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Abstract

Increases in the production rate of cosmogenic radionuclides associated with geomagnetic excursions have been used as global
tie-points for correlation between records of past climate from marine and terrestrial archives. We have investigated the relative
timing of variations in 10Be production rate and the corresponding palaeomagnetic signal during one of the largest Pleistocene
excursions, the Iceland Basin (IB) event (ca. 190 kyr), as recorded in two marine sediment cores (ODP Sites 1063 and 983) with
high sedimentation rates. Variations in 10Be production rate during the excursion were estimated by use of 230Thxs normalized 10Be
deposition rates and authigenic 10Be/9Be. Resulting 10Be production rates are compared with high-resolution records of
geomagnetic field behaviour acquired from the same discrete samples. We find no evidence for a significant lock-in depth of the
palaeomagnetic signal in these high sedimentation-rate cores. Apparent lock-in depths in other cores may sometimes be the result
of lower sample resolution. Our results also indicate that the period of increased 10Be production during the IB excursion lasted
longer and, most likely, started earlier than the corresponding palaeomagnetic anomaly, in accordance with previous observations
that polarity transitions occur after periods of reduced geomagnetic field intensity prior to the transition. The lack of evidence in
this study for a significant palaeomagnetic lock-in depth suggests that there is no systematic offset between the 10Be signal and
palaeomagnetic anomalies associated with excursions and reversals, with significance for the global correlation of climate records
from different archives.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The geomagnetic field intensity was significantly re-
duced during past geomagnetic excursions (e.g. Guyodo
and Valet, 1999; Laj et al., 2000). Studies from polar ice
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cores (10Be and 36Cl) (Yiou et al., 1997; Wagner et al.,
2000; Raisbeck et al., 2006) as well as marine sediments
(10Be) (Frank et al., 1997; Carcaillet et al., 2004) show
that these events were associated with increases in the
production rate of cosmogenic nuclides. This relationship
is expected, because the flux of cosmic-ray particles (87%
protons, 12% helium nuclei, and 1% heavier particles)
into the atmosphere, and hence the production of
cosmogenic nuclides, is modulated by shielding effects
from the geomagnetic dipole field (as well as changes in
the heliomagnetic field carried by the solar wind) (Lal,
1988;Masarik and Beer, 1999; Beer et al., 2002; Bard and
Frank, 2006). The relationship between magnetic field
intensity and the production of 10Be provides a powerful
tool for synchronizing climate records from different
archives, such as ice sheets and marine sediments (e.g.
Muscheler et al., 2004), but differences in the relative
timing between the palaeomagnetic and 10Be anomalies
may result in chronologies that are not fully compatible
(Bard and Frank, 2006). If the palaeomagnetic signal is
locked in at some appreciable depth in marine sediments,
while the contemporaneous 10Be flux is being deposited at
the sediment surface, then the 10Be record will lag the
palaeomagnetic signal by a distance equal to the lock-in
depth. This offset may be slightly increased because the
residence time of 10Be in the atmosphere-ocean system
might lead to a delay in the recording of the 10Be
production signal in marine sediments, varying from
∼100 years in boundary areas close to the continental
margins to as much as 1500 years in the central Pacific
(von Blanckenburg and Igel, 1999). Complementary
studies of 10Be fluxes and palaeomagnetic properties
from the same deep-sea cores are quite rare, but existing
studies suggest that in some cases the 10Be signal is
synchronous with the palaeomagnetic signal, whereas in
other cases it lags the palaeomagnetic signal by asmuch as
20 kyr (based on average long-term sedimentation rates)
(Carcaillet et al., 2003). The degree of such potential
offsets are not well constrained and remain subject to
debate (deMenocal et al., 1990; Tauxe et al., 2006). We
assess here the synchroneity of the palaeomagnetic and
10Be anomalies during the Iceland Basin (IB) geomag-
netic excursion by studying both parameters from the
same discrete sediment samples at very high resolution.

The pathway of 10Be into sediment cores requires
removal from the atmosphere and scavenging to sedi-
mentary particles. 10Be is primarily produced in the lower
stratosphere and upper troposphere, where, on average, it
resides for 1–2 years before it is advected to the lower
troposphere to be deposited, mainly by wet precipitation,
on the surface of the Earth (Field et al., 2006). Due to
atmospheric mixing processes, differences in the 10Be
production rates between high and low latitudes are
removed from the pattern of flux to the surface. Instead,
the location of stratosphere-troposphere exchange, along
with high rainfall rates, cause a maximum in 10Be depo-
sition to the Earth's surface at mid latitudes.

Concentrations of 10Be in marine sediments may be
affected by changes in atmospheric supply as well as
changes in sedimentation rate and by the composition and
origin of the particles that scavenge 10Be in the water
column (Chase et al., 2002; Christl et al., 2003;McHargue
and Donahue, 2005). Consequently, measured 10Be
concentrations are usually normalized against a constant-
flux proxy to estimate past variations in 10Be production
rates. The most widely used proxies for past 10Be pro-
duction rates are 230Thxs normalized

10Be deposition rates
and authigenic 10Be/9Be. The 230Thxs normalization
technique corrects for changes in sedimentation rate and
lateral redistribution of sediments (e.g. focusing and
winnowing) by assuming a constant flux of 230Th to the
sediment. It does not, however, correct for boundary scav-
enging (i.e. the preferential scavenging of 10Be in high
particle flux areas) or variations in the chemical and
granulometric composition of the particles that scavenge
10Be from the water column (Frank et al., 1997). Au-
thigenic 10Be/9Be does not enable quantitative estimates of
the 10Be flux to the seafloor, but by normalizing authigenic
10Be to authigenic 9Be, biases resulting from variations in
sources and pathways are generally taken into account
(Bourlès et al., 1989). The principle behind the method is
that the soluble forms of both 10Be and 9Be behave in a
chemically identical manner and thus are scavenged equal-
ly efficiently from the water column, irrespective of the
chemical and granulometric composition of the particles
that scavenge them. In this study both 230Thxs normalized
10Be deposition rates and authigenic 10Be/9Be were used
to estimate variations in 10Be production rates during the
IB excursion.

2. Materials and methodology

2.1. Study sites and sample material

Ocean Drilling Program (ODP) Sites 1063 and 983
were selected for our detailed study of the geomagnetic
field behaviour and 10Be production rates during the IB
excursion, mainly because of the high sedimentation
rates in the intervals encompassing the excursion (Site
1063: ∼11 cm kyr−1 and Site 983: ∼24 cm kyr−1,
according to the respective age models Channell et al.,
1997; Grützner et al., 2002). According to the age
models, the IB excursion occurred close to the transition
between marine oxygen isotope stages (MIS) 7 and 6



Fig. 1. The white stars indicate the location of marine sediment cores
used in this study: ODP Site 1063 (33.7° N, 57.6° W) and ODP Site
983 (60.4° N, 23.6° W).
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(Channell et al., 1997; Grützner et al., 2002). Site 1063
was cored at a water depth of ∼4580 m in drift deposits
on the northeast Bermuda Rise (Fig. 1) during ODP Leg
172. Light grey to greenish grey clay with varying
proportions of silt and carbonate- and siliceous-bearing
nannofossils dominate the upper 170 m at this site
(Shipboard Scientific Party (Site 1063), 1998). ODP
Site 983 is located on the Gardar Drift (water depth
∼1985 m) south of Iceland (Fig. 1), where the
sediments are predominantly composed of rapidly
accumulated, fine-grained terrigenous particles with
minor amounts of carbonate and biosilica (Shipboard
Scientific Party (Site 983), 1999).

A total of 121 discrete samples fromODP Sites 1063A
and 983B were subjected to rigorous palaeomagnetic
analyses and formed a significant part of a detailed study
of the rapidly changing geomagnetic field behaviour
during the IB excursion (Knudsen et al., 2006). The
sampled interval from ODP Site 1063A has subsequently
been extended by 14 unoriented samples, which, because
they were not oriented, extend only the relative
palaeointensity (RPI) record from 1063A relative to
Knudsen et al. (2006) (see Knudsen et al., 2006 for details
of the analytical methods). Based on the palaeomagnetic
study, samples were selected to determine both 10Be
deposition rates and authigenic 10Be/9Be ratios during the
IB excursion.

2.2. Chemical procedures

2.2.1. 230Thxs normalized
10Be deposition rates

The deposition rate of 10Be in marine sediments are
calculated using the following equation:

DRBe ¼ b � fBe � ð230Th0xsÞ�1 ð1Þ

where fBe is the age-corrected 10Be concentration,
230Thxs

0 the age-corrected 230Th activity originating
from the water column, and β the production rate of
230Th in the overlying water column (given by
β= z·(234U)·λ230, where z is the water depth, (234U)
the activity of 234U in seawater (2750 dpm m−3), and
λ230 the decay constant of 230Th). This well-established
230Th-normalization method relies on the assumption
that the flux of 230Th to the sea floor only depends on β
(Bacon, 1984; Suman and Bacon, 1989; Frank et al.,
1996; Francois et al., 2004). The measurement proce-
dures and numerical approaches used for determining
230Thxs are presented in Knudsen et al. (2007) and as
supplementary material.

To determine the 10Be deposition rate, it is essential
that all authigenic 10Be (i.e. adsorbed onto particles in
the water column) is desorbed from the sediment. The
desorption of all authigenic 10Be was accomplished by
following the chemical leaching method described by
Henken-Mellies et al. (1990) (hereafter referred to as the
strong leach): ∼1 g of dry sediment was spiked with
∼1 ml of 1000 ppm 9Be carrier and leached overnight at
room temperature in 5 ml H2O2 and 15 ml 6 N HCl.
Subsequently, the Be was extracted from the leachates
through various precipitation and redissolution steps at
controlled pH values, taking advantage of the ampho-
teric nature of Be (Henken-Mellies et al., 1990). All
10Be concentrations were measured at the AMS facility
of the Paul Scherrer Institute and ETH Zurich, with all
concentrations calibrated to an internal standard (S555)
with a nominal 10Be/9Be ratio of 95.5 ·10−12.

2.2.2. Authigenic 10Be/ 9Be ratios
During extraction of authigenic 10Be and 9Be from

the sediments, it is crucial that the Be in the detrital
fraction is not leached, because the detrital 9Be would
strongly bias the 10Be/9Be ratio. To avoid leaching of
the detrital fraction, Be was extracted using a procedure
modified from that described by Bourlès et al. (1989):
8 ml 0.05 M NH2OH·HCl in 15% acetic acid (brought to
pH ∼3.8 with NaOH) was added to ∼1 g of dry,
homogenized sediment before gently stirring this solu-
tion for 2 h at room temperature. This solution was
subsequently centrifuged until the supernatant was com-
pletely clear, before an aliquot of 6 ml was taken for Be
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analyses. From this 6 ml, an aliquot of 0.5 ml was taken
for 9Be analysis, leaving 5.5 ml for further 10Be
analysis. The 10Be aliquot was then spiked with
0.8 ml of 9Be carrier, before being subjected to the Be
extraction procedure described above, involving the
same precipitation and redissolution steps as for the
strong leach.

The 0.5 ml 9Be aliquots were evaporated and redis-
solved in 5 ml 1% HNO3, of which 2.45 ml were used
for concentration measurements. After spiking the
2.45 ml sample solutions with 0.05 ml Indium
(500 ppb) to correct for matrix effects, concentrations
of authigenic 9Be were measured on a Perkin Elmer
Fig. 2. Concentrations of 10Be and 230Thxs activities used to calculate 10

concentrations from Site 1063A after subjecting the samples to a strong leach
(b) Age corrected 230Thxs and (c)

10Be deposition rates for Site 1063A. (d) 10B
for Site 983B.
ICP-MS at the Department of Earth Sciences, Uni-
versity of Oxford.

3. Beryllium-10 records from ODP Site 1063 and
Site 983

3.1. 10Be deposition rates

The 10Be concentrations measured after subjecting
the samples to the strong leach range between 1 and
3·109 atoms/g for samples from Site 1063A (Fig. 2a)
and 0.5 to 2·109 atoms/g for samples from Site 983B
(Fig. 2d). The 230Thxs

0 -activities calculated for Site
Be deposition rates for ODP Site 1063A and Site 983B. (a) 10Be
(5 ml H2O2 and 15 ml 6 N HCl) designed to extract all authigenic 10Be.
e concentrations, (e) age corrected 230Thxs, and (f)

10Be deposition rates
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1063A vary from 6 to 12 dpm/g (Fig. 2b), and for Site
983B between 0.5 and 4 dpm/g (Fig. 2e).

The lowest 10Be deposition rates (∼1.5·109 atoms
cm− 2 kyr− 1) calculated frommeasured 10Be and 230Thxs

0

values on Site 1063A samples are found at the bottom of
the studied section (Fig. 2c). Between 55.3 to 55.0 mcd
there is a notable increase from ∼1.8 to ∼3.5 ·109 atoms
cm−2 kyr−1 and the deposition rates remain high until
54.0mcd, above which they drop to slightly lower values.
The 10Be deposition rates from Site 983B vary from 1 to
7·109 atoms cm−2 kyr−1 (Fig. 2f), but the calculated
deposition rates are generally associated with very large
uncertainties due to the relatively low 230Thxs

0 activities.
The small amounts of excess 230Th in some of the samples
from Site 983B imply that the large relative changes in
230Thxs

0 completely dominate variations in calculated 10Be
deposition rates at this site. In general, the 10Be deposition
rates found in this study (1–7·109 atoms cm−2 kyr−1) are
slightly higher than an estimate of the present global
average production rate of 1.21±0.26·109 atoms cm−2

kyr−1 (Monaghan et al., 1985/86), but quite similar to
deposition rates obtained from modern marine sediments
and sediments from the time interval around the IB
excursion (0.5–6·109 atoms cm−2 kyr−1) (Frank et al.,
1997).

The disadvantage of using 10Be deposition rates in
studies of single cores is the sensitivity of 10Be to
boundary scavenging (i.e. changes in metal removal close
to the ocean boundaries) and changes in chemical
composition of the particles that scavenge 10Be and
Fig. 3. (a) Carbonate content at Site 1063 (from Grützner et al., 2002), which
10Be deposition rates and (c) authigenic 10Be/9Be ratios from Site 1063A. The
in this interval according to Grützner et al. (2002): MIS 7.3/7.2 and MIS 7/6
230Th in the water column. Chase et al. (2002) found that
the affinity of Be to adsorb to particles increases with
increasing opal content and decreasing carbonate content,
whereas the opposite is true for Th. This is relevant,
because the IB excursion occurred close to the time of the
MIS 7/6 transition, whichwas accompanied by changes in
ocean circulation and particle composition. At both Site
1063 (Fig. 3a) and Site 983, the transition fromMIS 7 to 6
was accompanied by a reduction in carbonate concentra-
tion, which may have influenced the scavenging effi-
ciency of 10Be and 230Thxs. The step-increase to higher
10Be deposition rates observed around 55.3 mcd for Site
1063 (Fig. 3b) starts within MIS 7 and was most likely
caused by changes in ocean circulation or particle
composition, possibly related to theMIS 7.3/7.2 transition
that occurred just below the increase in 10Be deposition
rates (Fig. 3a). Such a step-increase in 10Be deposition
rates would be consistent with a decrease in carbonate
content (Chase et al., 2002). For Site 983B, there is the
additional complication that concentrations of 230Thxs are
low, which is in accordance with the shallow water depth
at the site. This may be compounded by the young
ventilation age of deep-waters in this area leading to lower
deep-water 230Th concentrations than elsewhere (e.g.
Moran et al., 1997), although this effect is not expected to
lead to a significant reduction in 230Th fluxes to the
sediment (Henderson et al., 1999). The low 230Thxs values
give rise to large uncertainties in the calculated 10Be
deposition rates. The complications due to differential
boundary scavenging and low 230Thxs values make it
was used to constrain the age model for this site. (b) 230Thxs normalised
two dark-grey bands denote two large climatic transitions that occurred
.
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difficult to deconvolve the 10Be production signal from
environmental effects. Although such deconvolution can
sometimes be achieved using a box-model approach (as
demonstrated successfully by Christl et al., 2007) such
approaches are somewhat assumption-based. In this study
we have not made an attempt to correct for changes in
boundary scavenging because the advection-dominated
hydrography at the core sites makes this particularly
difficult.

3.2. Authigenic 10Be/ 9Be ratios

The concentrations of authigenic 10Be in sediments
from Site 1063A (Fig. 4a), obtained by weak leaching,
range between 3 and 12·10−15 g/g (1.8–7.2·108 atoms/g),
which is approximately four times lower than 10Be
Fig. 4. Authigenic 10Be and 9Be concentrations, as well as the combined 10Be/9

the samples in hydroxylamine hydrochloride (8 ml 0.05 M NH2OH·HCl in 15
authigenic 10Be concentrations, (b) authigenic 9Be concentrations and (c) th
concentrations, (e) authigenic 9Be concentrations and (f) the resulting authig
concentrations obtained using the strong leaching method.
Similarly, authigenic 10Be concentrations from Site 983B
(Fig. 4d), which range from 2 to 6·10−15 g/g (∼1.2–
3.6·108 atoms/g), are lower than those obtained using the
strong leaching agent. The authigenic 9Be concentrations
measured along the cores vary between∼3 and 9·10−8 g/g
at Site 1063A (Fig. 4b) and between 3 and 4·10−8 g/g at
Site 983B (Fig. 4e).

Calculated authigenic 10Be/9Be ratios from Site
1063A, which range from 0.8 to 2.0 ·10−7, are fairly
constant with ratios around 1 ·10−7 in the lowermost
part of the studied section (Fig. 4c). The ratios then
increase fairly abruptly, reaching a peak value of
2.0 ·10−7 around 54.4 mcd, after which they gently
decline to a lower level before finally dropping to values
around 1 ·10−7. Authigenic 10Be/9Be ratios around
Be ratios from Site 1063A and Site 983B, following a weak leaching of
% acetic acid) designed only to mobilize authigenic Be. Site 1063A: (a)
e resulting authigenic 10Be/9Be ratios. Site 983B: (d) authigenic 10Be
enic 10Be/9Be ratios.
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0.9 ·10− 7 dominate the lower part of the studied section
from Site 983B (Fig. 4f), but a monotonic increase to
higher ratios around ∼1.6 ·10−7 occurs between 22.0 to
21.5 mcd. The ratios remain high until 20.5 mcd, after
which they drop to lower values toward the uppermost
part of the section. Authigenic 10Be/9Be ratios reported
here (5–20 ·10−8) are similar to, but slightly higher,
than the present 10Be/9Be ratio in Atlantic seawater (4–
6 · 10

− 8), and more comparable with the range observed
for Pacific waters (10–14 ·10−8) (Kusakabe et al., 1987;
von Blanckenburg et al., 1996).

Boundary scavenging and changes in particle compo-
sition do not affect authigenic 10Be/9Be ratios because
10Be and 9Be are isotopes of the same element and are
both scavenged directly from seawater. There is no
indication, as demonstrated in Fig. 3 for Site 1063A, that
changes in carbonate content affected the 10Be/9Be ratios.
The chemical similarity of 10Be and 9Be, coupled to the
age of the IB excursion (which leads to small remaining
230Thxs), leads us to consider that

10Be/9Be ratios aremore
readily interpreted in terms of past changes in 10Be
production rates than the 230Thxs normalized 10Be
deposition rates. We therefore use 10Be/9Be ratios for
comparison with the palaeomagnetic field.

It is puzzling that the authigenic 10Be/9Be ratios vary
considerably between the different studies reported in the
literature. Despite the fact that we do not know if the
10Be/9Be signature of Atlantic seawater between 200 and
Fig. 5. Comparison between existing palaeomagnetic records and new estim
ODP Site 983B. (a) VGP latitudes and (b) relative palaeointensities (Knudsen
pseudo-Thellier technique, NRM/ARM, and NRM/χ, but only the RPI estim
10Be/9Be ratios from Site 1063A. The light-grey zone denotes the interval enco
the dark-grey band indicates the MIS 7/6 transition according to the age mod
precise at the level of ±5 kyr.
180 ka was the same as today, we observe pre- and post-
excursion ratios (6–10·10−8) only slightly higher than
those observed in modern Atlantic seawater (4–6·10−8).
Carcaillet et al. (2004) report ratios (1–5·10−8) from a
study covering the past 300 kyr which are similar to
modern Atlantic seawater ratios, whereas Leduc et al.
(2006) report ratios (0.5–3·10−6) from a core in the Indo-
Pacific that cover the interval 10–60 kyr which are
between 5 and 50 times higher than modern seawater
ratios. The fact that the reported ratios are either similar to
or higher than the modern 10Be/9Be seawater ratios,
suggests that leaching of 9Be from the detrital fraction to
release additional 9Be cannot be the cause of these
differences. While the reported 10Be concentrations are
reasonably constant, 9Be concentrations vary by up to two
orders of magnitude. The authigenic 9Be concentrations
reported in these studies do not represent absolute
concentrations of 9Be dissolved in seawater due to
variable adsorption and partitioning efficiencies during
scavenging. Nevertheless, the differing 10Be/9Be ratios
could be interpreted to imply that the 9Be concentrations
in the ocean might vary considerably in time and space
due to changing input of 9Be. A comparable range of
variations, however, has not been observed for present-
day deep water or ferromanganese crusts, in which the
10Be/9Be ratios range from0.4 in the Atlantic to 1.5 ·10− 7

in the Pacific (Ku et al., 1990; Measures et al., 1996; von
Blanckenburg et al., 1996).
ates of 10Be production rates during the Iceland Basin excursion from
et al., 2006). Relative palaeointensities were determined by use of the
ates derived by the pseudo-Thellier method is shown. (c) Authigenic
mpassing the IB excursion based on the 45° VGP cutoff angle, whereas
el of Channell et al. (1997). We note that the age model is probably not
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3.3. Comparison between the 10Be/ 9Be ratios and
palaeomagnetic anomalies

We have previously reported detailed palaeomagnetic
records of the IB excursion from ODP Sites 1063A and
983B (Knudsen et al., 2006), which makes it possible to
directly compare the behaviour of the geomagnetic field,
as estimated by traditional palaeomagnetic methods,
with variations in 10Be production rates during the IB
excursion.

Geomagnetic excursions have been defined as periods
when the virtual geomagnetic poles (VGPs) deviate by
more than 45° from the geographic poles but do not
reverse (Verosub, 1977; Glatzmaier et al., 1999). Ac-
cording to this definition, the IB excursion is very well-
defined at Site 983B, where both the onset and the
cessation of the VGP anomaly were accompanied by
abrupt, synchronous changes in RPI (Fig. 5a and b). The
10Be/9Be ratios indicate that the palaeomagnetic excur-
sion was accompanied by a very well-defined increase in
10Be production rates. Surprisingly, the 10Be anomaly
started with a monotonic increase in 10Be/9Be ratios
around ∼0.7 m below the onset of the palaeomagnetic
excursion (Fig. 5c) (n.b. this is the opposite sense of
displacement from that expected due to lock-in depth or
slow 10Be scavenging). The 10Be/9Be ratios remained
high and constant throughout the palaeomagnetic excur-
sion and reduced synchronously with both the VGP and
RPI anomalies.
Fig. 6. (a) VGP latitudes and (b) relative palaeointensities from Site 1063A (K
of the pseudo-Thellier technique, NRM/ARM, and NRM/χ, which all yielded
the pseudo-Thellier method. (c) Authigenic 10Be/9Be ratios from Site 1063A.
based on the 45° VGP cutoff angle, whereas the dark-grey band indicates the
As for Site 983B, the age model is probably not precise at the level of ±5 k
The observed maximum in 10Be/ 9Be ratios at Site
1063A was synchronous with the corresponding VGP-
peak anomaly and the overall drop in RPI. The IB
excursion is well-defined in terms of directions and
spans slightly less than 1 meter (54.8–53.9 mcd), with
the maximum VGP anomaly centered at 54.35 mcd
(Fig. 6a). It is less well-defined in terms of relative
palaeointensity (RPI), but the interval spanning the VGP
anomaly is characterised by an overall dip in RPI. The
cessation of the VGP anomaly is followed by a gradual
increase in RPI, whereas it is more difficult to assess the
field intensity just prior to the onset of the excursion due
to the variability of the signal (Fig. 6b). Note that the
high values around 54.6–54.7 mcd could be caused by
the presence of strong non-dipole fields in this particular
area, and may thus not represent a global phenomenon
(see Knudsen et al., 2006 for further details). Overall,
the 10Be production rate, as estimated by 10Be/ 9Be
ratios, was increased during the entire interval spanning
the VGP anomaly and the minimum RPI values
(Fig. 6c). The maximum 10Be anomaly occurred syn-
chronously with the maximum VGP anomaly at
54.35 mcd, but the overall 10Be anomaly seems to have
started slightly below and terminated slightly above the
directional anomaly. The maximum 10Be anomaly occurs
within the overall RPIminimum, but just below the lowest
RPI values of the record. Above the VGP anomaly (i.e.
above 53.9 mcd), the 10Be anomaly is almost a mirror-
image of the RPI anomaly.
nudsen et al., 2006). Relative palaeointensities were determined by use
very similar results. In (b) we only show the RPI estimates derived by

The light-grey zone denotes the interval encompassing the IB excursion
MIS 7/6 transition according to the age model of Grützner et al. (2002).
yr.
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4. Discussion

4.1. Geomagnetic constraints from 10Be production
anomalies

The 10Be production rate is controlled by changes in
the intensity of the geomagnetic dipole field, which is
why the RPI, and not the VGP, is the parameter directly
related and comparable to the 10Be signal. VGP
anomalies associated with excursions occur when the
field intensity is low, which explains why a correlation
between the VGP and 10Be anomalies can also be
expected. It is important, however, to keep in mind that
the palaeomagnetic signal, to some extent, represent
regional rather than global changes in the geomagnetic
field, whereas the 10Be signal should essentially
represent global changes in the 10Be production rate.

Comparison between the palaeomagnetic anomalies
and the 10Be anomalies recorded at sites 1063A and
983B during the IB excursion indicate that the 10Be
anomalies, in particular at Site 983B, lasted longer than
the VGP anomalies. The 10Be anomaly also lasted
considerably longer than the RPI anomaly at Site 983B,
which possibly is also true for Site 1063A, although this
is difficult to assess due to the ambiguity of the early
part of the RPI record. The early onset of the 10Be
anomaly, which is highly conspicuous at Site 983B,
cannot be caused by residence time of 10Be in the ocean
or presence of a significant palaeomagnetic lock-in
depth, as both processes would displace the 10Be
anomaly upwards, and not downwards, relative to the
palaeomagnetic anomaly. It also seems highly unlikely
that the early onset of the well-defined 10Be anomaly at
Site 983B was caused by changes in environmental
conditions, such as ocean circulation or inputs, because
the anomaly started prior to the MIS 7/6 transition and
lasted exactly until the termination of the palaeomag-
netic excursion. The most feasible explanation is that the
IB excursion was characterised by a dip in global dipole
field intensity that lasted longer than the palaeomagnetic
excursions recorded at the individual sites. This is
analogous to palaeomagnetic studies of polarity rever-
sals indicating that the field intensity was reduced for a
considerable period of time prior to the actual VGP
transition (e.g. Riisager and Abrahamsen, 2000; Singer
et al., 2005). A palaeomagnetic reconstruction of the
Matuyama–Brunhes (M–B) transition showed that the
field behaviour during the transition was highly depen-
dent on site location (Leonhardt and Fabian, 2007) and
that the duration of the M–B transition was highly
variable in different regions. The VGP transition period
itself was shorter than the period of reduced field
intensity. The locally observed intensity variations were
also strongly dependent on site location due to the
dominantly non-dipolar field geometry during the
reversal (Leonhardt and Fabian, 2007).

Based on the data presented here, we suggest that the
reduction in global dipole field intensity associated with
the IB excursion lasted longer and initiated earlier than
the palaeomagnetic excursions recorded at the indivi-
dual sites. The plateau of elevated 10Be production rates
recorded at Site 983B indicates, according to a recent
theoretical 10Be production model (Masarik and Beer,
1999) that the dipole field intensity was reduced by up to
85% during the IB excursion compared to pre- and post-
excursion intensities. The fact that the RPI anomaly at
Site 983B clearly started later than the 10Be anomaly,
and in fact was close to a local maximum just prior to the
VGP anomaly (∼21.3 mcd), is somewhat puzzling.
Strong non-dipole fields may have dominated local field
intensity prior to the observed VGP-anomaly (22.0–
21.3 mcd in Fig. 5), which may explain the observed
offset between the onset of the RPI and 10Be anomalies.
In this case, the non-dipole fields did not influence the
magnetic directions, contrary to expectations. Rapidly
changing field directions can give rise to apparently low
RPI when the samples average over a time span domi-
nated by drastic changes in the magnetic vector, but that
cannot account for the observed RPI anomaly at Site
983B.

4.2. 10Be anomalies as a tool for global correlation of
records

To use the 10Be and palaeomagnetic anomalies asso-
ciated with geomagnetic excursions as tie-points for
correlation of records from different archives, it is
essential to assess the importance of paleomagnetic
lock-in depth and residence time of 10Be in the ocean.
The residence time of 10Be in the ocean can vary con-
siderably depending on ocean circulation, water depth,
and proximity to boundary areas (von Blanckenburg and
Igel, 1999). Most high-resolution 10Be and palaeomag-
netic marine records, however, have been obtained from
continental margins or drift deposits, where the residence
time of 10Be is unlikely to exceed 200–300 years,
indicating that the residence time of 10Be in the ocean is of
onlyminor significance for the correlation of records from
different archives. The significance of post-depositional
remanent magnetization (PDRM) and palaeomagnetic
lock-in depth in marine sediments is quite controversial
(e.g. Roberts and Winklhofer, 2004; Tauxe et al., 2006).
Some laboratory experiments (Hamano, 1980) and results
from natural sediments (deMenocal et al., 1990; Channell
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et al., 2004) suggest that the lock-in depth in marine
sediments may be significant, with a comparative study of
8 marine cores from deep-sea sediments suggesting a
lock-in depth of∼16 cm (deMenocal et al., 1990). These
conclusions have been contested in subsequent studies
(Tauxe et al., 1996; Tauxe et al., 2006), and in a recent
study of depositional remanent magnetization, which
included a comprehensive review of the records and
experiments indicating deep lock-in depths, Tauxe et al.
(2006) found no compelling evidence for significantly
delayed remanence acquisition in marine sediments.

If there is a significant lock-in depth of the palaeo-
magnetic signal, there may be a considerable age offset
between the 10Be and RPI anomalies associated with an
excursion or reversal. The age offset will strongly depend
on the sedimentation rate, and the combination of a large
lock-in depth and a low sedimentation ratewould give rise
to the largest age offsets (Fig. 7). The age offsets
(converted from depths) between 10Be and RPI anomalies
from records reported in the literature vary between 0 and
20 kyr (Fig. 7).We note, however, that some of the records
included in Fig. 7 yield apparent age lags between 10Be
and palaeomagnetic anomalies for some geomagnetic
events, but not for others. One possible explanation for
this puzzling observation is that, if the 10Be anomaly lasts
longer than the corresponding palaeomagnetic anomalies
Fig. 7. Observed and predicted age offset between 10Be and
palaeomagnetic anomalies associated with geomagnetic events as a
function of sedimentation rate. The envelopes represent age offsets for
different palaeomagnetic lock-in depths (in cm) that are within the range
reported in the literature (Bleil and von Dobeneck, 1999). Solid and
dashed black lines denote age offsets (converted from depths) reported
from sediment cores on the Portuguese Margin (Carcaillet et al., 2004).
The solid grey line denotes age offsets fromBlakeOuter Ridge sediments
(McHargue et al., 2000), whereas the dashed grey line denotes age offsets
observed in a core from the West Equatorial Pacific (Carcaillet et al.,
2003). The stars (Sites 1063A (solid) and 983B (open)) mark the data
from this study, which indicate no significant age offset.
(as suggested by the data presented here) and the sample
resolution of the 10Be anomaly is limited, it may some-
times appear as if the palaeomagnetic anomaly is dis-
placed downwards relative to the 10Be anomaly,
consistentwith an apparently lock-in depth. Earlier studies
of the covariation of 10Be and RPI signals featured a large
amount of 10Be data and produced detailed records from
periods that span up to several hundred thousand years
(e.g. Robinson et al., 1995; McHargue et al., 2000;
Carcaillet et al., 2003, 2004). In this study, we have not
attempted to assess fluxes for such long periods, but
instead focused explicitly on a single excursion at unprec-
edented resolution. The different focus of our studymeans
that, although we present less 10Be data in total than some
previous studies, our resolution within the excursion itself
(up to 11 10Be analyses) is significantly higher than that in
earlier studies (always less than 6–7 and mostly 2–3 10Be
analyses). In our study, we find no evidence for any
significant lock-in depth of the palaeomagnetic signal.
Neither of the VGP anomalies or RPI anomalies from Site
1063 or Site 983 seem to be displaced downward
compared to the corresponding 10Be anomalies. At Site
1063A, where the start of the RPI anomaly is a bit am-
biguous, the maximum VGP anomaly is completely syn-
chronouswith themaximum 10Be anomaly (at 54.38mcd),
and the minimum RPI value (at 54.275 mcd) is found just
above the maximum 10Be anomaly, contrary to what
would be expected if there is a significant lock-in depth.
These results suggest that palaeomagnetic and 10Be anom-
alies associated with excursions and reversals can be used
as a straightforward tool for correlation between climate
records from different archives, since there is no evidence
for systematic offsets.

5. Conclusions

The 10Be study presented here is based on the same
discrete samples used to construct high-resolution
palaeomagnetic records from ODP Site 1063A and Site
983B and provides the highest resolution records of
excursional 10Be fluxes yet published. The results confirm
that authigenic 10Be/9Be ratios can be used to successfully
reconstruct past variations in 10Be production rates and
that the production rate increased significantly during the
Iceland Basin geomagnetic excursion.

Comparison between the 10Be production anomaly
associated with the IB excursion and the corresponding
palaeomagnetic excursion suggests that there is no evi-
dence for a significant palaeomagnetic lock-in depth. At
Site 983B, the authigenic 10Be/9Be ratios strongly
indicate that the 10Be production anomaly lasted longer
and started earlier than the corresponding palaeomagnetic
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excursion. This suggests that the reduction in global di-
pole field intensity lasted longer and started prior to the
changes in VGP that define the IB excursion, which is in
accord with observations of full polarity reversals that
show a decrease in field intensity prior to the actual
polarity transition. The well-defined 10Be anomaly from
Site 983 indicate that the dipole field intensity was re-
duced by up to 85% during the IB excursion.

The lack of evidence in this study for a significant
palaeomagnetic lock-in depth along with the fact that the
VGP anomaly falls within the period of reduced dipole
field intensity, as indicated by the authigenic 10Be/9Be
ratios, suggests that 10Be anomalies associated with ex-
cursions and reversals can be used as a straightforward tool
for accurate correlation of records from different high
sedimentation/accumulation-rate archives. However, if the
period of reduced dipole field intensity during excursions
lasts longer than the VGP anomaly and the observed 10Be
anomaly is of low resolution this may give rise to an
apparent offset between the palaeomagnetic and 10Be
signal, to which low sedimentation-rate sediments are
particularly prone.
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