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ARTICLE INFO ABSTRACT
Article history: Documenting accurately amplitude and rhythms of geomagnetic variations is a prerequisite to understand
Received 17 February 2020 the mechanisms triggering geomagnetic excursions and reversals. We present new authigenic 1°Be/?Be
Received in revised form 16 July 2020 ratio (Be ratio) results covering the 60-20 ka time interval from equatorial core MD05-2920. The most
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. . significant Be ratio peak is located 18 cm above the main relative paleointensity (RPI) minimum recorded
Available online xxxx

in this sequence. These are interpreted as two independent recordings of the geomagnetic dipole moment

Edior: M. Ishil (GDM) decrease linked to the Laschamp excursion dated at ca 41 ka. The stratigraphic offset is assignable
Keywords: to post-depositional magnetization lock-in processes resulting in time delay of 1.6 ka. The Be ratio and
Laschamp excursion RPI records show comparable asymmetric behavior before and after the dipole low. The Be ratio record
authigenic 1°Be/°Be ratio (Be ratio) is combined with three other series to construct a global record of 1°Be paleoproduction variations. This
relative paleointensity (RPI) compilation demonstrates the strong coherence of low and mid latitudes data sets and its comparison
lock-in depth with %Be-flux records from polar regions fully supports the hypothesis of a global atmospheric '°Be

geomagnetic dipole moment (GDM)

10 - production doubling during the Laschamp. The Be ratio stack is converted in terms of GDM using
atmospheric '“Be production

both a theoretical model and a reconstruction of GDM values using absolute paleointensities measured
on lava flows. Both methods provide similar results. The dipole moment record derived from this
approach (BeDMag_gg) shows the following characteristics: high field values (> 11 x 102 Am?) prior
to a sharp two-steps dipole decrease until reaching minimum values (1.8 + 0.7 x 1022 Am?2) between
41.6 and 40.9 ka at the time of the Laschamp excursion. The GDM partly recovers up to values of
~ 6.3 x 1022 Am?, and oscillates in this range, without showing any sharp decreases that could be

associated with excursions reported within the 38-20 ka time interval (e.g. the Mono Lake excursion).
© 2020 The Authors. 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 are rapidly followed by the restoration of a significant geomag-
netic dipole moment (GDM), either briefly in the opposite polarity

The Earth magnetic field is characterized by a large fluctuations or durably in the initial polarity. The Laschamp excursion, dated
spectrum, ranging from paleosecular variation to polarity excur- at ~41+1 ka is by far the most and best documented geomag-
sions and reversals. The anomalous paleomagnetic directions that netic excursion (see review paper by Laj and Channell, 2015). The
strictly identify excursions are carried by paleomagnetic vectors of Laschamp and Olby lava flows (Massif Central, France) carrying
weak intensities, “fossilizing” weak geomagnetic field vectors, gen- quasi-reversed magnetizations (Bonhommet and Babkine, 1967)
erated by a low dipole moment (e.g. Roberts et al,, 2013; Channell later revealed weak paleointensities (Roperch et al., 1988; Laj et al.,
et al., 2020). Therefore, paleomagnetic excursions can be inter- 2014). Lava flows from New Zealand dated at the same age have
preted as aborted reversals, triggered by a dipole field collapse, since shown the same characteristics (Mochizuki et al., 2006; Cas-
rather than an extra-large amplitude paleosecular variation due to sata et al., 2008: Ingham et al., 2017). Large amplitude directional

waxing of non-dipole sources (e.g. Valet et al., 2008). These tran- A . . .
. . . variation or even excursions were also found to be associated with
sient states, recorded by few lava flows or by thin sediment layers, . o . . .
weak paleointensities in lacustrine and marine sedimentary se-
quences of the same age and from various regions (e.g. Thouveny
* Corresponding author. et al,, 1993, 2004; Vlag et al,, 1996; Mazaud et al., 2002; Blanchet
E-mail address: simon@cerege.fr (Q. Simon). et al., 2006; Nilsson et al., 2011; Nowaczyk et al., 2012; Channell
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Fig. 1. Location of the studied core MD05-2920 (black dot) along with other authigenic '°Be/?Be ratio (Be ratio) and '°Be flux from glacial and lake records discussed in the
text. These references include Greenland Summit (Muscheler et al., 2005), EPICA Dome C (EDC; Raisbeck et al., 2017), Lake Pupuke (Nilsson et al., 2011), Portuguese margin
(MD95-2042 - Carcaillet et al., 2004b); MD04-2811 - Ménabréaz et al., 2011) and core MD05-2930 from the Gulf of Papua (Simon et al., 2016a).

et al,, 2017; Lund et al., 2005, 2017a). The Laschamp excursion was
further identified in speleothems from North America (Lascu et al.,
2016). Numerous paleomagnetic data sets of directions and pale-
ointensities thus allow to understand the detailed structure of the
Laschamp excursion and elaborate models (Leonhardt et al., 2009;
Brown et al., 2018; Korte et al., 2019). However, due to several
biases, such as discontinuities of lava sequences and “low fideli-
ty” of magnetization acquisition processes, especially for relative
paleointensity (RPI) reconstructions from sediments, the reliabil-
ity of paleomagnetic records to capture accurate geomagnetic field
dynamics is questioned, particularly during time intervals charac-
terized by low dipole field intensities (e.g. Coe and Liddicoat, 1994;
Roberts et al., 2013). Independent methods are therefore required
to verify and correct for such recording biases.

The inverse relationship between GDM values and cosmo-
genic nuclide production rates was first proposed by Elsasser et
al. (1956) and Lingenfelter (1963). It was conceptualized by Lal
and Peters (1967) and first modeled and quantified by O’Brien
(1979). These works led to the first measurements of cosmogenic
beryllium-10 (1°Be) in natural archives (sediments and ice cores)
to investigate the paleointensity decrease associated with polarity
reversals and excursions (Raisbeck et al., 1985, 1987). The 1°Be is
produced through spallation reactions engendered by highly en-
ergetic galactic cosmic ray particles (GCR) on the atmospheric O
and N atoms. In marine sediments, the impact of deposition and
environmental components on the amplitude of this production is
minimized by normalizing the 1°Be concentrations to the concen-
trations of ?Be beforehand dissolved through weathering processes
(authigenic °Be). The authigenic !°Be/°Be ratio thus provides a
robust proxy of atmospheric 1°Be production rates (Bourlés et
al., 1989). Evidence of atmospheric 19Be overproduction episodes
linked to all geomagnetic excursions and reversals of the last 2
Ma have been observed in sedimentary cores (e.g. Frank et al.,
1997; Carcaillet et al., 2004a; Christl et al, 2010; Simon et al.,

2016a, 2018a). The detected episode of '°Be overproduction at
the time of the Laschamp excursion confirms, independently from
paleomagnetic methods, that the GDM collapse triggered a mag-
netospheric shielding depletion, allowing more GCR penetration in
the Earth’s atmosphere (Muscheler et al, 2005; Raisbeck et al.,
2017; Ménabréaz et al., 2011, 2012; Simon et al., 2016a).

In this study, we provide a new authigenic °Be/°Be ratio
(named as Be ratio hereafter) data set with an unprecedented res-
olution of 200 years from the west-equatorial Pacific Ocean. This
new Be ratio data set compiled with three other marine sequence
records allows constructing the updated global record of 1°Be pro-
duction rate variations from 60 to 20 ka and during the Laschamp
excursion. The 1°Be production record over the relevant time in-
terval is then converted in terms of GDM using complementary
calibration methods that provide a basis for an original discus-
sion, independent from paleomagnetic measurements, on dipole
moment field dynamics at the time of excursions and reversals.

2. Materials and methods
2.1. New sampling and Beryllium data mining

New high-resolution Be results from core MD05-2920 located
in the western equatorial Pacific Ocean, on the northern coast
of Papua New Guinea (2.51°S, 144.32°E, 1848 m water depth,
Fig. 1) were obtained by sampling every 2 cm between 719-819
cm depth. They complete results from Ménabréaz et al. (2012)
and Simon et al. (2016a) obtained with a 10 cm depth resolution.
Be ratio results from core MDO05-2930 retrieved from the Gulf of
Papua (10.32°S, 146.73°E, 1490 m water depth), ~900 km South
of MD05-2920 site (Simon et al.,, 2016a) are also used for stack-
ing. The age-models of MD05-2920 and MD05-2930 sedimentary
sequences are based on radiocarbon dating and correlation of the
benthic foraminifera 80 to the global LR04 stack (Lisiecki and
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Raymo, 2005; Tachikawa et al., 2011; Ménabréaz et al., 2014; Si-
mon et al., 2016a). Results from core MD05-2920 are plotted on
the latest chronological scale (Simon et al., 2016a) that provides
an average resolution of 1 data per 200 years over the 46 to 36
ka interval straddling the Laschamp excursion, and a 500 years
resolution over the rest of the 60-20 ka time interval. This im-
proved time resolution allows accurate estimates and interpreta-
tion of the GDM variation rates over this time span. We also use
Be ratio results of cores MD04-2811 (37.48°N, 10.09°W, 3162 m
water depth) and MD95-2042 (37.48°N, 10.10°W, 3146 m water
depth) retrieved from the same site on the Portuguese margin
(Ménabréaz et al., 2011; Carcaillet et al., 2004b). The age-model
of core MD95-2042 has been obtained through radiocarbon dat-
ing and high-resolution correlation of planktonic §'80 to stadial-
interstadial temperature changes recorded in the Greenland ice
cores (Shackleton et al., 2000, 2004; Bard et al., 2004). This age-
model was transferred to core MDO04-2811 using magnetic sus-
ceptibility correlation (Ménabréaz et al.,, 2011), providing a very
coherent Iberian Margin chronology. The average time resolution
of these three records are 850 years (400 years over the 46-36
ka time interval) for core MD95-2042 (limited to 60-27.4 ka), 600
years (500 years over the 48-28 ka time interval) for core MD04-
2811 (limited to 51-20 ka) and 1000 years for core MD05-2930.
We recalculated all published Be ratio results based on original
10Be and “Be data following Simon et al. (2016b) (see results in
the supporting material, Tables S1-S4).

2.2. Beryllium measurements

New authigenic Be isotopes analyses were carried out at the
CEREGE National Cosmogenic Nuclides Laboratory (LN2C, France)
on 44 samples according to the chemical procedure established by
Bourlés et al. (1989) and revised by Simon et al. (2016b). Authi-
genic 1%Be and its stable isotope ?Be were extracted from 1 g dry
samples by soaking them in a 20 ml leaching solution (0.04 M hy-
droxylamine (NH,OH-HCIl) and 25% acetic acid) at 95 4+ 5°C for
7 h. A 2 ml aliquot of the resulting leaching solution was sam-
pled for measurement of the natural °Be concentration using a
graphite-furnace Atomic Absorption Spectrophotometer (AAS) with
a double beam correction (Thermo Scientific ICE 3400%). The re-
maining solution was spiked with 300 ul of a 9.8039 x 10~% g.g~!
9Be-carrier before Be-purification by chromatography to determine
accurately 19Be sample concentrations from accelerator mass spec-
trometer (AMS) measurements of '°Be/°Be ratios at the French
AMS national facility ASTER (CEREGE). 1°Be sample concentrations
are calculated from the measured spiked '°Be/°Be ratios normal-
ized to the BeO STD-11 in-house standard (1.191 4 0.013 x 10~!1)
(Braucher et al., 2015). Authigenic °Be concentrations are decay-
corrected using the '°Be half-life (Ty2) of 1.387 £ 0.012 Ma
(Chmeleff et al., 2010; Korschinek et al., 2010).

3. Results

The authigenic °Be concentrations vary from 11 to 1.7 x
10'6 atg~! with an average value and standard deviation of
1.4+ 0.2 x 10'® atg~! (Fig. 2B; Table S1). The narrow concen-
trations range and low standard deviation of °Be is associated
with homogeneity of the sediments and low detrital input changes
over the studied interval as shown by steady CaCOs percentages
(Fig. 2A; Tachikawa et al., 2011) and by magnetic grain size prox-
ies such as karm/kir or SIRM/kir (Fig. 2G; e.g. Stoner and St-Onge,
2007). The authigenic 1°Be (decay-corrected) concentrations vary
from 6.0 to 154 x 10% at.g™! with an average value and stan-
dard deviation of 10.6 + 1.9 x 108 at.g~! (Fig. 2C). The Be ratio
varies from 4.3 to 12.5 x 10~% with an average value and stan-
dard deviation of 7.5+ 1.7 x 10~8 (Fig. 2D). A systematic offset of

nearly 10% between the “old” '°Be and °Be concentrations from
Ménabréaz et al. (2012) and our new data is observed (Fig. 2B-C)
and explained by different leaching durations between the two
studies, since all other steps of the original method proposed by
Bourlés et al. (1989) are nearly similar (Simon et al., 2016b). Most
importantly, these offsets are canceled out when using the Be ra-
tio (Fig. 2D) emphasizing the need to use the ratio between the
cosmogenic radionuclide (°Be) and the authigenic fraction of its
stable isotope (°Be) for robust interpretations of past 19Be produc-
tion variations, rather than comparing variations of 1°Be-leachate
concentrations or raw °Be-fluxes (1°Be leachate concentrations x
sediment density x sedimentation rate) that are methods depen-
dent.

4. Be ratio and relative paleointensity (RPI) records of the
Laschamp excursion

The most noticeable feature of the Be ratio in the studied in-
terval is a peak overpassing the average value + 1 standard de-
viation, recorded between 756 and 784 cm depth (Fig. 2D). The
corresponding RPI minimum (NRM/ARM ratio after demagnetiza-
tion step at 30 mT; Ménabréaz et al., 2012) is recorded 18 cm
below the stratigraphic position of the Be ratio maximum peak
(Fig. 2F). Such an observation has been already realized in for-
mer studies (e.g. Carcaillet et al., 2004b; Ménabréaz et al., 2012;
Horiuchi et al., 2016; Simon et al., 2018a) and explained by the
delay of post-depositional remanent magnetization (PDRM), re-
sulting in a locking-in depth modeled by several authors (e.g.
Lovlie, 1976; Hyodo, 1984; Roberts and Winklhofer, 2004; Sug-
anuma et al., 2011; Nilsson et al., 2018). These empirical and
modeled estimates provide lock-in depths ranging from 0 to 30
cm. Considering that the short residence time (300 years maxi-
mum) of Be isotopes in the water column along continental mar-
gins (von Blanckenburg and Igel, 1999) represents a maximum
thickness of 3 cm in the studied core, the 18 cm offset mea-
sured here can only be related to the delayed lock-in of magnetic
grains before sediment compaction leading to PDRM acquisition
in these clayey carbonaceous sediments. The PDRM lock-in depth
varies with sediment characteristics (granulometric distribution of
magnetic grains and non-magnetic matrix, organic matter con-
tent, water content, salt content) and the lock-in delay (i.e. the
time needed to accumulate sediment thickness required to reach
the lock-in depth) varies with sedimentation rates (e.g. Roberts
et al, 2013 and references therein). The observed 18 cm lock-
in depth value in core MD05-2920 corresponds to a lock-in de-
lay of 1.6 ka. Such delay is significant compared to the short
durations of RPI minima and directional anomalies linked to ex-
cursions (usually <2 ka). Furthermore, variations of the lock-in
depth along a given sedimentary sequence, as well as between
contemporaneous deposits imply variable delays of paleomagnetic
events recording which add uncertainties on their age and dura-
tion (e.g. Sagnotti et al., 2005; Horiuchi et al., 2016; Simon et al.,
2018a).

Delayed PDRM acquisition introduces other biases such as a
smoothing of paleomagnetic signatures. An attenuation of the am-
plitude of the paleomagnetic secular variation was quantified at ca
20% by comparing the respective dispersions of contemporaneous
populations of paleomagnetic vectors recorded in Massif Central
lavas and in lac du Bouchet sediments (Thouveny et al., 1990).
Theoretical approaches also showed that the PDRM intensity re-
sulting from bioturbation processes is expected to be weaker than
the DRM intensity (Egli and Zhao, 2015).

In Fig. 2E, the PDRM lock-in depth was accounted for by shift-
ing the RPI record 18 cm upwards, providing a reasonable agree-
ment with the Be derived dipole moment (BeDM, see section 4 for
calibration methods). The two proxy records present similar asym-
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Fig. 2. Beryllium and relative paleointensity (RPI) results from core MD05-2920. CaCO3 percentages (A, Tachikawa et al., 2011), authigenic Be concentration (B), authigenic
10Be concentration (C), authigenic '°Be/?Be ratio (D), Be ratio calibrated in term of Dipole Moment (blue, BeDM) and RPI (black, Ménabréaz et al., 2012) shifted by 18 cm to
account for PDRM lock-in depth (E). RPI plotted on the core depth (F) and two rock magnetic parameters (karm/Kir and SIRM/kig) (G) are showned on the lower panels.

metric profiles before and after the dipole low. The RPI record
however shows an earlier drop and thus a longer phase of weak
field than the BeDM record that exhibits sharper variations. This
difference can be due to different rates of magnetic grains (re-
Jalignments depending on the strength of the (re-)aligning mag-
netic field vector and its effects on the DRM and PDRM acquisition
(shift and smoothing). Depth/time variations of the lock-in depth
function thus introduce distortions of the paleomagnetic profiles
(e.g. Coe and Liddicoat, 1994). Using the Hyodo (1984) model, Vlag
et al. (1997) showed for instance that excursional (non-antipodal)
paleomagnetic directions combined with alternatively strong-low-
strong field intensities are severely smoothed and distorted by
PDRM processes. This introduces variable distortions and smooth-
ing degrees on “square shaped” synthetic declination, inclination
and intensity profiles resulting in: i) downward shifts of mag-
netization anomalies, ii) different kurtosis and skewness of the
declination, inclination and intensity profiles. These observations
drawn from simple PDRM models are coherent with the results ob-
tained for the Laschamp excursion from lacustrine sediments (i.e.,
Lac du Bouchet and Lac St Front, Massif central France; Vlag et al.,

1996) and from the studied marine sediments (Fig. 2D). Recent pa-
leomagnetic results and re-deposition experiments of clayey sedi-
ments further confirmed significant smearing of magnetic records
due to progressive magnetic grain lock-in (Valet et al., 2016, 2017,
2019). These PDRM-related biases together with measurements on
u-channels likely explain smeared/smoothed paleomagnetic direc-
tions observed in core MD95-2920, showing only moderate inclina-
tion deviations and monotonous declination variations at the time
of the Laschamp.

The dependence of NRM acquisition processes on variable de-
position conditions is thus the origin of biases and discrepancies
of paleomagnetic records that can hamper the efficiency of high-
resolution stacking. Moreover, the limited understanding of these
processes can lead to different data interpretations (Roberts et al.,
2013). The accuracy of the reconstructed master curves being lim-
ited, their interpretations in terms of amplitudes and rhythms of
the paleomagnetic field variations should therefore be cautious
to avoid introducing erroneous models of geodynamo behavior or
supporting some “ad-hoc” interpretations using unreliable magne-
tostratigraphic correlations.
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5. 10Be overproduction signature and dipole behavior during the
Laschamp excursion

In Fig. 3, we compare proxy records of the 1°Be production
covering the time interval 47-35 ka from three sites separated
by 147° latitudes and 186° longitudes, i.e. ice core records from
Greenland (Greenland Summit) and Antarctica (EPICA Dome C,
EDC) and the equatorial marine sedimentary core MD05-2920
(Fig. 1). Due to different accumulation rates and to sampling
and data treatment strategies, these archives have very differ-
ent temporal resolutions. The EDC, Greenland Summit and MDO05-
2920 records are averaged each 10 years, ~30-50 years and 200
years, respectively, leading to different degrees of interpretations
on the origins of the °Be production variations. The decadal to
millennial-scale solar signals are legible in high-latitude ice core
records (e.g. Beer et al., 1990; Raisbeck et al., 2017), while sedi-
ments from the equatorial site only record the geomagnetic dipole
signal (Fig. 3) due to the filtering of high frequency solar modula-
tions by i) residence time and mixing of 1°Be in the water column;
ii) sedimentation and bioturbation processes and iii) sampling res-
olution. During periods of low dipole intensity, the magnetospheric
shielding exerted by the non-dipole field is negligible, and the lat-
itudinal dependency of the GCR penetration is canceled (Heikkild
et al., 2009). The 1°Be production increase is therefore global and
homogenous.

The '9Be overproduction at the time of the Laschamp excur-
sion appears synchronous, within chronological uncertainties, at all
sites (gray band in Fig. 3). In the sedimentary record the signal
reveals one 1°Be overproduction event separated by a short ampli-
tude drop documented by two data points (Fig. 2). The resolution
of our sedimentary record does not allow further investigation and
confirmation of this feature. However, a drop in the °Be pro-
duction triggered by a transient restoration of a weak reversed
dipole moment would be in full agreement with quasi-reversed
paleomagnetic directions reported from volcanic and sedimentary
recording of the Laschamp excursion (Laj et al., 2014; Nowaczyk et

al., 2012). Such feature is also coherent with the structure of the
atmospheric A'C variation observed over the Laschamp interval
in high-resolution records (Staff et al., 2019; Bronk Ramsey et al.,
2020). Only few paleomagnetic records of the Laschamp and Ice-
land Basin excursions report evidence of reversed directions bound
to a RPI rebound within the main low RPI interval (Roberts, 2008;
Nowaczyk et al., 2012; Channell, 2006, 2014). Such RPI rebounds
are rarely reported from sedimentary sequences studies, due to a
lack of resolution and to PDRM smearing/smoothing (e.g. Thouveny
et al., 2004; Roberts, 2008). Similarly, a short-lived and low ampli-
tude 1°Be production drop associated with partial GDM recovery
can be concealed by rapid lithological variations affecting available
sedimentary records (Fig. 2) and likely mingled with solar modu-
lations in high-latitude ice cores (Figs. 3 and 4A; Raisbeck et al.,
2017). In most cases, the excursional declination and/or inclination
signatures accompany a unique dipole low, suggesting that non-
dipole sources or an equatorial dipole persist through the dipole
moment low event. Such demonstration of a transient cosmo-
genic production decrease during the maximum production event,
if confirmed would strengthen the interpretation of excursions as
aborted reversals with the dipole moment vanishing, growing in
the opposite polarity, and finally restoring its initial polarity (e.g.
Valet and Plenier, 2008; Brown and Korte, 2016).

6. Global atmospheric 1°Be production variations from 60 to
20 ka

In order to produce a robust reconstruction of the atmospheric
production of '°Be over the 20-60 ka interval, we compiled the
Be ratio records obtained from four marine sequences (Fig. 1).
The Be ratio records were used on their respective time scales
to produce a global stack called marine Be ratio stack (Fig. S1A).
We did not attempt to fit records on one single time-series to
avoid any chronological a priori and because the Be ratio spikes
attributed to the Laschamp excursion were demonstrated to be
synchronous in all cores. Time uncertainties associated with poten-
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tial offsets between records are therefore included within the stack
itself, but are likely insignificant (<500 years). We first normalized
each record to their average values to remove local influence and
inter-basin variations (Frank et al., 1997) (Fig. 4A). Each normal-
ized record was linearly re-sampled with a spacing of 250 years,
which corresponds to a slight smooth of MD05-2920 record. The
averaging was then performed by computing arithmetical means
along each individual Be ratio record. The final uncertainty corre-
sponds to standard deviation of the entire dataset and includes the
uncertainties associated with 1°Be production rates and its homog-
enization/mixing before deposition. Outliers appear outside from
the £10 envelope (Fig. S1A). Three other stacking options were
tested in order to gain resolution, but none was found satisfactory
for improving the stack (see Fig. S1). A stack composed of both

marine and ice-core datasets is fully consistent with the marine
Be ratio stack (r=0.97, Fig. S1C), therefore, the latter was consid-
ered in order to maintain methodological coherence (marine Be
ratio only) and to use an independent control using the ice records
(Fig. 4B).

This compilation exhibits a high degree of internal coher-
ence between data sets from low to mid latitudes (Fig. 1), and
strong correlations with southern hemisphere 1°Be-flux from Lake
Pupuke in New Zealand (r=0.74) and high latitude !°Be-flux
records from ice cores of Greenland Summit (r=0.79) and Antarc-
tica EDC (r=0.82) (Fig. 4). This consistency supports the hypothesis
of a globally synchronous atmospheric '°Be overproduction pro-
voked by a decrease of magnetospheric shielding resulting from
the decrease of the Earth’s magnetic field vectors produced by
a weak dipole moment. This high degree of synchronization be-
tween all sites (with independent chronologies) further indicates
10Be was rapidly homogenized globally by atmospheric circulation
before deposition and storing in natural archives. It allows estimat-
ing accurately the 1°Be production at the time of the Laschamp
(Fig. 4B) using the theoretical °Be production model of Poluianov
et al. (2016) and transfer function of Simon et al. (2018b). The
10Be production values peaked at 621 + 60 atoms.m~2.s~! dur-
ing the Laschamp excursion (at 41.3 ka), about two times higher
than average values preceding (240-350 atoms.m~2.s~') and fol-
lowing (350-390 atoms.m~2.s~!) the Laschamp time interval; and
about 1.8 times higher than the present day °Be production value
(e.g. Poluianov et al., 2016). Furthermore, similar '°Be production
values during the last reversal (638 4 112 atoms.m~2.s~!; Simon
et al,, 2018b) and during the Laschamp excursion support the hy-
pothesis of similar GDM amplitude collapses between aborted and
successful reversals (Fig. 4B).

7. Be ratio derived geomagnetic dipole moment (BeDM)

The atmospheric 1°Be production being at the first order de-
pendent on the GDM, the global °Be production curve derived
from the marine Be ratio stack (see above) can be calibrated in
terms of GDM using the theoretical 1°Be production model of
Poluianov et al. (2016). An alternative approach to obtain GDM
values is to calibrate the normalized Be ratio stack using absolute
paleointensities (PI) compiled in the Geomagia50.v3.3 (Brown et
al., 2015) and PINT2015-05 (Biggin et al., 2009) databases. While
the first method is relatively straightforward (Simon et al., 2018b),
the second needs preliminary requirements (e.g. Ménabréaz et al.,
2011; Simon et al., 2016a, 2018a). Reliable PI are first selected
from databases following strict criteria, including: i) quality of
methods (only Thellier-type with pTRM checks and Shaw methods)
and number of samples (N>3) used to produce the paleointensity
(PI) values from thermoremanent magnetization (TRM) component,
ii) the presence of paleomagnetic directions, and iii) reasonable er-
rors on PI (standard deviation lower than 10%) (e.g. Biggin and
Paterson, 2014). This selection stage excludes extreme values as-
sociated with unreliable measurement procedures. Given the low
number of reliable PI values within the studied interval (60-20
ka) and because the calibration requires a representative statisti-
cal distribution of GDM states, we used a total of 458 virtual axial
dipole moment (VADM) or virtual dipole moment (VDM) data ex-
tracted from the last 2 Ma (Fig. 5A; Simon et al., 2018a). V(A)DM
and normalized Be ratio averages and standard deviations are then
computed within five different statistical clusters to account for
uncertainties inherent to PI data and to their non-uniform distri-
bution through time (see Simon et al., 2016a, 2018a for details).
The polynomial fit between cluster averages is used to calibrate
the normalized Be ratio stack. Uncertainties on the BeDM record
represent the sum of standard deviations within each cluster calcu-
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lated in quadrature. These two calibration methods provide similar
results within error intervals (Fig. 5; Table S5).

8. Amplitude and dynamics of GDM variations before, during and
after the Laschamp

We use hereafter average values and full uncertainties from
the two calibration outputs (BeDMyp_gp) to discuss the ampli-
tude and dynamics of GDM variations within the studied time
interval (Fig. 6). The dipole moment increases from 6.6 + 0.8 to
8.2+ 0.9 x 10*2 Am? between 60 and 55 ka, then rises abruptly
until 52 ka. From 52 to 48 ka, the dipole moment is rather sta-
ble at 11.9 + 0.4 x 1022 Am? which corresponds to about 150%
of the present-day dipole moment value. These values are com-
patible with high-resolution calibrated-RPI stacks such as GLOPIS-
75 (based on marine cores with sedimentation rates >7 cm/ka),
but are significantly higher than those obtained from geomag-
netic models (Fig. 6) or from the PADM2M model incorporating
absolute PI and RPI data through penalized maximum likelihood
spline fit (Ziegler et al., 2011). Similar discrepancies are observed
on dipole field intensities for overlapping periods between models
using archeomagnetic data only, models using mixed archeomag-
netic and sedimentary data and compilation of absolute PI data
(e.g. Genevey et al., 2008; Knudsen et al.,, 2008; Pavén-Carrasco
et al., 2014; Korte et al., 2011). They may be assigned to i) ana-
lytical smoothing inherent to data regularizations and propagation
of uncertainties in models; ii) transfer of energy from the dipole
component to higher-order components to reduce the misfit be-
tween data and the modeled field; and/or iii) impact of the PDRM
smearing on sedimentary paleointensity records. Furthermore, the
BeDM;¢_gp record being only dependent on dipole field, a hypo-
thetical impact from regional non-dipole components can be ruled
out.

From 48 to 413 ka, the GDM collapsed from 12.3 £ 1.0 to
1.6+0.7 x 1022 Am? (average falling rate of —1.6 x 1022 Am?/ka).
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Fig. 6. Geomagnetic dipole moment dynamics over the 20-60 ka time interval and
across the Laschamp excursion as seen from independent reconstructions based on
calibrated global RPI stack: GLOPIS-75 (Laj et al., 2004); geomagnetic field models
based on compilation of paleomagnetic sediment, archeomagnetic and/or lava flow
records: GGF100k (Panovska et al., 2018) and LSMOD.2 (Korte et al., 2019); and
calibrated marine Be ratio stacks: BeDMyg_go (this study).

A slope break (with large standard deviation) between 47-45 ka,
corresponds to a minor RPI low recorded in some RPI records and
stacks (e.g. Stoner et al., 2002; Laj et., 2004; Channell et al., 2017)
and reproduced by geomagnetic models (Panovska et al., 2018; Ko-
rte et al, 2019). This event is well expressed in the calibrated
Marlce-Be stack containing the high-resolution °Be-flux record
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calibrated marine Be ratio stacks (this study and Simon et al.,, 2016a, 2018b).

from Greenland Summit (Fig. S2C). From 44 to 41.3 ka, the dipole
moment collapsed from 7.0 + 0.9 down to 1.6 £ 0.7 x 1022 Am?,
with an average rate of —2.0 x 102> Am?/ka.

The weakest GDM phase lasted less than one millennium at
most (41.6 to 40.9 ka), with an average GDM value of 1.8 £ 0.7 x
1022 Am?, i.e. about 15-30% of present-day GDM value (Fig. 6).
The age and duration are fully consistent with those deduced
from various archives (e.g. Muscheler et al., 2005; Nowaczyk et al.,
2012; Laj et al,, 2014; Lascu et al,, 2016; Channell et al., 2017).
The average GDM value (+ full uncertainty) obtained from the
BeDMyo_go is statistically similar to those recovered from absolute
paleointensity measurements of transitional lava flows recording
the Laschamp excursion, i.e. 1.6 £+ 0.3 x 1022 Am? (Roperch et
al, 1988) and 1.3 4+ 0.4 x 10%2 Am? (Laj et al,, 2014). Such low
dipole moment values are also reconstructed from transitional lava
flows (e.g. Singer et al., 2019) and a BeDM record covering the
Matuyama-Brunhes transition (1.7 & 0.4 x 10%2 Am?; Simon et al.,
2018b), or computed by numerical dynamo simulations of rever-
sals (Glatzmaier and Roberts, 1995; Buffett et al., 2013; Wicht and
Meduri, 2016).

To further confront the GDM record of the Laschamp, we ex-
amine another well-known and frequently recorded geomagnetic
excursion, the Iceland Basin Excursion (IBE; e.g. Channell, 2014).
The Be ratio compilation of Simon et al. (2016a) was calibrated
using the methods described in section 4, providing an average
dipole moment value of 1.8 4 0.5 x 1022 Am? over the IBE time
interval (191.5-188.5 ka; Fig. 7B). This value is not significantly
different from the VADM value 2.2 & 0.2 x 1022 Am? obtained
from absolute paleointensity measured on a transitional lava flow
of the Unzen volcano (Japan) tentatively associated with the IBE
(Yamamoto et al., 2010). At such weak GDM values the equilib-
rium (tipping-point) between the residual non-dipole field and an
equatorial dipole can trigger either a short-lived geomagnetic ex-
cursion or a long-lived successful reversal (Valet et al., 2008). The
three studied cases thus provide similar low GDM values lasting
various durations. Setting an arbitrary GDM value threshold value
at 2 x 1022 Am? (about 25% of the present-day dipole moment),
the three different events (Laschamp, IBE and M/B full reversal)
span durations of about 1 ka, 3 ka and more than 10 ka, respec-
tively (Fig. 7). These durations are significantly different and likely
express different mechanisms involved in the core fluid circulation
leading to either failure or success of the reversal process.

Following the Laschamp excursion, the GDM increased at an
average rate of 1.6 x 1022 Am?/ka until reaching a plateau from

38.5 ka to 27.5 ka, where it slightly oscillates around relatively sta-
ble values of 6.3 4 0.3 x 10%2 Am? (average + standard deviation;
about 80% of the present GDM value). No significant GDM low ap-
pears around 34 4 2 ka, age usually retained for the Mono Lake
excursion (MLE) (e.g. Liddicoat and Coe, 1979; Negrini et al., 2014;
Lund et al., 2017b; Jiabo et al., 2019). This observation suggests
that the MLE may have been triggered by a non-dipole field pulse
rather than by a significant dipole field collapse (e.g. models of
Panovska et al., 2018; Korte et al., 2019), in contradiction with low
RPI values and weak absolute PI records associated with the MLE
observed from far sites distributed worldwide (e.g. Cassata et al,,
2008; Kissel et al., 2011; Laj et al., 2014; Lund et al., 2017a; Chan-
nell, 2006; Jiabo et al., 2019). A limited GDM low (5.4 4 0.7 x 10?2
Am?) is recorded at 26.7 ka, a time of an excursional signature sig-
naled from one single North Atlantic record (Channell et al., 2016).
From 26.5 to 20 ka, the GDM increases up to 8.7 £0.9 x 10*2 Am?,
i.e. just above the present-day dipole moment value. Overall, the
BeDM;(_go record does not support the occurrence of geomagnetic
dipole-controlled excursions over the 20 ka time interval following
the Laschamp.

The GDM loss rate reconstructed between 48 and 41 Kka, i.e.
prior to the Laschamp excursion, reached a maximum of 2.0 x 10%2
AmZ2/ka. It corresponds to those computed from high resolution
calibrated-RPI records (Laj and Kissel, 2015), is identical to that
computed prior to the Matuyama-Brunhes reversal from high-
resolution Be ratio of the Chiba section (Simon et al., 2019) and
indistinguishable from decreasing rates measured from archaeoin-
tensity records over the last three millennia (e.g. Genevey et al.,
2008). This is about half of the decay rate of the axial dipole field
observed over the last two centuries (Finlay et al., 2016), pointing
out that the geomagnetic dipole field decayed faster during the
last centuries than before excursions and reversals documented by
paleomagnetic or cosmogenic 1°Be results.

9. Conclusion

We present new high-resolution Be ratio results from the equa-
torial core MD05-2920 located on the northern coast of Papua New
Guinea. Together with previous paleomagnetic and Be ratio results
(Ménabréaz et al., 2012; Simon et al., 2016a), these data provide
an unprecedented resolution of 200 years over the 46-36 ka time
interval and a “mean” resolution of 500 years over the 60-20 ka
period. A significant Be ratio peak synchronized with the Laschamp
excursion at 41 ka is recorded 18 cm above the corresponding
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RPI minimum. This offset corresponds to a 1.6 ka lock-in delay
due to post-depositional remanent magnetization (PDRM). When
corrected to account for the lock-in depth, the Be ratio and RPI
records present a rather similar asymmetric behavior before and
after the dipole low, despite some apparent smearing of the pa-
leomagnetic record. The new Be ratio data set is compiled with
three other marine sequence records to construct the updated
global record of 1°Be production variations across the Laschamp
excursion. This compilation exhibits a high degree of coherence
between data sets from low to mid latitudes and strong corre-
lations with high latitude °Be-flux records, fully supporting the
occurrence of a global atmospheric 1°Be production doubling event
triggered by depleted magnetospheric shielding. The Be ratio stack
was converted into geomagnetic dipole moment (GDM) values us-
ing two independent approaches: 1) a theoretical model and trans-
fer function and, 2) a statistical calibration using selected absolute
V(A)DM values drawn from absolute paleointensities measured on
lava flows. Both methods provide similar results, presented here
as a new Be ratio derived dipole moment (BeDM>g_gp) record. We
discuss the amplitude and dynamics of GDM variations across the
Laschamp excursion: before 48 ka, the BeDMyg_go record docu-
ments high field values (> 11 x 1022 Am?), prior to a two-step
decrease reaching the minimum value (1.8 £ 0.7 x 1022 Am?) be-
tween 41.6 and 40.9 ka. This value is consistent with the most
reliable V(A)DM values of lava flows attributed to the Laschamp,
Iceland-Basin excursion and Matuyama-Brunhes reversal. Follow-
ing the Laschamp minimum, the field partly recovered showing
an asymmetric behavior between a sharp decrease from high field
values and slower recovery to mid field values (~ 6 x 1022 Am?).
The BeDM>g_go record documents only small-amplitude GDM vari-
ations in the 38-20 ka interval. This suggests that if excursions oc-
curred (e.g. the Mono Lake excursion), they were not accompanied
by durable and deep collapses of the dipole moment triggering sig-
nificant cosmogenic 1°Be overproduction events.

Our approach provides an independent method to constrain pa-
leomagnetic records, notably their reliability on recording accurate
amplitude and rhythms of the dipole behavior, two prerequisites
to stimulate discussion and prediction on geomagnetic field varia-
tions over the next millennia.
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