:' frontiers ‘ Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

Hagay Amit,
Université de Nantes, France

Luigi Jovane,

University of Sdo Paulo, Brazil
Luca Lanci,

University of Urbino Carlo Bo, Italy

Ahmed Nasser Mahgoub,
ahmedn@gfz-potsdam.de

03 June 2024
05 August 2024
15 August 2024

Mahgoub AN, Korte M, Panovska S and
Schanner M (2024) Robustness of
characteristics of the Matuyama-Brunhes
geomagnetic field reversal found in global
models.

Front. Earth Sci. 12:1443095.

doi: 10.3389/feart.2024.1443095

© 2024 Mahgoub, Korte, Panovska and
Schanner. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science

Original Research
15 August 2024
10.3389/feart.2024.1443095

Robustness of characteristics of
the Matuyama-Brunhes
geomagnetic field reversal found
in global models

Ahmed Nasser Mahgoub'?*, Monika Korte®, Sanja Panovska®
and Maximilian Schanner!

'GFZ German Research Centre for Geosciences, Potsdam, Germany, 2Geology Department, Assiut
University, Assiut, Egypt

Paleomagnetic data enables the global reconstruction of the geomagnetic
field, allowing the investigation of significant events like polarity reversals and
excursions. When compared to prior polarity reversals, the most recent one,
the Matuyama-Brunhes (MB), is the best recorded reversal in terms of number
of available paleomagnetic data. Nevertheless, several of these data have poor
age control, and they are not distributed equally worldwide. Few global models
have been presented for the MB; the most recent is the GGFMB (Global
Geomagnetic Field Model for the MB reversal). Limitations imposed by input
data and subjective assumptions about the data that are made in modelling
restrict the resolution and reliability of these models. This study presents a
suite of eight additional global models that reconstruct the magnetic field
during the interval 700-900 ka ago, including the MB reversal and Kamikatsura
(KKT) excursion. Through model comparisons, the robustness of the models
in resolving MB reversal characteristics is assessed. The majority of models
indicate that the reversal was mainly driven by the axial dipole field contribution
gradually decreasing, while non-dipole parts slightly increased. At the core-
mantle boundary, two high-latitude reverse flux patches appear at the beginning
of the reversal, and it seems like a few precursors in the form of regionally
seen transitional field occurred, related to variations in the decaying dipole
moment. The main global polarity change occurred close to 778 ka, with the
axial dipole quickly strengthening in the opposite direction in the following,
completing the full polarity transition. All the models confirm the previously
reported asymmetry of slow dipole decay and fast recovery, and indicate that
the dipole moment was clearly lower in the late Matuyama than the early
Brunhes. The whole reversal process occurred on average between 800 and
770 ka, with a duration of approximately 30 kyr. Out of four apparent excursions
discovered in some of the models between 900 and 800 ka, the KKT excursion
(890-884 ka), can be confirmed as a robust magnetic field feature. Additional,
well dated paleomagnetic records in particular from the southern hemisphere
are required to confirm several details suggested by the models that should only
be interpreted with caution so far.

geomagnetic field (GF), paleomagnetism, geomagnetic field reversals, Matuyama-
brunhes reversal, Kamikatsura excursion, geomagnetic field models
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1 Introduction

The geomagnetic field, generated and maintained by dynamo
activity in the Earth’s core, varies continuously. The most extreme
changes are full polarity reversals. Throughout Earth’s history,
numerous, sporadic magnetic reversals occurred (Cande and Kent,
1995; Channell et al., 2020; Ogg, 2020), which can be described as
transitions between two quasi-stable polarity chron states. Reversals
are associated with a collapse of the geomagnetic dipole field
(Van Zijl et al., 1962; Singer et al., 2019), resulting in an increase
in the atmospheric generation of cosmogenic nuclide particles
(Elsasser et al., 1956; Simon et al., 2019). Most of the paleomagnetic
data documenting reversals come from volcanic and sediment
records. Matuyama-Brunhes (MB) is the most recent field reversal,
studied by tens of these records. However, previous studies that
assembled and assessed the MB database demonstrate that MB data
are not distributed evenly over the globe (Love and Mazaud, 1997;
Singer et al., 2019; Mahgoub et al., 2023a), and a significant number
of the sediment records lack precise chronological information.

High-resolution sediments are essential for tracking changes
in the Earth’s magnetic field during the polarity change. However,
the quality of the recording varies due to several factors, such as
the processes involved in acquiring the remanent magnetization,
sedimentation rate (Roberts and Winklhofer, 2004; Channell, 2017)
and its continuity or interruption, the lock-in effect (Lund and
Keigwin, 1994; Channell et al., 2004; Sagnotti et al., 2005), and the
sampling type, i.e., whether it is discrete or U-channels (Nagy and
Valet, 1993; Roberts, 2006; Sagnotti et al,, 2016). Taken together,
these factors imply that many sediment records are unlikely to reflect
fast oscillations in the magnetic field (that happen on sub-millennial
to centennial periods, as might be relevant during reversals)
(Roberts and Winklhofer, 2004; Roberts, 2015; Valet and Fournier,
2016; Channell, 2017; Sagnotti, 2018). Volcanic records, on the other
hand, provide only sparse and discontinuous paleomagnetic results
(Balbas et al., 2018; Singer et al., 2019).

Global models based on spherical harmonics basis functions can
be used to study characteristics of the global reversal process, hence
providing insights into the underlying mechanism. Few models
have been created so far for the MB (Shao et al., 1999; Leonhardt
and Fabian, 2007; Ingham and Turner, 2008; Mahgoub et al.,
2023b). Using four records—three from the North Atlantic and
one volcanic record from La Palma—Leonhardt and Fabian (2007)
constructed the IMMAB4 model. Ingham and Turner (2008) used
11 records, half of which from around the Atlantic (see Figure 2 in
Mahgoub et al. (2023D)), to built a model which we label IT08. Both
models span only the time from beginning to end of the reversal.
The GGFMB (global geomagnetic field model for the Matuyama-
Brunhes) model was developed by Mahgoub et al. (2023b) utilising
38 sediment records, and encompasses the much longer time from
900 to 700 ka, including stable field phases of the late Matuyama
and early Brunhes. Although the global distribution of GGFMB
records is better than that of IMMAB4 and ITO08, data from the
southern and western hemispheres are still few. These models have
been used to investigate the evolution of dipole and non-dipole field
contributions during the reversal, as well as the morphology of the
magnetic field at core-mantle boundary and at the Earth’s surface.
However, the resolution and accuracy of the MB models are limited
by the issues of the available MB data as noted above.
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When constructing global models for the MB reversal, like
GGFMB, several subjective choices have to be made. These relate
mainly to data selection and pre-processing, but also to the
regularization parameters. In this study, a set of eight additional
global models has been constructed for the MB reversal that covers
the interval 700-900 ka. In addition to the MB reversal, this time
interval includes the Kamikatsura (KKT) excursion, dated around
888 ka (Mahgoub et al., 2023b). The data sets for the new models
are aimed at exploring a range of subjective choices regarding
the data. They are modifications and subsets of that used for the
GGFMB model, that have been classified according to geographic
distribution, timescale reliability, temporal resolution, and type, as
described in Section 2. The modelling method is also outlined there.
By comparing all models including GGEMB (Section 3) we assess
how robustly these models can resolve characteristics of the MB
reversal. Our robust findings about the reversal are summarized
in the conclusions in Section 4. “Robust” in this context means,
that the results do not depend on the subjective choices made
during the modeling. This concept of robustness does not allow
quantitative evaluation, which is beyond the scope of this study.
Statistical limitations of the pursued inversion techniques and
inherent, statistically not well understood uncertainties in data and
age models further hamper quantitative analysis.

2 Data and methods
2.1 Input data sets

The paleomagnetic data spanning the interval 700-900 ka ago
used in this study are the 68 sediment records compiled and
processed by Mahgoub etal. (2023a), distributed mainly on the
northern hemisphere. Also, volcanic (lava) data with radiometric
dates (**Ar/*Ar and K-Ar) were included from 10 regions which
are distributed mainly in the western hemisphere. Paleomagnetic
data available only on depth-scale without age information and data
acquired from loess deposits were not included.

From the 68 records, Mahgoub et al. (2023b) used 38 sediment
records as input for constructing the GGFMB model. Most of
these records have independent age data, and their paleomagnetic
direction and/or relative paleointensity (RPI) demonstrate an
acceptable degree of regional consistency with adjacent records [for
more details see Mahgoub et al. (2023a)]. We considered the input
data of GGFMB as the primary data set, from which we constructed
eight additional data sets: G-ALI, G-STA, G-SEL, G-VOL, G-
CMP, G-LSR, G-IND1, and G-IND2. The geographical distribution
of these data sets is depicted in Figure 1, and their primary
characteristics and differences are described below and listed in
Table 1. Supplementary Material S1 contains detailed information
about each data set and a table indicating which records are included
in each data set, respectively.

Dating uncertainties can be large and inconsistent ages of
adjacent records may lead to artificial structure in a resulting
model. Hence, the G-ALI (aligned) data set contains the same
records as GGFMB (Figure 1), but the timescale (TS) of records
that are located in close proximity within one region are aligned
with the TS of a master record for the region. This master
record was selected based on the quality of the applied dating
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FIGURE 1
Geographic distribution of the nine input data sets for the models of this study. The primary data set is the one used for model GGFMB (Mahgoub et al.,

2023a), of which the other eight are modifications or subsets. The GGFMB data set consists of 38 records indicated by colored circles, squares and
stars. The sedimentation rate (SR) of these records is shown using a logarithmic colour scale. The open symbols in G-CMP denote additional sediment
records; and the triangles volcanic data in G-VOL, that all have not been used in GGFMB. (See main text for more details).

TABLE 1 Characteristics of the data sets used for modelling the Matuyama-Brunhes reversal.

No. of records Main characteristics Age adjustment
(Dec/Inc/Int)
GGFMB 38(19/23/35) all individual high-quality sediment records individual updates
G-ALI 38 (19/23/35) re-alignment of TS of <2000-km-spaced GGFMB records to TS | regional alignment by RPI
of a master record
G-STA 38(19/23/35) stacking <2000-km-spaced individual updates
13 (7/9/12) = GGFMB records
G-SEL 16 (9/11/14) selected master record from each region of GGFMB records individual updates
G-CMP 47 (22/28/42) all individual GGFMB records +9 additional records adjusted TS of 6/9 of the additional
records
G-VOL 48 (32/36/45) all individual GGFMB records + volcanic data individual updates
G-LSR 25 (7/10/24) low sedimentation rate ( < 10 cm/kyr) GGFMB records individual updates
G-IND1 17 (9/10/17) subset of GGFMB (completely different from G-IND2) individual updates
G-IND2 21(10/13/18) subset of GGFMB (completely different from G-IND1) individual updates

Abbreviations. GGFMB, global geomagnetic field model for the Matuyama-Brunhes reversal; ALL aligned; STA, stack; SEL, selected; CMP, complementary; VOL, volcanic; IND, independent;

Dec=declination; Inc=inclination; Int=intensity; RPI, relative paleointensity; TS, timescale. “ % ” in G-STA, denotes the final 13 total records utilised subsequent to the regional stacking of the
initial 38 records. For declination, inclination, and intensity, 7, 9, and 12 records are used accordingly.
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method, the temporal resolution, and sufficient length of the record.
The scaled intensity is used for TS alignment, arguing that the
minimum intensity during the reversal should occur at similar
times in the same region. The alignment was achieved by simply
shifting the scaled intensity TS of a record to match the TS of
the intensity minimum of the master record. When declination
and inclination records existed from the same location, their
timescales were shifted along with the intensity component. The
regional alignment is conducted on eight regions that contain at
least 2 records within an area of radius <1,000 km. These are
the North Atlantic, Western Equatorial Pacific (West Caroline
Basin), Western Equatorial Pacific (Melanesia Basin), North Pacific
(Japan), North Pacific (Hess Rise), Mediterranean, Equatorial Indian
Ocean, and Eastern North Pacific. Supplementary Material S1
contains a list of data records in each of these regions, as
well as details about the selected master record. Two nearby
records exist in the East-Wilkes Basin (Antarctica) region; however,
a meaningful correlation of the two high and low resolution
records was not possible (see the Supplementary Material S1;
Supplementary Figure S9 for further details). The paleomagnetic
time series before and after the regional alignment in each of
the eight regions are depicted in Supplementary Figures S1-S8.
G-ALI additionally includes the individual records from the
West Wilkes Basin in Antarctica, the Eastern Equatorial Pacific,
the Caribbean Sea and the Russian Arctic that were also used
in GGFMB.

The G-STA (stack) data set is constructed by regional
stacking of the 38 GGFMB records in nine regions, so that
each region is represented by only one representative record in
the modelling. Declination, inclination, and intensity data were
compiled for nine regions that include at least two sediment
records (as specified in G-ALI). All directional and intensity
data from the same region were relocated by virtual geomagnetic
pole (Noel and Batt, 1990) and virtual axial dipole moment
(Creer etal., 1983), respectively, to the geographic coordinates
of the master record for this region in order to mitigate the
influence of latitude. Using the bootstrapping technique described
in Mahgoub etal. (2023a), 5,000 realisations were generated for
each of the relocated records. The individual components of
these realisations undergo a smoothing spline fit, from which
an average fit is derived and generated every 500 years. This
average represents the regional stack. The nine regional stacks
are shown in the Supplementary Figures S10-S18. In order to
carry out the relocation procedure, it is necessary to have both
declination and inclination data available simultaneously. However,
this requirement is not met for three records (U1304, PC20, SO202-
1; See Supplementary Material S1.2; Supplementary Table S1) where
declination is not available. In these cases, the declination data were
assigned fixed values of 0° and 180° throughout the reverse and
normal polarity chron periods, respectively. It should be noted that
relocation methods are based on the assumption of a dipolar field
configuration, which is not applicable during periods of a magnetic
field reversal, but with the rather small relocation distances, the
influence of this false assumption is small compared to other
uncertainties. G-STA additionally includes the four individual
records as G-ALI. Note that TS of the individual records were
not aligned prior to establishing regional stacks, but we kept the
individual age data as used for GGFMB.
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As can be seen in Figure 1, records of GGFMB are concentrated
spatially on the Northern hemisphere, mainly in the regions of
North Atlantic, Western Equatorial Pacific, and North Pacific. As
an alternative to regional stacking, we also included a data set, G-
SEL, where one representative record is chosen from each of the well
covered regions. The records, selected for good quality, are identical
to the master records of G-ALI and re-locations centers of G-STA.
Only when the selected master record does not cover the entire
time of interest or lacks complete vector information, we expanded
it by a nearby high quality record. For example, this was done
in the Mediterranean region, where the G-ALI reference record,
HS (Sagnotti et al., 2014; Sagnotti et al., 2016), only encompasses
a time period of 13 kyrs (780-793 ka). For the period before and
after, we used the longest (though lowest resolution) record LC07
(Dinares-Turell et al., 2002), as noted in Supplementary Table S1.
The G-SEL data set consists of 16 records without any TS
alignment.

G-CMP (Figure 1) isa complementary data set that supplements
the GGFMB records with additional sediment records to improve
the spatial data coverage compared to GGFMB. These records
were not used for GGFMB because they did not have independent
age information, but were dated only by the correlation to a
polarity timescale. The nine additional records are from regions of
the Atlantic, Pacific, and southern Africa (Figure 1). Declination
adjustment and RPI calibration were done in the same way as
for the GGFMB records (Mahgoub etal, 2023a). Considering
that the additional records have no age information independent
of the geomagnetic field, we compared them to the GGFMB
predictions for the same locations and adjusted their TS by
correlation to the model curve in the cases where clear discrepancies
were found. Six out of nine of these records were adjusted
in this way, while the remaining three were used on their
original TS (see Supplementary Material S1 for more information).
Note that this TS adjustment obviously means that the additional
information we have added is not fully independent from the
GGFMB model.

The data set labelled G-VOL includes volcanic data from
10 regions along with the GGFMB records. The volcanic data
consist of 107 site-mean declinations and inclinations and 42
site-mean paleointensities. This volcanic data set is described
in detail by Mahgoubetal. (2023a) and the locations are
indicated in Figure 1.

G-LSR is created from low sedimentation rate (SR) GGFMB
records to see how much information we loose in the model in
that case. All sediment records of SR < 10 cm/kyr are considered
in G-LSR. This applies to 25 sediment records, of which 7 have
declination, 10 inclination, and 24 intensity. Differences to the
GGFMB dataset actually mainly affect the North Atlantic and
Japan, where five high resolution records were omitted in both
these regions.

Finally, two independent (IND) data sets, data G-IND1 and G-
IND2, were constructed by using about half of the GGFMB records
in each, with as good as possible global distribution. While each of
these data sets might lack some regional information, they will lend
high credibility to magnetic field features that are found similarly in
two models based on information independent from each other. The
records included in G-IND1 and G-IND?2 are depicted in Figure 1
and listed in Supplementary Table S1.
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2.2 Modelling method

Our new models were built using same regularized methodology
that has been used in the construction of the GGFMB model
(Mahgoub et al., 2023b) and follows the modelling of millennia-
scale field models (e.g., CALSxk (Korte et al., 2009; Constable et al.,
2016) and GGF100k (Panovska et al., 2018)). The inversion is based
on spherical harmonic functions (up to degree 6) in space and
cubic B-splines (with 200-year knot point spacing) for the Gauss
coefficients in time. The misfit to the data is measured by the
L2 norm, and regularizations in space and time were done using
quadratic norms (Whaler and Gubbins, 1981; Gubbins, 1983). These
allow for the determination of the spatial and temporal resolution
of the model by balancing the complexity of the model with
its fit to data. In this study, the spatial (Ag) and temporal (1)
regularisation parameters were established based on trade-off curves
(Gubbins, 2004; Panovska et al., 2018), which compare the L2 misfit
with the spatial (¥) and temporal (®) complexity of the model.

The data are weighted using the same methodology as for the
GGFMB model. We give equal weight to all sediment data by
assigning a5 of 8.5° for directions and 5 T for intensity values. Due
to the small number of volcanic data compared to the sediments, we
assigned larger weights to these additional data in the G-VOL data
set by reducing these values to ays of 3.0° and intensity weights to 1
yT. The a5 were converted to standard deviation of declination and
inclination (Suttie and Nilsson, 2019). For GGFMB, Mahgoub et al.
(2023b) had used inclination values calculated from a geocentric
axial dipole. Here, we tested using the actual inclination values when
they were available. However, as we found essentially no difference to
the modelling results between the two methods we kept the previous
approach. An iterative data rejection of data falling outside of 10
standard deviations of the model was applied. See Mahgoub et al.
(2023b) for more details about the modelling method.

3 Results and discussion

3.1 New global models for the past
700-900 ka

Eight new global paleomagnetic field models (G-ALI, G-STA,
G-SEL, G-CMP, G-VOL, G-LSR, G-IND1, and G-IND2), named
after their corresponding data sets were constructed in this study.
Table 2 includes: the total amount of input data as well as the
number of individual magnetic field components (declination,
inclination, and intensity), root mean square (rms) misfit of the
models (normalised by the data weights) to the whole data set
and the individual components, the regularization parameters (Ag
and A;), and the spatial (¥) and temporal (®) complexity of
the models. The parameters of the main model, GGFMB, are
given as well. Additional information about the new models
is given in Supplementary Material S2.

The number of input data ranges from just over 7,000 (G-
STA) to more than 50, 000 (G-CMP). Except for G-STA, all
models have more input data in the interval ~ 800-750 ka,
directly around the MB reversal, than before or after (see
Table 2; Supplementary Figure S30). The numbers of data for
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GGFMB, G-ALL and G-VOL are almost the same. Inputs for G-
IND1 are slightly higher than those for G-IND2 over most of the
examined period. The numbers of intensity data in G-SEL and G-
LSR are comparable, but there are more directional data in G-
SEL. The number of intensity data exceeds that for declination or
inclination for all models except G-STA and G-SEL.

The trade-off curves used to determine the preferred
regularization parameters for the models are displayed in
Supplementary Figure S31, indicating the Ag and A, that were
used to create the models. The temporal variability varies, but
the overall spatial complexity is similar among the models (See
Table 2). As expected, model G-LSR with only low sedimentation
rate data has low resolution, and the resolution for model G-
STA with only one stack per region is even lower. Despite the
regional data alignment, G-ALI has similar temporal complexity
as GGFMB. The highest values is found for G-VOL, while G-CMP
with the maximum number of data has a slightly lower value. We
assume that the differences in the temporal resolution values among
models GGFMB, G-ALI, G-CMP and G-VOL are mainly due to
the somewhat subjective choice of regularization parameter. The
iterative outlier rejection expectedly removes the largest number
of data around 820-760 ka (Supplementary Figure S32), during the
MB reversal when the field probably changed more strongly and
rapidly than the models can reproduce, and when small errors in
dating can have very strong effects in terms of modelling result and
deviation of individual data from it, in particular for the directional
field components. Interestingly, more directional data were rejected
in the late Matuyama (900-800 ka) compared to the early Brunhes
(750-700 ka), when most of the models have slightly higher original
numbers of data over time on average.

3.2 Fit to data

The normalised rms misfit of the models to the data varied
from 1.3 (G-STA) to 2.4 (G-CMP) (Table 2), which is influenced by
the amount of input data. Fitting the data to a 1.0 normalised rms
misfit should not be expected as age uncertainties are not considered
and we do not consider the weights as reliable data uncertainty
estimates. The misfits of GGFMB and G-ALI are mostly similar,
suggesting that the regional consistency of the paleomagnetic data
was not improved by the regional TS alignment process carried out
for G-ALL Similarly, the G-VOL misfit is similar to that of GGFMB,
which could be an indication that the small number of volcanic data
have little influence on the model despite the higher weighting. The
fits of the model G-CMP to inclination and declination data are
comparable to those of GGFMB, but the fit to intensity is slightly
worse, although G-CMP contains additional data in all components.
Histogram distributions of the residuals between the data and
model components are displayed in Supplementary Figure S33.
They indicate that the intensity misfit has a small positive bias,
meaning that model predictions tend to be on average slightly lower
than the observed data. The distributions of the declination and
inclination residuals are generally symmetric.

As an example of how the models fit the data, we present
in Figure2 the declination, inclination, and intensity model
predictions for a high-resolution North-Atlantic sediment record
(U1306 (Channell et al., 2014)). This record was selected as the
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TABLE 2 Comparison of the nine models based on input data quantity, model misfit to input data, and spatial and temporal regularisation parameters.

Quantity G-STA G-SEL G-CMP G-VOL G-LSR G-IND1 G-IND2
no. data 42,342 42,286 7,029 13,976 53,160 42,598 11,860 25,159 17,183
(total)

no. data 12,442 12,430 1,568 4,152 15,929 12,550 2,831 7,831 4,611
(Dec)

no. data 12,893 12,881 1,919 4,502 16,501 13,001 3,216 7,907 4,986
(Inc)

no. data (Int) 17,007 16,975 3,542 5,322 20,730 17,048 5,813 9,421 7,586
rms (total) 2.40 2.40 1.28 1.47 2.44 2.40 1.46 2.24 2.12
rms dec 241 2.36 0.87 1.43 2.38 2.40 1.34 2.00 1.85
rms inc 221 2.21 1.25 1.40 2.23 2.20 1.38 2.14 1.67
rms int 2.52 2.54 1.43 1.55 2.64 2.53 1.62 2.49 2.48
Ag (nT'Z) X 6.70 5.90 6.00 8.00 8.50 6.50 6.70 8.00 3.80
10*12

Ar 5.00 5.00 6.60 4.20 8.00 5.00 8.00 5.20 5.80
(nT?kyr?) x

10-10

v (nTz) X 1.75 1.80 1.09 1.08 1.85 1.81 1.17 1.61 1.48
1013

[ 8.21 8.49 0.79 5.84 8.00 8.69 1.84 7.25 4.72
(nT?kyr?) x

1010

Abbreviations. dec, declination; Inc, inclination; Int, intensity; rms, root mean square; Ag and A, spatial and temporal regularisation parameters, respectively; ¥ and ¢, spatial and temporal

norms, respectively, which measure the spatial and temporal complexity of the model.

master record for the North Atlantic region because of the
high reliability of its age model and its rapid SR of 15 cm/kyr
(see Data S1). The comparisons between the model predictions
and all original GGFMB input sediment records are displayed
in Supplementary Figures S34-5S80. In addition to the full time
series, enlargements are shown for the period 820-760 ka to
provide a more detailed impression of the models’ performances
during the reversal. Remember that some models did not include
all of the data, or that some of them did so on different age
scales (see Supplementary Table S1). In the example in Figure 2,
models G-LSR and G-IND2 did not use U1306 as input and we
can analyse how well the models fit independent data. Similar
assessments of fit to independent data can be conducted on the
remaining records (Supplementary Figures S34-580).

The models provide a reasonable fit as they generally predict
most of the paleomagnetic features of the U1306 magnetic
field components during the times of stable field (See Figure 2).
The amplitudes of fast variations in this record tend to be
underestimated, which is not surprising. Millennial scale models in
general hardly resolve the full temporal field changes represented
by the highest resolution records as similarly good information is
not available from all over the world. Extreme declination swings
suggested by this record around 887-875ka and 742 ka are not
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reproduced by any of the models, and the same is true for the
inclination values around 725 ka or the extreme intensity values at
806 ka and 724 ka. However, at least the strong inclination swing
is not seen in any of the other Northern Atlantic data so that in
some cases also the reliability of the data might be questioned.
Rapid and strong regional directional field changes in general
can occur when the field is non-dipolar, and in particular fast
declination swings can occur when the magnetic pole is close to
the location and inclinations are very steep. In a few cases, models
predict stronger variations than the data of this record. This effect
in general mainly occurs for models that did not include the
data and thus may give erroneous interpolations for the location
due to influences from surrounding records. The models clearly
differ in their representation of the MB reversal in declination and
inclination. This is not surprising as the full dynamics of these drastic
field changes are not captured by most records and inconsistencies
in age scales among records can have strong effects on the models.
However, it is noteworthy that all models, including the ones that
do not include the record, fit the intensity minimum of U1306
(Figure 2), but all show clear offsets for the intensity minimum
around 770-780 ka in records U1308 and U1304 from the same
North Atlantic region (Supplementary Figures 535, S37). The high
data coverage in this area provides strong constraints for the models
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FIGURE 2

Model predictions for a full-vector paleomagnetic high-resolution record (U1306) (Channell et al., 2014). This record was selected as the master record
for North Atlantic region (See Supplementary Material S1). Note that the G-SEL model includes only this record from the North Atlantic, therefore it has
the best fit to data. G-LSR and G-IND2 do not include this record. Note that the declination scale spans more than 360° to represent normal variations
during both the reverse and normal polarity interval reasonably, which in a few cases leads to apparent disparities when data and model plot 360° offset.

700

regarding the reliable age scales. In the example in Figure 2, the
G-SEL model fits the data best since for this model, the record was
the only input data for the entire North Atlantic region. Although
G-LSR and G-IND2 did not use the record, they properly predict
the primary features shown in the data, which adds credibility to
the models.

3.3 Dipole evolution

To examine the global evolution of several components
of the dipole field as predicted by the nine models, we plot
the dipole coefficients (g(l), gi, and hi), dipole moment (DM),
latitude of the geomagnetic pole (dipole latitude DL), dipole
power (DP) and non-dipole power (NDP) at core-mantle
boundary (CMB) in Figure 3. All models exhibit similar dipole
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field behaviour over most of the analyzed time period. Only
models G-CMP, G-IND1, and G-IND2 differ notably during some
intervals.

Most of the models agree that the DM oscillated between ~30
and 50 ZAm? from 900 to 800 ka (Figure 3D), never reaching the
present-day field value (~80 ZAm?), while the DL ranged between
—90° and —55° (Figure 3E). The dipole tilt was generally low in the
late Matuyama, but several models, including the original GGFMB,
indicate that occasionally the tilt reached values up to —45°. The
field was clearly stronger after the reversal in the Early Brunhes,
when all models agree that the DM fluctuated notably between 60
and around 100 ZAm?. The dipole tilt also varied less during this
time. During the reversal, all models clearly show the previously
noted asymmetric slow decay and fast recovery of the DM (Valet
and Meynadier, 1993; Meynadier et al., 1994), that has been termed
sawtooth behaviour. Almost all agree that the DM dropped to very
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low values around or below 5 ZAm?. G-CMP reaches the lowest DM
with 0.1 ZAm?, while the DM of G-IND2 did not go below 9 ZAm?.
Except for G-IND2 (which is constrained by only half of the data
set) they also quite consistently give the main polarity change closely
around 778 ka, although details in variations of dipole latitude vary.
This is not surprising as small differences in the equatorial dipole
coeflicients can cause clear differences in dipole latitude when the
axial dipole contribution is small.

Although the equatorial dipole coefficients differ somewhat
among the models, h}] appears to have on average slightly larger
amplitude variations than g (Figures 3B, C) in particular during the
late Matuyama, potentially indicating preferred dipole tilt directions.
None of the models exhibits special behaviour of the equatorial
dipole contribution during the reversal. Variations in NDP also
differ among the models, but the large scale NDP at the CMB (model
resolution < SH degree 5) is generally lower than the DP during
late Matuyama and early Brunhes. While some models predict a
rise of NDP with the axial dipole decay during the beginning of
the reversal (Figure 3F), others remain at a similar level as before
(but G-SEL and G-LSR, to which this applies, have lower NDP than
the other models around 870-820 ka). However, all models indicate
a brief decrease of NDP during the main polarity change around
780 ka and fluctuated at a somewhat higher level in the early Brunhes
than in the late Matuyama. In general, there is a higher degree of
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model coherence both in dipole and non-dipole evolution after the
reversal. This could be indicative of better quality of the younger data
with higher consistency among all the records or might reflect that
the slightly larger number of data for this time provides improved
constraints for the models.

3.4 Global timing and duration of the MB
reversal

In order to assess the global timing and duration of the MB
reversal we study the globally averaged paleosecular variation index
(P;) and the DP/NDP ratio at the CMB as given by the nine models
(Figure 4). The dimensionless P; index, introduced by Panovska and
Constable (2017), evaluates the departure of the virtual geomagnetic
pole latitude and virtual dipole moment from the geographic pole
and the present-day dipole moment strength, respectively. Field
instability phases can be identified by using a threshold of 0.5. Lower
values represent a stable field state, whereas values >0.5 indicate
transitional field behaviour. Utilising the DP/NDP ratio with the
large scale NDP as resolved by millennia scale paleomagnetic field
models, the magnetic field state can be considered stable if the ratio
is >1, and unstable if the ratio is less (Korte et al., 2019).

The globally averaged P; curves of the nine models, which were
derived from model predictions using an equal area global grid with
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(A) Paleosecular variation index (P;) and (B) dipole/non-dipole power (DP/NDP) ratio of the nine models over the 700-900 ka interval. The stable field
phases of late Matuyama and early Brunhes as well as the MB reversal and the KKT excursion are indicated at the bottom.

a distance of 1 x 1° near the equator, are plotted in Figure 4A. The
nine curves of DP/NDP are given in Figure 4B. Most of the models
generally show P; values below 0.5 and DP/NDP >1 during the late
Matuyama and early Brunhes, reflecting the stable field states. The
early Brunhes appears more stable, while slightly larger P; values are
found in many of the models for the late Matuyama, occasionally
exceeding the 0.5 threshold in some models. This is also reflected by
the large variability in DP/NDP, but the stronger dispersion of the
models impedes a robust interpretation for this time interval. The
known KKT excursion around 880 ka is reflected by a P; peak or
DP/NDP minimum of various amplitudes in most of the models,
while only some of the models suggest that there might have been
additional times of transitional field occurrence before the onset of
the MB reversal.

The sawtooth asymmetry of the DM evolution during the
reversal is also clearly seen in both P; and DP/NDP. The start,
mid-point, end, and duration of the reversal process constrained
by P; and DP/NDP are calculated for the nine models and listed
in Supplementary Table S2. Using the first and last occurrence of
P; > 0.5 (Figure 4A) as a criteria, our models indicate that the surface
geomagnetic field reversal began 802-796 ka and terminated at
773-768 ka. The reversal process globally spanned around 21 to
32 ka, with the shortest duration seen in G-STA and the largest
duration observed in G-CMP. More data and a wider regional
coverage tend to give longer durations, which might reflect the
complexity of the reversal process, although we cannot fully rule
out that inconsistencies in age models of the records bias the results.
The highest P; values are found almost simultaneously in all of the
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models at around 778-777 ka (Figure 4), which corresponds to the
time of the major drops in DM and DP (See Figure 3) and the
main global polarity change, i.e., the main phase of the reversal.
The DP/NDP ratio increased briefly during this period since the
NDP also had a small minimum (See Figure 3F). Models G-ALI and
G-STA, based on regionally aligned and stacked data, respectively,
suggest a slightly earlier occurrence than the models using more
individual data.

The occurrence of a precursor phase of transitional field prior
to the main reversal has been found in several sediment records
(e.g., Hartl and Tauxe, 1996; Valet et al., 2014; Singer et al., 2019).
All of our models indicate the existence of one or more precursors
(P; exceeding 0.5 but dropping below again before the main reversal
phase). We cannot rule out that one event might be erroneously
interpreted as two or more events by a global model if the age scales
of various records are inconsistent. However, a likely explanation is
that during the slow decay of the axial dipole, some variations lead
to regionally occurring and disappearing transitional field, especially
in a phase when the DM was low. This would appear as a number of
regionally different precursors.

3.5 Global morphology of the
Matuyama-Brunhes reversal

The evolution of the global field is investigated here in terms

of surface field intensity and radial field (B,) at the CMB. Using
Supplementary Movies S1-59, the evolution of the field morphology
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of the entire reversal (and across the full 700-900 ka interval) can be
studied in detail. In Figure 5 we display snapshots at the beginning
(global P; first reaching 0.5), middle (maximum global P;) and end
(last occurrence of global P; > 0.5). Given that the reversal is not
observed fully concurrently in all models (Figure 4), the displayed
times vary.

The models clearly differ in many details and the field
morphology, in particular at the CMB, should be interpreted with
caution. However, in the early phase of the reversal nearly all
models, including the two fully independent ones (G-IND1 and G-
IND?2), indicate the development of two reverse flux patches (with
respect to the stable inverse field of the late Matuyama) over Asia
and the Atlantic Ocean, and in many cases reverse flux in high
southern latitudes (Figure 5A). The southern hemisphere reverse
flux reaches into the tangent cylinder early in the process, while the
northern hemisphere reverse flux manifests just outside and only
enters the tangent cylinder towards the main phase of the reversal.
Reverse CMB flux implies weak surface field intensity in the same
areas. None of the models shows weak intensity over the region of
the present-day South Atlantic Anomaly (SAA). This supports the
findings that the SAA should not be seen as an indication for an
upcoming reversal or excursion. This had been suggested by Pavon-
Carrasco and De Santis (2016), but already found not to be the
case for the Laschamps excursion (at 41 ka) (Brown et al., 2018) and
further excursions during the past 100 kyr (Panovska et al., 2019).

Related to the observed occurrence of precursors in the further
evolution of the reversal, the magnetic field underwent some
variations in stability during which the initially observed reverse
flux patches became weaker again or disappeared completely. This
continued to the middle phase of the reversal (Figure 5B), when the
dipole moment reached its minimum (in some cases close to zero)
(see Figure 3). In general, these non-dipole field variations are not
resolved robustly and appear differently in the various models, as is
also the case for the snapshots in Figure 5B. Surface field intensity
was clearly very low all over the globe at this time.

Given that our analyses above indicated a higher coherence
of the different models after than before the reversal, it is
surprising that Figure 5C still gives a very incoherent picture of
the CMB field morphology at the end of the reversal, when the
axial dipole contribution and surface field intensity gain strength.
However, one aspect that appears rather consistent in most models is
that reverse flux (now related to the Brunhes normal field direction)
occurs longer in the northern than southern hemisphere before the
field gets strongly dipole dominated.

3.6 Time-averaged field

The time averaged radial field configuration at the CMB during
the interval 700-900 ka for the two stable field intervals of late
Matuyama (900-800 ka) and early Brunhes (770-700 ka) and the
MB reversal (800-770ka) is shown in Figures 6A-C) and also
compared to the time-averaged B, over the past 100 kyr (GGF100k;
Panovska etal. (2018)) and 10 kyr (CALS10k.2; Constable et al.
(2016)) shown in Figure 6D. For compatibility, these models were
also evaluated to spherical harmonic degree 6.

The time averages again clearly reflect a stronger field during
the early Brunhes than the late Matuyama. Although the averages
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of the different models vary in details, for the stable periods they
show a similar structure in general. This includes a tendency for
two mid-latitude intense flux lobes in the northern hemisphere
in the late Matuyama (Figure 6A), similar to the 10 kyr average
(Figure 6D). The southern hemisphere field seems to have been
weaker than the northern during this time. Southern hemisphere
structure seems slightly less complex both in late Matuyama and
early Brunhes. This might be due to the limited southern hemisphere
data coverage. However, the fact that all models, including the ones
from reduced and extended data sets, indicate the asymmetry in
strength, supports the hypothesis that this is a real magnetic field
characteristic. For the early Brunhes, the northern hemisphere flux
distribution varies notably among the models, similar to our finding
for clear differences in field morphology at the ending phase of the
reversal. For example, GGFMB, G-ALI and G-VOL suggest weak
flux in the north western Atlantic and G-IND2 even has a small
reverse flux patch in the northern Atlantic. On the other hand, G-
CMBP, which is constrained by additional records, suggests strong
normal flux in this region, and G-STA and G-SEL (based on less
records, stacked and selected, respectively) indicate more uniform
flux from north America to Europe (Figure 6C).

During the reversal (Figure 6B), most of the models, including
the two fully independent ones (G-IND1 and G-IND2) indicate two
flux lobes in very similar places as the intense flux lobes observed
during the late Matuyama, but with opposite sign (i.e., reverse
compared to the Matuyama polarity). It seems that also during this
interval there is on average less structure and weaker flux in the
southern than the northern hemisphere.

4 Conclusion

Based on a combination of published paleomagnetic sediment
records and volcanic data, we have developed a suite of eight
new global paleomagnetic field models spanning 700 to 900 ka,
including the Matuyama-Brunhes reversal and the Kamikatsura
excursion. They were derived from modifications of the input data
used to construct the GGFMB (global geomagnetic field model
for the Matuyama-Brunhes reversal) model in order to explore the
influence of subjective data choices and study the robustness of
geomagnetic field characteristics found from this model.

The utilised modelling technique impedes a quantitative
evaluation of the similarities and differences across the models. We
assume that the coherence or disparity of the range of models gives
a reasonable indication of the reliability of certain magnetic field
features. Thus, it was feasible to distinguish between robust and
non-robust magnetic field characteristics during the MB reversal by
associating the model output with the relevant data set selection.
Accordingly, the following characteristics seem robustly resolved:
All models confirm a sawtooth pattern of slow dipole moment
decay and fast recovery with a drop to values around or below
5ZAm?. A precursory period of transitional field states occurred
during the decay and prior to the main global reversal. The decay
and recovery of the axial dipole contribution is the main driver
of the reversal, the equatorial dipole and non-dipole contributions
do not play a strong role. The non-dipole power seems to increase
slightly during the early phases of dipole decay, but drops during the
main phase of the reversal. All models suggest a significantly lower
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FIGURE 5
Field morphology at: (A) begin, (B) middle, and (C) end of the Matuyama-Brunhes reversal, according to the nine global models. For each model

snapshots of (left) surface field intensity (F) and (right) radial field component (B,) at the core-mantle boundary (CMB) are given for specific times
representing the respective phase of the reversal in each model

dipole moment before the reversal in the late Matuyama than in the  global polarity change occurred around 778 ka. The duration might
early Brunhes. The global duration of the event lies between 21 (G- be overestimated with the addition of records if age-depth models
STA) and 32 kyr (G-CMP), with all models agreeing that the main  are not compatible, while the duration might be underestimated by
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Time-averaged radial field (B,) at the core-mantle boundary for the nine models, for late Matuyama (A), the MB reversal (B) and the early Brunhes (C)
Panel (D) shows the 100-0 kyr and 10-0 kyr-averaged B, maps of models GGF100k (Panovska et al., 2018) and CALS10k.2 (Constable et al., 2016),

respectively.

alignment of records based on the magnetic field signal. Due to the
non-dipole dominance during the reversal, the regional occurrence
of the main directional field change and also the regional duration
of the whole reversal process vary. The field morphology around the
onset of the reversal seems to be generally robustly resolved and
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does not resemble the present day South Atlantic Anomaly structure.
Instead, two reverse flux patches occur in the northern hemisphere
at that time. Better coherence of time series of global field properties
like DM, DP/NDP or P; index for the early Brunhes than the late
Matuyama suggests that the data are more consistent and the models
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should resolve field characteristics better after the reversal. The
Kamikatsura excursion was in general robustly identified around
890-884 ka.

However, other field properties, including the following, should
be interpreted with caution. Details of field predictions, in particular
in regions where few or no data exist, and especially the rapid
directional changes during the reversal, might not be reliably
resolved by individual models. Similarly, details of the field
morphology, in particular at the CMB during the time when the
axial dipole is weak and small-scale structures dominate are not
robustly resolved and should not be interpreted. This also applies
to the number and regions of occurrence of the transitional field
precursors, and (regional) excursions occurring in some of the
models in the late Matuyama in addition to the Kamikatsura
excursion. These features can only be better constrained in the
models when additional data become available.

In general, the global reconstruction of the MB reversal would
benefit strongly from more data originating in the southern
hemisphere, which so far is sparsely covered. GGFMB seems a
reasonable model for many applications given the currently existing
data that have recorded the event. To get an idea of the reliability
of certain magnetic field characteristics predicted by the model it is
advisable to compare the results from different reconstructions.
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