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New high-resolution authigenic 10Be/9Be ratio (Be-ratio) records covering the last geomagnetic reversal, 
i.e. the Matuyama–Brunhes transition (MBT), have been obtained and set on a time scale using benthic 
δ18O (Cibicides wuellerstorfi) records. The geographic distribution of the four studied sites allows global 
comparison between the North Atlantic, Indian and Pacific Oceans. All Be-ratio records contain a two-
fold increase triggered by the geomagnetic dipole moment (GDM) collapse associated with the MBT. The 
stratigraphic position of the Be-ratio spike, relative to marine isotope stages, allows establishment of a 
robust astrochronological framework for the MBT, anchoring its age between 778 and 766 ka (average 
mid-peaks at 772 ka), which is consistent with all other available 10Be-proxy records from marine, ice 
and loess archives. The global 10Be atmospheric production doubling represents an increase of more than 
300 atoms m−2 s−1 that is compatible with the increased magnitude of atmospheric 10Be production 
obtained by simulations between the present GDM and a null-GDM. The minimum 10Be-derived GDM 
average computed for the 776–771 ka interval is 1.7 ± 0.4 × 1022 Am2, in agreement with model 
simulations and absolute paleointensities of transitional lava flows.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The systematic coupling of polarity reversals with geomag-
netic dipole moment (GDM) collapses constitutes the main en-
try for understanding fundamental mechanisms of the geodynamo 
(e.g. Amit et al., 2010). Magnetohydrodynamic models are be-
ginning to provide insights into these mechanisms (Glatzmaier 
and Coe, 2015), but high-resolution and high-quality observa-
tions are vital to provide accurate constraints on long-term and 
rapid GDM variations. Paleomagnetic studies of the last geomag-
netic reversal, i.e. the Matuyama–Brunhes transition (MBT), pro-
vide numerous records of dipole moment variations and virtual 
geomagnetic pole (VGP) paths of transitional states (e.g. synthe-
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sis by Valet and Fournier, 2016), but several inconsistencies lead 
to conflicting interpretations on the geometry and chronology of 
the transitional field (Tauxe et al., 1996; Channell et al., 2010; 
Valet et al., 2012, 2016; Sagnotti et al., 2016; Mark et al., 2017;
Channell, 2017). In sedimentary paleomagnetic records, the sources 
of such unconformities inconsistencies are multiple: i) multicom-
ponent magnetizations (Roberts, 2015); ii) uncertainties or even 
ignorance about sediment magnetization lock-in processes (Roberts 
et al., 2013) and the influence of stronger post-transitional fields 
and (partial-) remagnetization/realignment of grains deposited in 
weak fields (Coe and Liddicoat, 1994; Simon et al., 2018); iii) sig-
nal smearing and averaging due to insufficient temporal resolution 
(Roberts and Winklhofer, 2004; Valet et al., 2016; Channell, 2017). 
Volcanic paleomagnetic records suffer from: i) spatial heterogene-
ity of thermoremanent magnetization acquisition along/across lava 
flow sections; ii) the influence of the magnetization of underlying 
lava flows on the local field recorded by the overlying flow while 
cooling (Vella et al., 2017); iii) discontinuous lava emission rates. 
Other biases that affect both types of records are due to regional 
le under the CC BY-NC-ND license 
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Fig. 1. Geographic locations of the four studied cores (black circles) along with Be-ratio and 10Be-flux from marine and glacial records discussed in the text (white circles). 
These references include: Montalbano Jonico (Simon et al., 2017); Epica Dome C (EDC) (Raisbeck et al., 2006); MD97-2140 (Carcaillet et al., 2003); MD97-2143 (Simon et 
al., 2018); MD05-2930 (Ménabréaz et al., 2014; Simon et al., 2016a), and MD98-2187 (Suganuma et al., 2010). (For interpretation of the colors in the figure(s), the reader is 
referred to the web version of this article.)
effects of non-dipole field sources (Leonhardt and Fabian, 2007;
Amit et al., 2010) and chronological uncertainties in astrochrono-
logical, radiometric and other dating calibrations (e.g. Lisiecki and 
Raymo, 2009; Jicha et al., 2016; Niespolo et al., 2017). All of these 
factors restrict the reliability of our understanding of the morphol-
ogy (intensity and direction) and chronology (timing and duration) 
of transitional fields.

A complementary and independent method to reconstruct the 
GDM variation is provided by reconstruction of time variations of 
the atmospheric production of the cosmogenic nuclide Beryllium-
10 (10Be). Pioneering studies showed that cosmogenic nuclide pro-
duction is inversely proportional to the GDM (e.g. Lal and Peters, 
1967). This inverse relationship was later demonstrated and quan-
tified (e.g. Kovaltsov and Usoskin, 2010 and references therein). 
The most detailed 10Be records from marine sediments, loess, or 
ice cores also document large 10Be overproduction episode that 
corresponds to the dipole intensity collapse at the MBT (Raisbeck 
et al., 1985, 2006; Carcaillet et al., 2003, 2004; Suganuma et al., 
2010; Zhou et al., 2014; Ménabréaz et al., 2014; Valet et al., 
2014; Simon et al., 2017, 2018). Recent studies by Simon et al.
(2016a, 2018) further strengthen evidence for the systematic oc-
currence of 10Be overproduction episodes associated with geomag-
netic dipole minima linked to polarity reversals and excursions 
over the last 2 Ma. This supports the use of 10Be for reconstructing 
accurate GDM changes.

Here, we present new authigenic 10Be/9Be ratio (Be-ratio here-
after) and benthic δ18O results across the MBT interval from three 
marine sediment cores collected in the Indian, Pacific, and North 
Atlantic Oceans, which are integrated with published results from 
core MD90-0961 (Valet et al., 2014). The 2-cm sampling resolu-
tion allows interpretation and comparison of Be-ratio variations 
during the last reversal from these four distant sites with un-
precedented high-resolution. The δ18O records permit comparison 
of the stratigraphic positions of Be-ratio variations and enable de-
velopment of a reliable astrochronological framework for the MBT. 
Robust reconstruction of dipole moment variations over the last 
geomagnetic reversal provides new constraints, independent from 
paleomagnetism, which assists with understanding paleo-records 
and geodynamo simulations.
2. Materials and methods

2.1. Core locations and sampling strategy

The marine sediment cores studied were retrieved using the Ca-
lypso coring system on board the R/V Marion-Dufresne from the 
Indian (MD90-0949 and MD90-0961), Pacific (MD98-2183), and 
North Atlantic (MD95-2016) Oceans (Fig. 1 and Table 1). They 
were sampled using u-channels and individual 8 cm3 cubic plas-
tic boxes for paleomagnetic measurements. The cubes were later 
subsampled for Be and δ18O measurements following completion 
of the paleomagnetic analyses, which ensures reliable depth corre-
lations between paleomagnetic and geochemical results. Magnetic 
measurements performed on u-channel and individual samples in-
dicate the depth of the MBT in cores MD98-2183 (Yamazaki and 
Oda, 2005; Valet et al., 2016), MD90-0961 (Valet et al., 2014), and 
MD90-0949/MD95-2016 (Valet et al., 2016). We used these pale-
omagnetic results to sample at high-resolution over stratigraphic 
intervals that correspond to the MBT in each core. Be results from 
core MD90-0961 were presented by Valet et al. (2014) and cor-
rected by Simon et al. (2016a).

2.2. Oxygen isotopes

Stable oxygen isotopic compositions were measured on the 
benthic foraminifera species Cibicides wuellerstorfi (>150 μm size-
fraction) at ∼2 to 4 cm stratigraphic intervals. Analyses were per-
formed with VG-Optima or Elementar Isoprime dual-inlet gas mass 
spectrometers at the Laboratoire des Sciences du Climat et de l’En-
vironnement (LSCE). All results are expressed as δ18O vs. VPDB (in �) with respect to NBS 19 standard. The internal analytical repro-
ducibility determined from replicate measurements of a carbonate 
standard is ±0.05% (1σ ).

2.3. Australasian microtektites

Microtektite analysis was carried out on cores MD90-0961, 
MD90-0949, and MD98-2183 to detect the thickness of the sedi-
mentary mixed layer and to provide an independent stratigraphic 
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Table 1
Core locations and average sedimentation rates.

Cores Latitude/longitude 
(◦)

Water depth 
(m)

Average sedimentation
rate (cm/ka)

# Be 
samples

MD98-2183 2◦00.82′N/135◦01.26′E 4388 2.0 ± 0.6 138
MD95-2016 57◦42.46′N 29◦25.44’W 2318 3.1 ± 1.0 182
MD90-0949 2◦06.90′N 76◦06.50′E 3600 2.0 ± 0.5 124
MD90-0961 5◦03.71′N 73◦52.57′E 2446 4.2 ± 0.6 116
MD97-2143a 15◦87N/124◦65′E 2989 1.1 ± 0.3 51

Average sedimentation rates and sample numbers are from the ∼700–850 ka age interval in each core (see data 
in the supplementary material, Tables S1–S4).

a Data from Simon et al. (2018).
marker. These microtektites were produced after a meteoritic im-
pact that preceded the MBT by 12–15 ka, and are found in 
marine sediments throughout much of the Indian Ocean and in 
marginal seas of the western Pacific Ocean (Schneider et al., 1992;
Lee and Wei, 2000; Suganuma et al., 2011; Valet et al., 2014). Fol-
lowing the procedure established by Schneider et al. (1992), sedi-
ment samples were treated with 0.1 M HCl, a 20% H2O2 solution, 
and a 5% sodium hexametaphosphate solution to remove carbonate 
and residual organics, and to aid disaggregation. The samples were 
wet-sieved and the >100 μm fraction was examined visually using 
a binocular microscope. Only objects identified unambiguously as 
microtektites were counted.

2.4. Beryllium principles and measurements

The exchangeable-10Be concentration measured in sediments, 
or authigenic 10Be hereafter, corresponds to the fraction that is 
adsorbed or chemically precipitated onto settling particles. It pri-
marily depends on 10Be atmospheric production rate but is also af-
fected by secondary environmental components (oceanic transport 
processes or detrital input changes). These secondary environmen-
tal components are minimized/removed by using authigenic 9Be as 
a normalizer (Bourlès et al., 1989) in most records, which makes 
it possible to infer geomagnetic paleointensity variations from the 
Be-ratio (Simon et al., 2016a and references therein).

Authigenic Be isotopes analyses were carried out at the CEREGE 
National Cosmogenic Nuclides Laboratory (LN2C), France. A total of 
444 samples were collected from cores MD90-0949, MD95-2016, 
and MD98-2183 over the ∼700–850 ka age interval with vari-
able sampling resolution ranging from 10 to 1 cm. These results 
complete previous Be-measurements performed using the same 
method on core MD90-0961 (Table 1). An average 2-cm sam-
pling interval is attained within the MBT interval in each core. 
The samples have been treated according to the chemical proce-
dure established by Bourlès et al. (1989) and revised by Simon 
et al. (2016b). Authigenic 10Be and its stable isotope 9Be were 
extracted from ∼1 g dry samples by soaking them in a 20 ml 
leaching solution (0.04 M hydroxylamine (NH2OH–HCl) and 25% 
acetic acid) at 95 ± 5 ◦C for 7 h. A 2 ml aliquot of the re-
sulting leaching solution was sampled for measurement of the 
natural 9Be concentration using a graphite-furnace Atomic Ab-
sorption Spectrophotometer (AAS) with a double beam correc-
tion (Thermo Scientific ICE 3400®). The remaining solution was 
spiked with 300 μl of a 9.8039 × 10−4 g g−1 9Be-carrier before 
Be-purification by chromatography to determine accurately 10Be 
sample concentrations from accelerator mass spectrometer (AMS) 
measurements of 10Be/9Be ratios at the French AMS national fa-
cility ASTER (CEREGE). 10Be sample concentrations were calculated 
from the measured spiked 10Be/9Be ratios normalized to the BeO 
STD-11 in-house standard (1.191 ± 0.013 × 10−11) (Braucher et al., 
2015) for cores MD95-2016 and MD98-2183; and to the NIST 4325 
Standard Reference Material (2.79 ± 0.03 × 10−11) (Nishiizumi et 
al., 2007) for cores MD90-0961 and MD90-0949. Authigenic 10Be 
concentrations are decay-corrected using the 10Be half-life (T1/2) 
of 1.387 ± 0.012 Ma (Chmeleff et al., 2010; Korschinek et al., 
2010).

3. Results and interpretations

Results are plotted in Fig. 2 as a function of the corrected 
depths of each core, with δ18O and microtektite in the upper panel, 
and 10Be and 9Be concentrations and Be-ratios in the middle and 
lower panels, respectively, and are listed in Supplementary Ma-
terial (Tables S1 to S4). The polarity change associated with the 
MBT is marked by the reversal angle (lower panel of Fig. 2) that 
defines the angular deviation between the measured magnetic vec-
tor and the direction of the axial dipole field at the site latitude 
(Valet et al., 2016). It describes the variability of the local mag-
netic field vector without any a-priori assumption regarding the 
field geometry inherent to the VGP. The transitional interval cor-
responds to the sediment thickness between angular deviations of 
30° and 150°.

The benthic Cibicides wuellerstorfi δ18O data vary between ∼3.2 
and 4.7� at the North Atlantic site (MD95-2016) and oscillate be-
tween ∼2.4 and 4.2� at the Indian (MD90-0949 and MD90-0961) 
and western Pacific sites (MD98-2183) (Fig. 2). Glacial–interglacial 
cycles are labeled according to the nomenclature proposed by 
Railsback et al. (2015). A sharp decrease of ∼1.2 to 1.5� char-
acterizes termination 9 (the deglaciation between marine isotope 
stage (MIS) 20 and 19c) at each site, while the MIS 19c–MIS 
18e transition is more gradual, with secondary oscillations at sub-
stages MIS 19a–b. The amplitude of glacial–interglacial δ18O tran-
sitions corresponds to those observed in the LR04 global ben-
thic stack (∼1.2�), which is indicative of recording of a re-
liable global ice volume signature (Lisiecki and Raymo, 2005). 
The record from core MD90-0961 is limited to the MIS 20–19a 
interval and has been completed by Cibicides wuellerstorfi δ18O 
data from sister core MD90-0963 retrieved at the same location 
(Bassinot et al., 1994). Massive carbonate dissolution occurs in 
core MD98-2183 at the MIS 19 level, which complicates robust 
interpretation apart from primary glacial–interglacial oscillations. 
Furthermore, the rapid δ18O increase at 3040 cm toward a value 
close to glacial ones together with the following 40 cm data gap 
precludes identification of any MIS 19 sub-stages in this core.

A microtektite layer is identified in cores MD90-0961 (Valet et 
al., 2014) and MD90-0949, but is not observed in core MD98-2183. 
The maximum concentration coincides with the onset of termina-
tion 9 in both cores, and is followed by a progressive decrease over 
23 and 26 cm in core MD90-0961 and MD90-0940, respectively. 
This reflects smearing induced by bioturbation in the surficial mix-
ing layer (Fig. 2). Similar 20–25 cm depth ranges between the 
maximum concentration and disappearance of microtektites have 
been observed at sites ODP 758B and 769A (Schmidt et al., 1993) 
and MD97-2142 (Lee and Wei, 2000), while it is 15–20 cm in cores 
MD97-2187 (Suganuma et al., 2011) and MD97-2143 (Lee and Wei, 
2000). Microtektite concentrations in these two cores are, however, 
lower than that at the other sites. Although limited, this site com-
parison suggests a first-order influence of the initial microtektite 
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Fig. 2. Oxygen and beryllium isotope results. The benthic Cibicides wuellerstorfi δ18O records and microtektite distributions (orange) are represented in the upper panel. Marine 
isotopic stage (MIS) and sub-stage nomenclature is from Railsback et al. (2015). Authigenic 10Be (blue) and 9Be (green) concentration are shown in the middle panel. The 
Be-ratio (red) and reversal angle (black) for each core is represented in the lower panel. Note that different scales are used for the Be-data. The reversal angle (Valet et al., 
2016) enables definition of the transitional field depth interval in each core. The grey bands highlight the transitional fields between full polarity states.
concentration, along with sedimentation rate, on the thickness of 
the mixing interval. This Australasian microtektite layer was also 
used to deconvolve the 10Be signal by Suganuma et al. (2011) and 
Valet et al. (2014), showing no stratigraphic displacement of the 
10Be peak induced by bioturbation filtering. Volcanic glass shards 
(tephra) were also detected between depths of 3710 and 3713 cm 
in core MD90-0961 (Fig. 2) but were not geochemically studied 
here.

Authigenic 9Be concentrations vary from 0.77 to 1.94 × 1016

at g−1 in core MD90-0961 (mean value: 1.34 ± 0.22 × 1016 at g−1) 
and from 0.88 to 2.19 × 1016 at g−1 (mean value: 1.44 ± 0.26 ×
1016 at g−1) in nearby core MD90-0949. In the two other cores, the 
higher authigenic 9Be concentrations vary over wider ranges, that 
is from 1.45 to 3.36 ×1016 at g−1 in core MD98-2183 (mean value: 
2.27 ± 0.32 × 1016 at g−1) and 1.10 to 2.86 × 1016 at g−1 in core 
MD95-2016 (mean value: 1.92 ± 0.37 × 1016 at g−1). In the North 
Atlantic Ocean core MD95-2016, authigenic 9Be variations seem to 
be influenced by the glacial–interglacial pattern. 9Be concentration 
maxima coincide with glacial δ18O values, which suggests that 9Be 
delivery at the location is influenced by denudation rates and clas-
tic inputs (e.g. Simon et al., 2016b) and/or hydrographic changes 
(water flow speed and northern source water; Kleiven et al., 2011). 
In core MD90-0949, on the contrary, 9Be maxima occur during in-
terglacial MIS 19, while in nearby MD90-0961 core no particular 
9Be trend is observed during MIS 19, which suggests different 9Be 
oceanic pathways for these neighboring cores situated at differ-
ent water depths (Table 1). These relationships are likely related to 
i) sediment provenance changes influenced by oceanic circulation 
and ii) water mass stratification changes. The 9Be record of core 
MD98-2183 is characterized by minor oscillations between MIS 21 
and 19 and two successive minima within the MIS 18b–c interval 
and at the MIS 17–18a transition.

The authigenic 10Be concentrations (decay-corrected) vary from 
3.30 to 10.64 × 108 at g−1 and 4.56 to 14.89 × 108 at g−1 in cores 
MD90-0961 (mean value: 5.14 ±1.57 ×108 at g−1) and MD90-0949 
(mean value: 7.52 ± 2.20 × 108 at g−1), respectively. The authi-
genic 10Be concentrations in core MD95-2016 (North Atlantic) 
are similar to the authigenic 10Be concentration values of core 
MD90-0961, ranging from 3.13 to 8.85 × 108 at g−1 (mean value: 
5.15 ± 1.31 × 108 at g−1). In core MD98-2183 from the Pacific 
Ocean, the authigenic 10Be concentrations are nearly two times 
higher and are distributed over a wider range, that is from 9.71 
to 25.34 × 108 at g−1 (mean value: 15.82 ± 3.42 × 108 at g−1). The 
main feature in all studied cores is the large increase in 10Be con-
centration compared with the surrounding intervals in MIS 19a–b 
(Fig. 2). A secondary 10Be peak is also observed during MIS 17 
while a minor 10Be increase is observed during MIS 18a at each 
site.

In cores MD90-0961 and MD90-0949, Be-ratios vary from 2.26 
to 8.27 × 10−8 (mean value: 3.93 ± 1.36 × 10−8) and 4.07 to 
8.22 × 10−8 (mean value: 5.19 ± 0.84 × 10−8), respectively. In core 
MD98-2183, the Be-ratio varies from 4.75 to 11.01 × 10−8 (mean 
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Fig. 3. Authigenic Be-ratios versus 10Be and 9Be concentrations. The grey-shaded area represent values within the MBT interval. See Table S5 for correlation coefficients.
value: 6.96 ± 1.05 × 10−8) and in core MD95-2016 from 1.53 to 
5.26 × 10−8 (mean value: 2.78 ± 0.89 × 10−8). These average Be-
ratios correspond to different ocean basin averages estimated by 
von Blanckenburg and Bouchez (2014) from modern sea water and 
deep ocean surface sediment Be concentrations, therefore support-
ing complete homogenization of both Be isotopes in the water 
column (see Wittmann et al., 2017). The significant relationship 
between the long-term average Be-ratio and 10Be with site wa-
ter depths (r > 0.9) favors higher scavenging of 10Be at deeper 
sites likely resulting from longer sinking particle residence times, a 
higher 10Be reservoir at these sites, and/or associated with carbon-
ate compensation depth that could have contributed to increase 
the relative concentrations of both Be isotopes at site MD98-2183. 
A negative correlation between sedimentation rate and Be-ratio 
(r = −0.7) also suggests higher Be contents at slow deposition 
sites. Except for these long-term average Be-ratio features between 
cores, the main Be-ratio change in all cores is characterized by a 
doubling in MIS 19a–b compared with surrounding intervals.

In three of the four cores, the main Be-ratio peak coincides with 
transitional paleomagnetic directions that identify the Matuyama–
Brunhes polarity transition (dark grey banding in Fig. 2). In core 
MD97-2183, an 18-cm stratigraphic offset between the Be-ratio 
mid-peak and the polarity reversal is observed. Such offsets have 
been identified in clayey and carbonate sedimentary sequences 
from the Western Pacific Ocean (MD97-2140, Carcaillet et al., 
2003; MD97-2143, Suganuma et al., 2010; Simon et al., 2018) 
and from the Northeast Atlantic Ocean (MD95-2040, MD95-2042, 
Carcaillet et al., 2004; MD04-2811, Ménabréaz et al., 2011). With 
thicknesses of a few cm to several tens of cm, they are compati-
ble with the effects of post-depositional magnetization lock-in (e.g. 
Roberts et al., 2013) as the residence time of dissolved Be isotopes 
in the oceans (200 to 700 years at studied sites; von Blancken-
burg et al., 1996) can produce at best depth offsets of 0.5 to 2 cm, 
depending on sedimentation rate of each site.

The first order Be-ratio peak in all studied cores can, therefore, 
be related to enhanced cosmogenic nuclide production produced 
by the geomagnetic dipole minimum associated with the last po-
larity reversal. Such a Be-ratio, or 10Be-flux, doubling has been 
observed in marine sediments and ice core records at the time 
of the MBT reversal and during the main dipole minima linked to 
reversals and excursions of the late Matuyama chron and to ex-
cursions of the Brunhes chron (e.g. Raisbeck et al., 1985, 2006; 
Frank et al., 1997; Carcaillet et al., 2003; Suganuma et al., 2010;
Ménabréaz et al., 2014; Horiuchi et al., 2016; Simon et al., 2016a,
2018 and references therein).

Significant positive correlation coefficients between 10Be and 
the Be-ratio (r = 0.77 to 0.90) support a strong control of 10Be 
variations on the Be-ratio over the studied interval (Fig. 3 and 
Table S5). No significant correlation between 9Be and Be-ratio is 
noted, except in cores MD90-0961 and MD95-2016, where r val-
ues around −0.5 suggest that the normalization procedure did not 
fully remove possible environmental imprints. A principal com-
ponent analysis on the four Be-ratio series provides a PC1 that 
explains 88% of the total variance (Fig. 4C). Three Be-ratio series 
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Fig. 4. Results plotted on a common depth scale. (A) δ18O records synchronized to 
a common depth scale (MD90-961/963 as a target) using minimal tie points num-
bers (indicated by diamonds). (B) Be-ratios from each core standardized over the 
same composite depth for the same time period, i.e. 700–850 ka. (C) Scores of the 
first principal component (PC1 explains 88% of the variance) from a principal com-
ponent analysis on the four Be-ratio series studied, and reversal angles defining the 
transitional field depth intervals in each core (Valet et al., 2016). The grey band 
highlights the transitional fields between full polarity states, as indicated by rever-
sal angles between 30◦ and 150◦ .

are highly correlated (r > 0.92) with PC1, which supports a ma-
jor common forcing by dipole moment changes. The fact that the 
MD95-2016 Be-ratio record presents a slightly lower correlation 
with PC1 (r = 0.82) is probably due to the secondary environmen-
tal influence or a weak stratigraphic offset within the uncertainty 
range (see below; Fig. 4B–C).

If the data associated with the MBT dipole minimum are re-
moved, the correlation between 10Be and Be-ratio decreases sig-
nificantly, while the correlation between 9Be and Be-ratio data 
increases. This further confirms that the 10Be produced during 
the geomagnetic dipole minimum interval provides the main con-
straint on the Be-ratio variation and its dependence on the dipole 
moment value. The MBT is, therefore, identified accurately by 
cosmogenic 10Be nuclide enhancements in natural archives (grey 
shaded area in Fig. 3). Furthermore, and despite traces of possible 
environmental components in the Be-ratio of two of the four cores 
studied, the amplitude of the Be-ratio increase at the MBT remains 
constant between each site, once standardized (z-score) over the 
same composite depth interval (representing the 700 to 850 ka age 
interval) (Fig. 4B). All of these observations confirm the reliability 
of the 9Be normalization method to provide a robust identifica-
tion of the geomagnetic dipole moment collapse associated with 
the MBT in each studied core (Fig. 4B).

4. Common depth scale and chronological framework

The chronological framework required to globally assess the 
age and duration of the MBT is obtained from radiometric dat-
ing and/or astrochronological calibrations (e.g. Coe et al., 2004;
Channell et al., 2010). These methods provide reliable solutions but 
contradictory results, and lead to disputed ages (see Mark et al., 
2017 and comment by Channell and Hodell, 2017). The chronology 
of the present synthetic record was constructed by applying an or-
bital tuning on the benthic oxygen isotope records. This strategy 
provides a relative chronology with maximum age errors of ±5 ka 
for ages around the MBT interval due to uncertainties on delays 
between the insolation signal and the global response of ice caps 
(Lisiecki and Raymo, 2005).

The two-steps approach used in this study is described as fol-
lows. First, all records were placed on a common depth scale by 
correlating high-resolution δ18O benthic records (Cibicides wuel-
lerstorfi) (Fig. 4A), assuming global synchronicity between benthic 
δ18O signals (see below). Site MD90-0961/0963 (Indian Ocean), 
which has been studied extensively for paleomagnetism and oxy-
gen isotope geochemistry (Bassinot et al., 1994; Valet et al., 2014,
2016), was selected as the common reference target. Depth scales 
for all other records were rescaled using a minimum number of 
tie-points to avoid accordion-like stratigraphic shifts (Fig. 4A). This 
strategy leads to a clear and robust core-to-core correlation and 
permits accurate assessment of the position of Be-ratio peaks asso-
ciated with the MBT versus climatostratigraphic markers (Fig. 4B). 
In core MD98-2183, benthic foraminifera dissolution within MIS 19 
(dashed line in Fig. 4A) hampers use of the isotopic signal for pro-
viding independent constraints outside of the primary glacial/in-
terglacial oscillations. The Be-ratio peak limits associated with the 
MBT were, therefore, used to adjust the depth scale, providing 
better alignment that is not independent of Be measurements. 
In cores MD90-0961 and MD90-0949, perfect alignment of the 
microtektite peak at 3730 cm (common depth) provides a ro-
bust stratigraphic marker, independent of the adjustment strategy 
(Fig. 4A). Moreover, all Be-ratio peaks and transitional reversal an-
gle paths are located between ∼3620 and 3680 cm and between 
∼3640 and 3690 cm, respectively (Fig. 4B–C). Such successful 
alignment of independent proxy records is consistent with the as-
sumption of global average synchronicity of benthic δ18O records, 
within uncertainty limits, which supports our strategy. Chronolog-
ical offsets between benthic series produce stratigraphic misalign-
ments by 2 to 4 ka between oceanic basins at glacial terminations 
(Lisiecki and Raymo, 2009), but since they mainly concern glacial 
terminations, they have minor impact on astrochronological dating 
of the MBT within MIS 19.

Second, we derived a common chronological framework by tun-
ing fine-scale δ18O features from each record placed on a common 
depth scale, with the global benthic δ18O LR04 stack of Lisiecki and 
Raymo (2005) (Fig. 5). In parallel, tuning of individual δ18O records 
on their own depth scales with the LR04 stack was also performed 
to evaluate uncertainties in the matching procedure. Average age 
deviations between the two derived chronologies (common and in-
dividual depths) lie between 0.4 and 2 ka, i.e. less than the ±5 ka 
uncertainty associated with the LR04 stack in the 0–1 Ma time 
interval (Lisiecki and Raymo, 2005). This new chronological re-
construction provides an age of 793–794 ka for the Australasian 
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Fig. 5. Chronostratigraphy for the records studied here. Benthic foraminifera Cibicides 
wuellerstorfi oxygen isotope stratigraphy from all cores (see legend) have been tuned 
to the benthic LR04 global stack (Lisiecki and Raymo, 2005) to derive a common 
astrochronological framework.

microtektite layer identified in cores MD90-0961 and MD90-0949. 
This age lies between two 40Ar/39Ar ages obtained for this layer: 
a maximum age at 799.2 ± 3.8 ka (Smit et al., 1991) and a mini-
mum age at 786 ± 2 ka (Mark et al., 2017). Furthermore, volcanic 
glass shards (tephra) detected in the 3710–3713 cm depth interval 
in core MD90-0961 lie at ca 789–790 ka. This is indistinguish-
able from the astronomically tuned age of Ash D at ODP Site 758: 
788.0 ± 2.2 ka (Lee et al., 2004) and is coherent with two distinct 
eruptions from the Toba volcano (OTTA and OTTB) that are dated 
radiometrically at 792.4 ± 0.6 ka and 785.6 ± 0.8 ka (Mark et al., 
2017).

The chronological coherency between the astronomical age 
model and independently dated events confirms the reliability of 
our age framework. The new chronological framework allows accu-
rate computation of sedimentation rates for the MBT interval in all 
studied cores (Table 1). The 2-cm sampling spacing then implies an 
integrated time interval ranging from 0.5 to 1 ka. Adding the slight 
signal smoothing induced from bioturbation and oceanic Be resi-
dence time, this sampling spacing provides millennial resolution, 
which is the finest resolution possible from cores with such low to 
moderate sedimentation rates. A duration of 30 to 32 ka for MIS 
19 is deduced from sedimentation rates, in agreement with other 
estimates (33 ka, Tzedakis et al., 2012; 34 ka, Giaccio et al., 2015). 
Similarly, an average duration of 11 ka estimated for MIS 19c is 
also coherent with records from Montalbano Jonico (11.2 ka, Simon 
et al., 2017), Sulmona paleolake (10.8 ka, Giaccio et al., 2015), and 
the North Atlantic Ocean (10.5–12.5 ka, Tzedakis et al., 2012). It 
is worth noting that average sedimentation rates computed for the 
700–850 ka interval (Table 1) are 12 to 55% lower than previous 
estimates by Valet et al. (2016), which considered the complete 
sediment thickness between core tops and the MBT. By doing so, 
these estimates neglected the significant stretching effect imposed 
by the Calypso corer on the upper 10–15 meters of the first gen-
eration of Marion Dufresnes cores that has been demonstrated by 
anisotropy of magnetic susceptibility measurements (Thouveny et 
al., 2004).
5. Global 10Be overproduction episode at the time of the MBT

5.1. General comments

The occurrence of a single large Be-ratio peak interval is 
demonstrated in all studied cores (Fig. 4B). Their alignment/co-
incidence in the common stratigraphic/chronological framework 
indicates that they result from the same global 10Be overproduc-
tion episode triggered by the GDM collapse linked to the MBT 
(Fig. 4C). After standardization, these Be-ratio peaks have the same 
amplitude at all sites, which confirms the global homogenization 
and deposition of atmospheric 10Be produced during the MBT. This 
is further confirmed by the high correlation of each Be-record with 
the first principal component PC1 (see section 3) that explains 
88% of the variance of the Be-ratio series with a broad peak with 
highest scores at 766–778 ka (mid peak at ∼772 ka) (Fig. 6). The 
fact that this Be-ratio peak coincides with the minimum of sum-
mer insolation linked with the end of interglacial MIS 19c (Fig. 6) 
allows fixing of the age of the MBT between 770 and 778 ka. Us-
ing June 21 as a reference instead of mean summer insolation 
accounts for a maximum 2 ka age shift toward older ages. This 
age range is compatible with: 1) astronomical calibration of pa-
leomagnetic records (e.g. Tauxe et al., 1996; Channell et al., 2010;
Channell, 2017); 2) radiometric dating of the transitional Haleakala 
lava flow (776.0 ± 2.0 ka; Coe et al., 2004), which has been re-
cently revised to 772.0 ± 2.0 ka (Singer et al., 2017) using a 
new generation of multi-collector mass spectrometers (Jicha et 
al., 2016); 3) radiometric dating at 774.1 ± 0.9 ka of a tephra 
layer in the Montalbano Jonico section (Nomade et al., in revi-
sion) within the Be-ratio peak associated with the MBT (Simon 
et al., 2017) (Fig. 6); 4) the age of the VGP midpoint horizon in 
the Chiba record calculated at 770.9 ± 7.3 ka from the U–Pb zir-
con age of a tephra layer deposited immediately below (Okada 
et al., 2017); and 5) a weighted average age of 779 ± 7.5 ka 
calculated by Mark et al. (2017) from the four transitional lava 
flows presented by Singer et al. (2005). Furthermore, our new 
Be-ratio records are remarkably similar to all currently available 
Be-ratio MBT records from marine sediment sequences (Fig. 6). Fi-
nally, the duration of the 10Be overproduction episode deduced 
from our new Be-ratio records (766–778 ka) is similar to that 
measured in the EPICA Dome C (EDC) ice record (Raisbeck et al., 
2006) when set on the AICC2012 chronology (Bazin et al., 2013)
(Fig. 6).

All data currently available from different geological reservoirs, 
thus, confirm the global stratigraphic/chronologic coherence of the 
10Be overproduction interval associated with the MBT (Fig. 6). 
All of these 10Be data provide compelling arguments in favor of 
the younger age scenario for the MBT (i.e. ∼772 ka) despite the 
fact that some recent paleomagnetic and radiometric dating re-
sults support an overall older age at 783.4 ± 0.6 ka (Mark et 
al., 2017). An accepted (common) definition of reversal boundary 
from the continuous transitional process, together with evalua-
tion and comparison of the resolution of each proxy will help 
to better constrain their respective limitations (e.g. pDRM lock-
in depths, astronomical and radiometric calibrations, environmen-
tal biases) and to reduce chronological disagreement (Valet et al., 
submitted).

The 10Be overproduction episode triggered by the MBT geomag-
netic dipole minimum provides a globally synchronous marker that 
is useful for inter-correlation of ice-cores and continental (lacus-
trine and loess) and marine sediment records. The ages of GDM 
variations reconstructed either by paleointensity or by 10Be records 
should be the same in different parts of the globe. Therefore, 
dipole moment proxies should be more reliable than magnetiza-
tion directions for providing dating and an inventory of paleo-
magnetic events such as excursions and reversals, mostly because 
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Fig. 6. 10Be-proxy comparison for the Matuyama–Brunhes transition. (A) Stack 
of the four benthic δ18O records and mean summer insolation at 65◦N (Laskar 
et al., 2004). (B) Scores of the first principal component (PC1), which explains 
88% of the total variance between all series. The age of c. 772 ka corresponds 
to the mid-PC1 peak. The colored diamonds correspond to radiometric esti-
mates of MBT age (see references in the legend). (C) All 10Be-proxy records have 
been standardized over the same time interval and include: the Montalbano Jon-
ico (Simon et al., 2017; Nomade et al., in revision); MD97-2143 (Simon et al., 
2018); MD98-2187 (Suganuma et al., 2010); MD97-2140 (Carcaillet et al., 2003); 
MD05-2930 (Ménabréaz et al., 2014; Simon et al., 2016a); Epica Dome C (EDC) 
(Raisbeck et al., 2006).

rapid directional transitions are not adequately recorded in low-to-
moderate sedimentation rate cores (Roberts and Winklhofer, 2004;
Valet et al., 2016; Channell, 2017) and stratigraphic/temporal off-
sets, such as pDRM effects, lead to chronological errors and mis-
interpretations. Cosmogenic signatures of reversals or excursions 
should, thus, be investigated systematically together with paleo-
magnetic signatures, especially when hypotheses of paleomagnetic 
field – paleoclimate connections are discussed.

Despite overall agreement between paleomagnetic and cosmo-
genic expressions of dipole field variations, unresolved differences 
appear or persist, which gives rise to methodological or theoretical 
discussions. The best example is the occurrence of a paleointen-
sity minimum reported before the MBT in some marine sediments 
and lava flows, which suggests the occurrence of a precursor event 
prior to the MBT (e.g. Hartl and Tauxe, 1996). On the one hand, Be-
ratio records from the North Atlantic Ocean (MD95-2016), Mediter-
ranean Sea (Montalbano Jonico; Simon et al., 2017), and Indian 
Ocean (MD90-0961 and MD90-0949) do not document such an 
occurrence (Fig. 6), but on the other hand, Be-ratio records from 
the Pacific Ocean and Antarctica contain weak 10Be enhancements 
prior to the MBT. In core MD98-2183, a small Be-ratio increase 
before the MBT is coherent with a 10Be-flux maximum observed 
in the nearby core MD98-2187 (Suganuma et al., 2010). In core 
MD05-2930, such a signature can be identified at the core bottom 
(Fig. 6). In cores MD97-2143 (Simon et al., 2018) and MD97-2140 
(Carcaillet et al., 2003), the MBT is preceded by a two steps en-
hancement. The Antarctic EDC ice core record also contains a 10Be 
flux enhancement prior to the MBT signature (Raisbeck et al., 
2006). However, several critical points are evident for these stud-
ies. For example, 1) the exact 10Be signature of the precursor in the 
EDC record can be questioned based on glaciological constraints in-
duced by high pressures at the bottom (below 3000 m deep) of the 
EDC core (Simon et al., 2016a), 2) a large fraction of the high 10Be-
fluxes attributed to the precursor by Suganuma et al. (2010) in 
core MD98-2187 likely results from strong environmental imprints 
during termination 9 (Simon et al., 2018). Moreover, the prominent 
minimum in the PISO-1500 stack is mainly induced by the IODP 
Site U1308 record (Channell et al., 2009) and is less obvious in 
other high-resolution North Atlantic records (see Fig. 10b in Xuan 
et al., 2016). The precursor may, therefore, result either from pale-
omagnetic biases or from still unquantified threshold effects of the 
dipole moment on magnetospheric shielding, and in turn on cos-
mogenic nuclide production, or from a mix of both. This question 
deserves to be clarified in new high-resolution paleomagnetic and 
cosmogenic records prior to drawing any firm geomagnetic conclu-
sions.

5.2. Cosmogenic production models

The concurrent increase of 10Be-proxy (i.e. Be-ratio, 10Be-flux) 
observed in all records, including polar ice and mid-to-lower lat-
itude marine sediment cores, at the MBT supports a global 10Be 
production rate increase. In order to estimate the amount of ad-
ditional atmospheric 10Be produced during this dipole moment 
minimum, the Be-ratio GDM calibration of Simon et al. (2018)
is compared with the global atmospheric 10Be production rate 
model of Poluianov et al. (2016) using a constant mean modula-
tion potential of 650 MV (Fig. 7). Calibration of empirical versus 
theoretical production models allows the estimation of past global 
10Be production rate changes (Fig. 7B). A normalized Be-ratio stack 
was constructed by compiling the individual Be-ratio records after 
even-spacing and averaging each series over 1 ka time windows. 
The global production rate of atmospheric 10Be changes calculated 
using this function and the Be-ratio stack increases two-fold from 
the base to the peak of the 10Be enhancement (Fig. 8). The periods 
that surround the main increase interval have average 10Be pro-
duction rates similar to those measured in year 1980 by Monaghan 
et al. (1986) or simulated for modern periods (see box in Fig. 8 or 
Table 4 in Simon et al., 2016b).

Atmospheric 10Be production change computed during the 
dipole moment collapse of the last geomagnetic reversal that 
passes from ∼300 to >600 atoms m−2 s−1 is a doubling of the 
average production outside the event, so that global 10Be atmo-
spheric production increases by more than 300 atoms m−2 s−1

(Fig. 8). This is statistically comparable with the result (+272 
atoms m−2 s−1) of the theoretical model of Heikkilä et al. (2009)
applied to present day production conditions (control run) and to 
the so-called “Laschamp-run”, a simulated 10Be production model 
for a zero geomagnetic field strength (Fig. 8). This comparison 
supports a global 10Be overproduction period induced by geomag-
netic modulation at the MBT, and also indirectly confirms that 
stratospheric homogenization of 10Be is the controlling process 
for worldwide 10Be deposition flux. It also suggests that the 10Be 
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Fig. 7. Calibration of the authigenic 10Be/9Be ratio in terms of 10Be global production rates. (A) Comparison between the empirical calibrations from Simon et al. (2018) and 
the global atmospheric 10Be production rate model of Poluianov et al. (2016). (B) Calibration curve.
Fig. 8. Global production rate enhancement of atmospheric 10Be over the MBT. 
(A) Stack of the four benthic δ18O records. (B) 10Be global production rate curve 
obtained from the Be-ratio normalized stack of the four authigenic 10Be/9Be ratio 
records calibrated to the global 10Be production model of Poluianov et al. (2016). 
Atmospheric 10Be production rates are compared to several references from numer-
ical simulations and measurement estimates: i) global distribution (average area-
weighted global flux) of Holocene 10Be fluxes from Heikkilä and von Blanckenburg 
(2015), ii) modern average global 10Be production rates from the Poluianov et al.
(2016) model, iii) present day and “Laschamp run” (zero geomagnetic dipole) ex-
periment outcomes of the Heikkilä et al. (2009) simulation, and iv) global average 
10Be production measured and calculated for year 1980 by Monaghan et al. (1986).

production increase reaches a maximum plateau during the MBT 
(Fig. 7A).

6. GDM calibration of the 10Be record and independent insight 
into field intensity changes

Determination and quantification of minimum value of GDM 
threshold required to trigger reversals and excursions are of funda-
mental importance for understanding geodynamo processes. Crit-
ical dipole moment values between ∼1 and 2.5 × 1022 Am2, 
i.e. 10 to 30% of the current dipole moment, have been sug-
gested by simulations (e.g. Glatzmaier and Roberts, 1995; Buffett 
et al., 2013), paleomagnetic studies (e.g. Channell et al., 2009;
Valet et al., 2005), and earlier cosmogenic nuclide production stud-
ies (Ménabréaz et al., 2012; Simon et al., 2016a). A combination 
of approaches is required to provide accurate values and to eval-
uate the relevance of input parameters for experimental and nu-
merical geodynamo simulations. Our normalized Be-ratio stack is 
calibrated using the global atmospheric 10Be production model of 
Poluianov et al. (2016) to produce a 10Be-derived GDM record 
(Fig. 7B). This approach differs from that used in earlier stud-
ies by Simon et al. (2016a, 2018), but relies on similar Be-ratios 
from marine sedimentary sequences to give comparable relative 
results (amplitude range) and only minor changes for quantitative 
reconstructions. The method also complements virtual axial dipole 
moment (VADM) and virtual dipole moment (VDM) estimates de-
rived from paleointensity records that can be affected significantly 
by non-dipole components, particularly when the dipole vanishes.

A longstanding 10Be-derived GDM minimum that lasted 12 ka, 
from 778 to 766 ka, corresponds to the broad minimum in the 
PISO-1500 record (Fig. 9). This period is characterized by values 
below 2.2 × 1022 Am2 (i.e. ∼35% of the time-averaged VADM 
within the 700–850 ka period or ∼30% of the current VADM). The 
sharper field recovery observed in the PISO-1500 stack compared 
to the 10Be-derived record might result either from a smooth-
ing of the Be-ratio signal, or an overprint from the high inten-
sity post-transitional field on magnetic grains deposited during the 
low intensity MBT interval (Coe and Liddicoat, 1994; Fig. 9). The 
fact that no similar offset is observed elsewhere supports this last 
interpretation, but it needs to be carefully scrutinized for other pa-
leointensity minima. The average of minimum 10Be-derived GDM 
values between 776 and 771 ka (1.7 ± 0.4 × 1022 Am2) is the 
same as the minimum value for transitions in numerical simu-
lations (e.g. Glatzmaier and Roberts, 1995; Buffett et al., 2013;
Wicht and Meduri, 2016). It is also the same value as that de-
rived from calibrated RPI stacks (1.6 ± 0.2, 1.7 ± 0.2, and 1.6 ±
0.4 × 1022 Am2 for the PISO-1500, SINT-2000 and PADM2M stacks, 
respectively), and absolute paleointensities measured from tran-
sitional lava flows: La Palma (1.4 ± 0.5 × 1022 Am2, Valet et al., 
1999) (1.9 ± 0.6 × 1022 Am2, Brown et al., 2009); Tahiti–Punaruu 
(1.6 ±0.5 ×1022 Am2, Mochizuki et al., 2011). The 5 ka time inter-
val between 776 and 771 ka characterized in our record by dipole 
moment minima (highlighted by a dark grey bar at Figs. 8 and 9), 
therefore provides the best estimate of the MBT duration. Similar 
VADM ranges for the MBT from different volcanic measurements 
and from different calibration methods/production simulations fur-
ther support our evaluation using the independent 10Be approach. 
Furthermore, calibrations of different RPI stacks used different 
strategies: for SINT-2000, Valet et al. (2005) averaged VADM val-
ues over 100 ka time intervals, then calculated the time-averaged 
VADM over the past 800 ka (7.46 ±1.16 ×1022 Am2) and used this 
value to calibrate the 2 Ma RPI stack. Channell et al. (2009) scaled 
their RPI stack to the mean VADM value of Valet et al. (2005) for 
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Fig. 9. 10Be-derived GDM reconstruction over the 700–850 ka interval. (A) Stack 
of the four studied benthic δ18O records. (B) The 10Be-derived GDM record con-
structed using the theoretical global 10Be production rate model of Poluianov et 
al. (2016) (see Fig. 7) is compared to the calibrated relative paleointensity PISO-
1500 stack (Channell et al., 2009) and to average transitional VADM values from 
the SINT-2000 (Valet et al., 2005) and PADM2M (Ziegler et al., 2011) global RPI 
stacks. The field percentages are calculated relative to the modern VADM value. 
A longstanding dipole moment minimum (light grey banding) occurred at 778–766 
ka (<2.2 × 1022 Am2) and is characterized by a main low interval (average value: 
1.7 ± 0.4 × 1022 Am2) associated with the MBT within the 771–776 ka (dark grey 
band) time period.

the last 800 ka and then assigned an intensity of 7.5 μT at IODP 
Site U1308 (which serves as the reference record for the stack) for 
the minimum RPI value (at the Cobb Mountain Subchron) arguing 
that the minimum intensity value corresponds to the likely value 
of the residual field after total collapse of the axial dipole at times 
of reversals (Constable and Tauxe, 1996). In the PADM2M stack, 
a penalized iterative spline model was used for sparse absolute 
paleointensity data to predict a PADM value at every time point, 
then estimated the scale needed to transform each RPI series into 
VADM values (Ziegler et al., 2011). These three calibration proce-
dures agree with our 10Be-derived calculation to provide a VADM 
threshold of 1.7 ± 0.4 × 1022 Am2 for the occurrence of the MBT, 
which corresponds to about 20% of the present dipole moment. 
Other case studies need to be made before generalizing this eval-
uation to other polarity reversals or excursions.

7. Conclusions

We present new high-resolution authigenic 10Be/9Be ratio (Be-
ratio) and benthic δ18O (Cibicides wuellerstorfi) records spanning 
the Matuyama–Brunhes transition. The geographic distribution of 
the studied sites in the North Atlantic, Indian, and Pacific Oceans 
allows global scale assessment of related cosmogenic nuclide 10Be 
production changes. Astrochronological calibration of δ18O benthic 
records provides a robust chronological frame over the 700–850 ka 
time interval. All records include two-fold increases of the Be-
ratio through the polarity transition, which supports a common 
origin linked to the GDM collapse associated with the MBT. These 
new Be-ratio records together with all other available 10Be-proxy 
records obtained from other sediment sequences and the EPICA 
Dome C Antarctica ice core, confirm the global synchronization of 
this 10Be overproduction episode. Our computed age of the MBT 
between 776 and 771 ka agrees with the age derived from high-
resolution North Atlantic paleomagnetic records (Channell et al., 
2010).

We used the atmospheric 10Be production rate model of 
Poluianov et al. (2016) to calibrate our Be-ratio stack in terms 
of global 10Be production and GDM changes through the last ge-
omagnetic reversal. The two-fold Be-ratio increase corresponds to 
a global 10Be atmospheric production increase of more than 300 
atoms m−2 s−1 triggered by the GDM collapse. This order of magni-
tude is comparable with that obtained from an atmospheric 10Be 
production simulation in modern and zero dipole moment con-
ditions (Heikkilä et al., 2009). The dynamics of our 10Be-derived 
GDM reconstruction agree well with the best records obtained 
from relative (RPI) and absolute (PI) paleointensity measurements. 
Minimum GDM values between 776 and 771 ka averaging to 
1.7 ± 0.4 × 1022 Am2 are similar to the minimum value from 
models and to VADM values calibrated from RPI stacks or de-
duced from absolute paleointensities measured on transitional lava 
flows extruded during the MBT. It is, therefore, a reasonable GDM 
threshold for the occurrence of geomagnetic reversals. Coupling 
Be-ratio and oxygen isotope studies on sedimentary sequences 
provides an accurate means to estimate the age, duration, and dy-
namics of the last polarity reversal, and enables deciphering of 
geomagnetic dipole moment for reconstructions of paleomagnetic 
field variations and geodynamo simulations.
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