
to eliminate all climatic influences. The compilation
Sint-200 [2] cannot be used in a one-to-one case
versus the δ18O curve [15], therefore, an individual
high-resolution record with detailed oxygen isotope
and paleomagnetic data is subjected to the squared
coherence test. Core SU-92-18 suggests that both
sedimentary magnetization NRM and rock-magnetic
parameter ARM have reacted to environmental fea-
tures. Their ratio implies that pure geomagnetic pale-
ointensity is not achieved through this normalization
procedure (Figs. 3 and 6). Other paleointensity tech-
niques suggest to provide better estimates with re-
spect to climatic influence. The pseudo-Thellier ap-
proach [23] for sedimentary paleointensity data (see
also [22]) shows subtle differences with the standard
normalization methods. It causes the squared coher-
ences near precessional frequencies to drop below
the zero-coherence level. This is interpreted as a
more correct approach to reconstruct estimates from
sediments.

Instead of a delayed acquisition of magnetiza-
tion, the phase shift between the magnetizations and
δ18O (Fig. 2c and the shift of axes in Fig. 3) can
be explained by the shift of a few thousand years
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between carbonate content and δ18O [27]. Magnetite
concentration in the North Atlantic is in phase with
carbonate content, therefore a comparable delay be-
tween NRM (or ARM) and δ18O can be expected.

5.3. Pure geomagnetic signal

The youngest ca. 50 kyr indicate a discrepancy
between δ18O and the paleointensity stacks (Fig. 1).
The last glacial maximum is some 15 kyr younger
than the minimum in magnetic intensity, which
seems to be too large a shift for the above-mentioned
lag [27]. In addition, this interval is most densely
covered with normalized 10Be and NRM data, so we
may assume a more accurately determined geomag-
netic character. Moreover, both paleointensity stacks
coincide very well with the U=Th calibration results
of the 14C time scale [28–30]. Whereas the pale-
ointensity low at ca. 40 ka does not coincide with
a glacial maximum, the rest of the paleointensity
trend in this youngest part is quite similar to climatic
behavior, not only for the stacks, but also SU-92-18
(Fig. 3b). This could suggest that only anomalous
geomagnetic intensity happened around 35–40 ka
and the practically monotonously increasing values
since are climatic artifacts. Independent support for
this contention is given by the relative data from Site
983 which do not indicate an increasing trend for the
last 35 kyr [31].

With respect to the cross-spectral analyses of the
entire stacks, the highest coherence between Sint-
200 and Sint-Be (Fig. 2b) favors the assumption that
both have indeed been mainly controlled by the then
prevailing magnetic fields. The agreement confirms
the concentration of periodicities in the Brunhes pa-
leointensity data in the¾33 kyr band [8,9]. However,
the δ18O stack does not contain much spectral power
between obliquity and precession (41�1 and ¾23�1

respectively), therefore coherences with both pale-
ointensity stacks are bound to be low in this interval.

In a recent study Channell et al. [32] suggest that
the obliquity power is a property of the geomagnetic
field itself. The NRM=IRM against IRM data sug-
gest insignificant coherence at the interval around
obliquity, whereas at other orbital frequencies the
normalization by IRM has failed to suppress litho-
logical variations [32]. However, the absence of a
41-kyr peak in the power spectrum of the IRM data

is noteworthy since the other possible normalizers
ARM and susceptibility have roughly twice as much
normalized power at the obliquity-related frequency.
It might be that IRM is not the ideal normalizer of
NRM and that these sedimentary records are litho-
logically contaminated to a larger extent than Chan-
nell et al. [32] suggest. Therefore, before hypotheses
on orbital influence on the geomagnetic field can
be tested with relative paleointensity records from
sedimentary data, one must be certain that all sedi-
mentary artifacts are accounted for.

6. Conclusion

The Sint-200 stack of several relative paleomag-
netic intensity records for the last 200,000 years
undoubtedly demonstrates an overall internal co-
herence. Independent support, from inverting the
stacked 10Be record to 100% paleofield intensity
fluctuations, has been taken as a validation of the ap-
plicability of sediments for paleointensity research.
Alternatively, I suggest that the good agreement of
the stacked paleointensity records stems — to a cer-
tain extent — from similar influences of Pleistocene
climate, rather than from geomagnetic intensity vari-
ations alone.

A detailed look at a conventionally determined
paleointensity record suggests that even after nor-
malization of the natural remanent magnetizations,
the magnetic signals resemble the climatically con-
trolled δ18O records from the same core. Such ‘im-
pure’ paleointensity records, which contain climatic
components, are likely to result in coherent stack.
Other more time-consuming relative paleointensity
estimates seem to do a better job in removing the
climatic influence.

Whereas it is not proved that fluctuations in the
sedimentary paleointensity records are in fact af-
fected by variations in global climate as opposed
to being of geomagnetic origin, there are certainly
grounds for suspicion.
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