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Magnetic core field anomalies in
the non-axial field during the last
3300 years: approach with an
equivalent monopole source
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Santis � 3, Saioa A. Campuzano � 1, Gianfranco Cianchini � 2

and María Luisa Osete � 1,2
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Spain, 2Instituto de Geociencias (IGEO, CSIC-UCM), Madrid, Spain, 3Enviroment Department, Istituto
Nazionale di Geofisica e Vulcanologia (INGV), Rome, Italy

The continuous update of the archeomagnetic database spanning the last
3,000 years has facilitated the refinement of geomagnetic field models,
unveiling the presence of significant non-dipolar anomalies before instrumental
measurements. Within the Holocene epoch, two anomalies have become
notably well-defined. The South Atlantic Anomaly (SAA), characterized by low
geomagnetic intensities in the South Atlantic region almost during the last
millennium, stands out as the most significant present-day anomaly. In addition,
the Levantine Iron Age Anomaly (LIAA) has been defined as a geomagnetic spike
characterized by abnormally high intensities affecting Levant and Europe during
the first half of the first millennium BCE. We analyze the spatial and temporal
evolution of these anomalies using a straightforward model. Our approach
involves fitting the non-axial field responsible for defining these anomalies with
an equivalent monopole source situated in the proximity to the core-mantle
boundary. Results indicate that themovement of themonopoles associatedwith
SAA and LIAA seems to align with regions of the lower mantle characterized by
low shear velocity, particularly the edges of the African Large Low Shear Velocity
Province (LLSVP), suggesting a correlation with lower mantle heterogeneities.

KEYWORDS

South Atlantic Anomaly, Levantine Iron Age Anomaly, monopole approach,
archeomagnetism, paleomagnetic reconstruction models, Low Large Shear Velocity
Provinces

1 Introduction

Deciphering the spatial and temporal variations of the Earth’s magnetic field requires
full geomagnetic vector measurements over the surface and above. However, there are no

Abbreviations: SAA, South Atlantic Anomaly; LIAA, Levantine Iron Age Anomaly; LLSVP, Low Large Shear
Velocity Province; TRM, Thermoremanent magnetization; CMB, Core-mantle boundary; SHA, Spherical
Harmonic Analysis; LIANAA, Levantine Iron Age Non-Axial anomaly; SANAA, South Atlantic Non-Axial
Anomaly; RMS, Roots Mean Square error.
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vector satellite measurements available prior to the 70s decade,
and the historical geomagnetic directional data are available since
16th century (e.g., Jonkers et al., 2003), while the first intensity
measurements were provided by Carl-Friedrich Gauss in 1832
(Gauss, 1833). To track past geomagnetic field variations before
the 16th century, no instrumental data are available, except for
a few sparse declination compass measurements (Cafarella et al.,
1992). Consequently, our understanding of the geomagnetic field
prior to the instrumental period primarily relies on paleomagnetic
studies carried out on burned archeological materials and volcanic
rocks that acquired in the past a thermoremanent magnetization
(TRM). Additionally, sedimentary data register natural magnetism
during the deposition or after (post depositional) and provide
a continuous record of the magnetic field. However, short
period variations might be masked due to sedimentation rate
(Nilsson and Suttie, 2021).

Global paleo-reconstructions are an essential tool for
understanding the millennial past variations of the geomagnetic
field at the surface and at the core-mantle boundary (CMB).
Spherical Harmonic Analysis (SHA) in space and penalized cubic b-
splines in time are the techniques commonly used to develop these
global models (e.g., Jackson et al., 2000; Korte et al., 2009). Although
in a first approximation, the geomagnetic field can be simplified to
a tilted dipole field, the non-dipole contributions play an important
role in the geomagnetic field behavior and in the processes of
outer core dynamics (e.g., Livermore et al., 2014; Olson et al.,
2015). Global paleo-reconstructions can be used to study the
past evolution of geomagnetic field features: the dipole decay, the
spatial and temporal variability of the geomagnetic elements (i.e.,
declination, inclination and intensity) and the dynamic evolution
of normal or reversal flux patches at the CMB (e.g., Hartmann and
Pacca, 2009; Jackson and Finlay, 2015; Campuzano et al., 2019;
among others).

In this context, we focus our work on the two prominent
anomalies of the field strength that have characterized the
geomagnetic field over the last three millennia: the South Atlantic
Anomaly and the Levantine Iron Age Anomaly. These intensity
anomalies have been recorded at the Earth’s surface by means of
instrumental and paleomagnetic measurements and are linked to
the dynamic of normal and reversed flux patches at the CMB. In
details, the South Atlantic Anomaly (SAA) is a region characterized
by particularly low values of the magnetic field intensity. At Earth’s
surface, nowadays it covers a large portion of the South Atlantic
region (from western Africa to South America and from equator to
Antarctica). Instrumental geomagnetic data (i.e., observatory and
satellite data) have defined the time evolution of the expansion
of the SAA during the last two centuries. Global geomagnetic
models based on these data point out that the areal extent of
the SAA is continuously growing (Pavón-Carrasco and De Santis,
2016; Amit et al., 2021). In addition, the field asymmetry caused
by the SAA is linked with the present decay of the dipole field
(Finlay et al., 2016) and the time-evolution of reversal flux patches
of the radial field at the CMB beneath the South Atlantic region
(Terra-Nova et al., 2017). However, the origin and evolution
beyond the instrumental intensity period (i.e., before 1840 CE)
remain uncertain. Recent global paleo-reconstructions suggest the
emergence of the SAA at the end of the first millennium CE under
the Indian Ocean and characterized by a westward drift crossing

Africa and reaching the South American continent in the last
centuries (Campuzano et al., 2019). Additionally, a recent study
considers that this kind of intensity anomalies, such as the SAA, can
be recurrent in time (Nilsson et al., 2022).

The Levantine Iron Age Anomaly (LIAA) is an anomaly of
the geomagnetic field characterized by a large intensity maximum.
The LIAA was firstly detected by high archeointensities from the
Levant around 900 BCE (Ben-Yosef et al., 2009; Shaar et al.,
2011) with virtual axial dipole moments (VADM) up to 190
ZAm2, extremely high compared with the present geomagnetic
field (Davies and Constable, 2017; Osete et al., 2020; Rivera et al.,
2023). The LIAA is also characterized by fast variations of the
geomagnetic intensity and directional deviations between 10th
and 8th century BCE. According to the archeointensity records,
two impulses are linked with this event, around 950 BCE
and 750 BCE (Shaar et al., 2016; Osete et al., 2020; among
others). New works suggest more impulses linked with LIAA
event (Shaar et al., 2022), although the number of peaks highly
depends on both magnetic and chronological data uncertainty
(Livermore et al., 2021).

In this work, we model the geometry of both SAA and LIAA
at the Earth’s surface using a monopole as equivalent source (also
denoted as monopole throughout the text for simplification) in
order to get more information about the characteristics of these
anomalies. It is worth emphasizing that while a magnetic monopole
lacks direct physical interpretation, it serves as a straightforward
and effective approach in tracing circular-like anomalies within
the main field, offering detailed insights into their location, extent,
morphology and evolution. The use of monopoles as a technique to
model some aspects of the geomagnetic field has been used several
times. McLeod and Coleman (1980) found that distributions of
monopoles in the core can predict the spatial power spectra of the
crustal and core fields. Hodder (1982) developed a model for the
geomagnetic secular variation using a series of magnetic monopoles
at the CMB beneath each observatory with the objective of getting
a better representation of the geomagnetic field in areas where more
data were available. O’Brien and Parker (1994) used a monopole
basis tomodel different scales of the geomagnetic field using satellite
and observatory data. De Santis and Qamili (2010) modelled the
spatio-temporal evolution of SAA during the last 400 years using
a monopole equivalent source to fit the non-axial field minimum
associated with the SAA. These authors used the model gufm1
(Jackson et al., 2000) from 1590 to 1990, and the IGRF (Macmillan
and Maus, 2005) for 1900 to 2005. They found that the monopole
equivalent source is characterized by an “anticyclonic” rotation with
a mean drift of 10–20 km/yr, accelerated during most recent years.
In addition, the depth of the monopole equivalent source oscillated
around the CMB suggesting that the monopole oscillation can be
related with the topography of the CMB.

Currently, and thanks to the larger number of archeomagnetic
and volcanic data covering the last three millennia, there are global
paleo-reconstructions that provide information about the past field
behavior of both LIAA and SAA features (Campuzano et al., 2019;
Osete et al., 2020; Schanner et al., 2022). In this study, we utilize
these global models to spatially and temporally characterize the
anomalies associated with the LIAA and SAA. These anomalies
are subsequently modeled employing a monopole approach, which
offers insights into the origin of these anomaly features.
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2 Methodology

2.1 Paleomagnetic global reconstructions
and non-axial anomaly features

To extend back in time the cited study of De Santis and
Qamili (2010) to the last ∼3,300 years for evaluating the LIAA
(first millennium BCE) and the SAA (last millennium), we use
the most recent global paleo-reconstructions based only on TRM
data: the SHAWQ-family and ArchKalmag14k.r models. The
SHAWQ-family, that includes SHAWQ.2k (Campuzano et al.,
2019), and SHAWQ-Iron Age (Osete et al., 2020), covers the
last 3,300 years and spans until harmonic degree 10 (evaluated
in time every 25 years). This model introduces a weighing
scheme of the TRM data according to quality criteria that
consider both the number of specimens and the laboratory
protocols followed during the archeomagnetic study (which
is especially important in paleointensity determinations). The
ArchKalmag14k.r model (Schanner et al., 2022) spans for the last
14 kyr with time-step every 50 years and a cutoff harmonic degree
of 20. This model uses a Kalman-filter to better constrain the Gauss
coefficients for earlier times where the number of TRM drastically
decreases.

To appropriately isolate both LIAA and SAA, we have removed,
in the previous paleo-reconstructions, the axial dipole field (related
to the first Gauss coefficient g01). The choice of removing the axial
dipole is due its dominant role in the global field that might
mask the anomalies. In addition, the axial dipole presents a perfect
equatorial axisymmetry and thus is invariant under possible east-
westward drifts (Olson and Amit, 2006).

In De Santis and Qamili (2010), the monopole modeling was
carried out using the non-axial dipole intensity (FNAD), defined as
the difference between the full harmonic intensity and the intensity
of the axial dipole field (i.e., FNAD = F− FAD). Then, they only fitted
the monopole using a single location where the non-axial intensity
anomaly (given by the gufm1) reaches its minimum value. Here, we
not only consider the minimum single value of the anomaly, but
the entire anomaly patch that characterizes it (that is, the spatial
region over the Earth’s surface where the anomaly is defined). For
this reason, we prefer to use the radial component Br instead of the
intensity element since Br can be expanded as a linear combination
of the Gauss coefficient and thus, the non-axial Br (denoted as BNAD

r )
can be easily computed as:

BNAD
r = Br −BAD

r (1)

where Br is the full harmonic radial component given by the paleo-
reconstructions at the Earth’s surface, BAD

r is the same component
but computed using only the axial dipole. Thus, BNAD

r will be the
input in our monopole modeling approach.

Figure 1 contains snapshot maps of the non-axial radial
component BNAD

r at the Earth’s surface covering the last
3,300 years (see also animations of these maps in the Movies S1
and S2 of the Supplementary Material for the entire time window)
computed by both SHAWQ-family and ArchKalmag14k.r models.
The plotted BNAD

r contour maps clearly show the evolution of the
LIAA and the SAA as negative patches of the non-axial radial field.
Since we are analyzing the non-axial radial component linked to

the LIAA and SAA, we labeled these negative patches as LIANAA
(Levantine Iron Age Non-Axial Anomaly) and SANAA (South
Atlantic Non-Axial Anomaly), respectively. In details, a dashed
black circle centered in the Levantine region remarks the evolution
of the LIANAA (1300 BCE – 200 BCE) while the SANAA is shown
by other dashed black circles centered in the South Indian Ocean
and Atlantic regions (0 CE – 1900 CE). It is important to remark
that both SHAWQ-family and ArchKalmag14k.r models constrain
in a similar way both LIANAA and SANAA features.

Some other aspects must be highlighted about the LIANAA and
SANAA features. On one hand, although negative patches of the
radial component represent both anomalies, this implies a different
behavior for each anomaly due to their hemispherical location. The
LIANAA is located at the northern hemisphere (where the full
harmonic radial component is dominantly negative). Consequently,
this negative anomaly reinforces the radial component and thus,
an intensity maximum at the Earth’s surface is expected. However,
the SANAA is located at the southern hemisphere where the
full harmonic radial component is positive. Then, the negative
anomaly reduces the radial component and therefore low intensities
are expected in this region (see Supplementary Figure S3 of
Supplementary Material). On the other hand, the reliability of the
used global paleo-reconstructions hardly depends, not only on the
parametrization and on priors used during the inversion process,
but also on the quality and spatial and temporal distribution of
the TRM data (Campuzano et al., 2019; Schanner et al., 2022).
Although it is still necessary to improve the archeomagnetic
database (Supplementary Material, Supplementary Figure S4), with
the present information it is possible to make here an approach
to investigate the evolution of these anomalies, which can also
contribute to guiding future archeomagnetic studies (key regions,
periods, etc.).

2.2 Monopole approach for the non-axial
field anomalies

Following De Santis and Qamili (2010), we assume that, locally,
the anomaly features (LIANAA and SANAA) can be simply
modelled by means of the non-axial radial component (Equation 1)
as a local monopolar source Bmonopole

r placed close to the CMB as:

Bmonopole
r = BNAD

r (2)

The expression of Bmonopole
r can be derived by the scalarmagnetic

potential of a monopole:

Vmonopole = ±
k
|r − r0|

(3)

where k represents the strength of the monopole and r and r0
are the radial vectors from Earth’s center to the point where the
field is measured and to the monopole source, respectively (see
Figure 2). The sign ± represents a positive or negative magnetic
monopole. From the potential of Equation 3 the radial component
of the monopole field is:

Bmonopole
r = −

∂Vmonopole

∂r
(4)
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FIGURE 1
Snapshots of the non-axial radial component BNAD

r at the Earth’s surface using the SHAWQ-family and ArchKalmag14k.r paleo-reconstructions from
1300 BCE to 1900 CE. The dashed black circles show the region where the studied non-axial field anomalies are located. Note that circular regions
show deformation due to the Aitoff map projection.

Assuming an insulate mantle, we can calculate the monopole
field in any point of the space outside the core (see Figure 2). The
distance between two points defined by its geocentric spherical
coordinates can be calculated as:

|r − r0| = √r2 + r20 − 2rr0(sinθ sin θ0 cos(φ−φ0) + cosθ cos θ0) (5)

where (r,θ,φ) and (r0,θ0,φ0) are the geocentric spherical
coordinates (radius, colatitude and longitude) of each point. Thus,
combining Equations 2, 4, 5 for a monopole located inM(r0,θ0,φ0),
the radial component of the generated field in a location P(a,θ,φ)
is given by:

Bmonopole
r = ∓

k[a− r0(sinθ sin θ0 cos(φ−φ0) + cosθ cos θ0)]

[a2 + r20 − 2ar0(sinθ sin θ0 cos(φ−φ0) + cosθ cos θ0)]
3/2

(6)

where a is the mean Earth’s radius.
Equation 6 is used to model the LIANAA and SANAA within

the temporal windows where they are defined (i.e. 1300 BCE – 200

BCE for the LIANAA, and the last 2000 years for the SANAA). For
a certain time t, the monopole approach has been applied as follows.

• We first synthetize BNAD
r values at the time t in a strictly regular

grid of 5,000 points over the whole Earth’s surface and then, we
identify our target anomaly region (dashed circles of Figure 1)
where the anomalies are defined.

• Once the anomaly patch is identified, we proceed to determine
the center of the anomaly and its circular boundaries to
accurately model the non-axial radial component within
this region through Equation 6. Given that the anomaly
patch undergoes temporal movement, and its area continually
expands or contracts, these parameters (the center and size of
the spherical cap containing the anomaly patch) will vary over
time. In Supplementary Figure S5 of Supplementary Material,
we show the LIANAA center location from 1300 BCE to 200
BCE and the SANAA center location for the last 2000 years.
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FIGURE 2
Sketch of the field created in surface by a positive monopole located
in M defined by colatitude θ0, longitude φ0 and distance r0 to the
Earth’s center. Bm is the monopole magnetic component in a certain
point P of Earth’s surface at colatitude θ and longitude φ.

Then, a circular grid around this center, which radius is named
as the semi-aperture, defines the anomaly contour line. Both
SANAAandLIANAApatches are defined as negative anomalies
of BNAD

r and their extension is ideally constrained by the region
where BNAD

r < 0. We define the optimal semi-aperture as the
radius of the circular contour line that provides a maximum of
5% of positive patch values (BNAD

r > 0) around the minimum
value of the negative anomaly patch. Thus, we obtain a variable
grid that changes with time, defined by the center of the
anomaly and the semi-aperture for each time, that captures the
whole patch.

• Finally, after properly delimiting the circular grid within the
anomaly patch for each time t, we use Equation 6 to estimate
the unknown parameters of the monopole field: k, r0,θ0 and
φ0. To solve Equation 6, we applied the inverse problem
using a least square method applied to the non-axial radial
component data within the delimited anomaly patch, i.e.,
BNAD
r (a,θ,φ). The obtained parameters for each time t provide

the monopole model.

In Figure 3, we show some snapshots of LIANAA and
SANAA in a spherical cap defined by the semi-aperture for both
SHAWQ-family and ArchKalmag14k.r models. In addition, in
Supplementary Figure S6 of Supplementary Material, we show
the time evolution of the values of the semi-aperture for target
time windows and both paleo-reconstructions. As expected,
the aperture for LIANAA presents lower values than for the
SANAA, since the LIANAA is characterized by smaller spatial
wavelengths than the SANAA. Moreover, for the LIANAA period,
the ArchKalmag14k.r model provides larger apertures than the
SHAWQ-family model. For the SANAA period, both models

present similar apertures, except for the time interval 550–1100
CE, where the ArchKalmag14k.r presents lower values. Finally,
it is important to note that the ArchKalmag14k.r model did not
properly define the anomaly patches of LIANAA from 1200 BCE
to 1100 BCE and, thus, there are no results during this period for
this model.

It is worth noting that our monopole approach simplifies the
geometry of the local BNAD

r anomaly patch considering all of them
as circular (the monopole presents this geometry over a sphere).
However, the observed patches in Figure 3 (see also Movies S1
and S2 of the Supplementary Material) do not present a perfect
circular shape at the Earth’s surface. Consequently, it is important
to highlight that our monopole approach is a simple reproduction
of the anomalous field and oversimplifies inmany epochs, where the
shape of the non-axial anomaly slightly differs from a circular shape.
However, our intention in using the monopole equivalent source is
to grasp the most essential features of the spatio-temporal dynamics
of the two anomalies.

3 Results

3.1 Testing the depth of the equivalent
monopole source

Some aspects are crucial for the physical interpretation of the
equivalent monopole source for LIANAA and SANAA. In the
work of O’Brien and Parker (1994) they test the best depth of
the monopoles to fit the radial field at the CMB, considering
they should be located in the magnetic source region (Earth’s
outer core). Here, we implement a test fixing different values
of r0: at the Inner Core Boundary (ICB; r0 = 0.35 ⋅ c, where c is
the CMB radius), inside the outer core (r0 = 0.7 ⋅ c) and at the
CMB (r0 = c). We also let r0 as a free parameter in the least
square inversion of Equation 6 (free-r0). In Figure 4 we show the
results of the four solutions in terms of monopole parameters
(Equation 6) and RMS misfit using the SHAWQ-family model
(see Supplementary Figure S7 of the Supplementary Material for the
results obtained with the ArchKalmag14k.r model).

The free-r0 monopole (blue curve in Figure 4) shows, in general,
values of r0 over the CMB for the LIANAA (Figure 4A, left
panel) ranging between 3,600 and 5,000 km (3,800–4,400 km for
the ArchKalmag14k.r). These r0 values, significantly above the
CMB, are due to the narrow geometry of LIANAA on the Earth’s
surface. However, for SANAA, the free-r0 is constrained closer
to the CMB (Figure 4B, right panel) due to the larger area it covers
on the Earth’s surface. In fact, between 600 CE and 1200 CE the
free-r0 monopole solutions stay very close to the CMB, providing
same solutions for r0 = c and free-r0 monopole.

In Figure 4B, the monopole strength (parameter k) shows high
dependence with the depth of the monopole. As expected, a deeper
monopole requires higher strength to create similar radial field
values at Earth’s surface. Mean k values range between 75 μT and
255 μT for the LIANAA, and between 170 μT and 325 μT for
the SANAA, for the most superficial (free-r0) and deeper (0.35c)
monopoles, respectively.

No significant differences are observed for the latitude λ0
(or colatitude θ0) and longitude φ0 of the monopoles (see
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FIGURE 3
Snapshots of BNAD

r in a spherical cap for LIANAA (left) and SANAA (right) using SHAWQ-family and ArchKalmag14k.r paleoreconstructions. The spherical
caps are centered in the manually chosen center of each patch and with radius defined by the variable semi-aperture.

Figures 4C, D). The monopole latitude ranges between 20°N and
60°N for LIANAA (15°S and 60°S for SANAA) and the longitude
between 5°W and 40°E for LIANAA and 30°W – 70°E for SANAA.
Here, it is worth noting that for the deepest monopole (r0 =
0.35 ⋅ c), the location is less defined because as r0 approaches the
Earth’s center, the values of the monopole center (θ0, φ0) on
the Earth’s surface are less constrained providing the observed
fluctuations on Figures 4C, D.

To quantify the robustness of the fitting, the RMS misfit
as a function of time is plotted in Figure 4E. For both target

time-windows, the RMS misfit increases for a deeper monopole
(up to RMS of 6 μT and 7 μT for the LIANAA and SANAA,
respectively). This behavior is related with the spatial wavelength of
each non-axial anomaly.When themonopole is deeper,Bmonopole

r has
larger spatial wavelength in surface, so it provides a worse fit of the
shorter wavelength anomalies.

Although the best fit (lower RMS) of the non-axial patches
is obtained by letting r0 free, this solution provides monopoles
for LIANAA and SANAA located above the CMB, outside the
source region. This solution lacks physical meaning, so monopoles
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FIGURE 4
(a–d) Parameters of the monopole model and (e) RMS between the monopole and non-axial radial fields on Earth’s surface for the LIANAA (left) and
SANAA (right) using the SHAWQ-family model for different values of r0.

should be located inside the core (O’Brien and Parker, 1994). The
lowest RMS values are obtained with r0 = c monopole, exactly
at the CMB. Thus, we choose a constant depth at the CMB
to get our selected monopole model, analyzed in detail in the
following sections.

3.2 The monopole model: a general view

Once the depth of the monopole is determined (r0 = c), first
we develop a test to evaluate the dependence of the monopole
parameters with the aperture of the fitting region. To do that, we have
varied the semi-aperture in a range of values (10°–40° for LIANAA
and 30°–70° for SANAA) using SHAWQ-family model. Test results
(Supplementary Figure S8 of the Supplementary Material) indicate
that the parameter most sensitive to semi-aperture variations is the
strength k, while the monopole position (latitude and longitude)
exhibits lower sensitivity to changes in semi-aperture. This is an
important result, as it indicates that the monopole position (which
we will use later in the discussion section) is well constrained for
each non-axial anomaly.

Afterwards, we analyze our monopole model (Bmonopole
r ) at the

Earth’s surface. Since each paleo-reconstruction provides slightly
different BNAD

r data (see maps in Figures 1, 3), the obtained

monopole models are slightly different for each reconstruction.
Figure 5 shows the comparison between Bmonopole

r and BNAD
r

within the respective spherical caps for a representative epoch
of LIANAA (750 BCE) and SANAA (1700 CE). Residual maps
(calculated as BNAD

r −B
monopole
r ) are also plotted in Figure 5. In

addition, movies of this comparison for the whole-time intervals
are given in Movies S9 (LIANAA) and S10 (SANAA) in the
Supplementary Material. The two chosen epochs provide a general
view of how the monopole model fits the original patches provided
by the paleo-reconstructions. In details, at 750 BCE (panel A in
Figure 5), the LIANAA reaches a negative maximum (yellow stars)
of approximately −30 µT and −40 µT according to the SHAWQ-
family and ArchKalmag14k.r models, respectively. Therefore, the
ArchKalmag14k.r provides a narrower LIANAA than the SHAWQ-
family. Comparable outcomes are observed around 1700 CE,
delineating the SANAA (panel B of Figure 5). However, the anomaly
maximum (negative) indicates lower values (approximately −22 µT),
with the anomaly patches exhibiting a broader extent area.

Taking into account the patch shapes, the SHAWQ-family
model shows a LIANAA elongated along the longitude and a
more circular SANAA, while the ArchKalmag14k.r model reveals
circular-like anomalies latitudinally elongated for both LIANAA
and SANAA. In all the cases, their respective monopole models
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FIGURE 5
(a) BNAD

r (left column), Bmonopole
r (central column) and residuals between BNAD

r and Bmonopole
r (right column) using the models SHAWQ-family (top) and

ArchKalmag14k.r (bottom) for the year 750 BCE. The plot is done in a spherical cap around the monopole projection on surface (marked with a pink
diamond). The yellow star shows the location of the maximal anomalous field (chosen manually). Note the radial field anomalies are negative, so
positive residuals indicate the monopole overestimates the non-axial field. (b), same for the SANAA for the year 1700 CE.

(center column in Figure 5) present, as expected, perfect circular
geometries with minimum values similar to those given by the
paleo-reconstructions. In Figure 5, we also plot the projection on
Earth’s surface of the monopole location (yellow star) and the center
of the anomalous BNAD

r (pink diamond). In the chosen epochs, both

locations remain close to each otherwith an average angular distance
of 3.5°. However, this angular distance increases in some periods
up to 10°, with higher mean values for LIANAA than SANAA (see
Supplementary Figure S11 of Supplementary Material), indicating
the anisotropic shape of the anomalies,
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FIGURE 6
Time evolution of the optimal parameters (a) k, (c) θ0, (d) φ0 of the monopole model (located at CMB depth) for the LIANAA, data points shown every
50 years, using the archeomagnetic models SHAWQ-family and ArchKalmag14k.r from 1300 BCE to 250 BCE. (b) The RMS between the non-axial and
the monopole radial fields on Earth’s surface in the cap defined by the semi-aperture.

Residuals are constrained within the range of −8–10 µT within
the circular patches (right column in Figure 5) and highlight specific
regions where the monopoles underestimate or overestimate the
non-axial radial field data, offering valuable insights into the non-
axial field geometry of these anomalies. As a broader view, the
monopole underestimates the field in the center of the patch and
overestimates it around the anomaly, due to the larger spatial
wavelength of the monopole radial field.

3.3 The LIANAA: spatial and temporal
evolution

Figure 6 summarizes the monopole parameters for the LIANAA
given by both paleo-reconstructions. The ArchKalmag14k.r model
reproduces higher values of k (Figure 6A), between 50 T·km2 and
200 T·km2 in the whole period, while SHAWQ-family remains
between 50 T·km2 and 170 T·km2. SHAWQ-family monopole
reproduces three main maxima of k, at 950 BCE (∼170 T·km2), at
750 BCE (∼150 T·km2) and at 550 BCE (∼140 T·km2). The first
two maxima of 950 BCE and 750 BCE are coherent with the two
maxima linked with the LIAA event (Shaar et al., 2016; Osete et al.,
2020; Rivera et al., 2023; among others) and the maximum around
500 BCE corresponds with an intensity maximum observed in all
Europe (e.g., Rivero-Montero et al., 2021). ArchKalmag14k.r only
reconstructs the 750 BCE maximum over 200 T·km2) and presents
smoother variability.

The RMS between BNAD
r and Bmonopole

r (Figure 6B)
remains low during the whole period, between 1 µT and
4 μT, that is low in comparison to the average uncertainty
of the archeointensity data (around 4.5 µT according to
GEOMAGIA50.v3 database (Brown et al., 2015). The RMS for
ArchKalmag14k.r is higher; particularly for the last period (from
500 BCE) reaching values over 4 µT in contrast with 2 µT for

SHAWQ-family. This show us again that for the last half of the first
millennium BCE the non-axial field feature is worse defined, and
the monopole model is more limited to fit the vanishing LIANAA
feature.

During the first peak of the LIAA event (around 950 BCE), the
monopole is located at low latitudes with mean values of around
25°N for SHAWQ-family and around 30°N for ArchKalmag14k.r
(see Figure 6C). After that, a northward drift is observed reaching
latitudes over 50°N around 600 BCE. After 550 BCE the latitude
remains stable around 52°N for ArchKalmag14k.r and a bit lower
(45°N) for SHAWQ-family. The monopole longitude (Figure 6D)
shows similar results during this period for both SHAWQ-family
and ArchKalmag14k.r models. The LIANAA longitude remains
steady at approximately 40°E during the LIAA event (i.e., 1000 BCE
– 700 BCE). After that, the monopole source exhibits a westward
drift to the center of Europe as indicated by the archeointensity data
(Osete et al., 2020; Rivera et al., 2023).

3.4 The SANAA: spatial and temporal
evolution

The monopole parameters for the SANAA time interval (last
two millennia) are plotted in Figure 7. To evaluate the results of the
monopole model using the reconstructions based on paleomagnetic
data (SHAWQ-family and ArchKalmag14k.r), we also estimate the
monopole parameters using a historical geomagnetic field model
developed by using exclusively historical and instrumental data. The
chosen historical model is the COV-OBS.x2 (Huder et al., 2020)
that runs from 1840 CE to 2000 CE (orange diamonds in Figure 7).
In general, before historical era, the monopole parameters for both
SHAWQ-family and ArchKalmag14k.r seem to match better during
the second millennium CE, related with a better reliability of the
models and definition of the SANAA patch (see Movies S1-S2 of
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FIGURE 7
Time evolution of the optimal parameters (a) k, (c) θ0, (d) φ0 of the monopole model (located at CMB depth) for the SANAA, data points shown every
50 years, using the archeomagnetic models SHAWQ-family (from 100 BCE to 1900 CE), ArchKalmag14k.r (from 100 BCE to 1950 CE) and the
instrumental model COV-OBS.x2 (from 1840 CE to 2000 CE). (b) The RMS between the non-axial and the monopole radial fields on Earth’s surface in
the spherical cap defined by the semi-aperture.

Supplementary Material). During the historical era (from 1840 CE),
themonopole parameters for SHAWQ-family andArchKalmag14k.r
agree with COV-OBS.x2 model, with better agreement for
SHAWQ-family model (see Supplementary Figure S12 in
Supplementary Material).

In Figure 7A, the parameter k (monopole strength) shows
similar results for the two models during the whole period with
a variability between 120 T·km2 and 250 T·km2. Between 800 CE
and 1300 CE, SHAWQ-family monopole’s strength is higher than
ArchKalmag14k.r (∼100 T·km2-higher around 900 CE), however,
around 600 CE and 1400 CE, SHAWQ-family shows less strong
monopole field than ArchKalmag14k.r. During the historical era
all models agree with a continuous increase of the monopole
strength from 1700 BCE (∼140 T·km2) to present (∼220 T·km2).
ArchKalmag14k.r seems to overestimate the monopole strength
during the last 200 years, although there is a rapid decrease after 1850
CE to present.

The RMS values stay low (2 μT–5 µT) for both paleo-
reconstructions during the whole period (Figure 7B). For two
epochs, the RMS show higher values: first, during the first 500 years,
in particular for ArchKalmag14k.r, due to the lack of data for this
period andworse definition of the SANAApatch; second, from 1700
CE to present all models, archeomagnetic and instrumental, agree
with an increase of RMS values, relatedwith the present non-circular
geometry of SAA.

The latitude of the monopole shows a low variability around
40° for the whole period (Figure 7C). SHAWQ-family and
ArchKalmag14k.r show agreement, with more northern latitudes
for SHAWQ-family during the first 1,300 years. Both models show
that the source comes from the southern regions, drifts northwards
during the first millennium CE and, afterwards, shows a fast
southern drift from 1000 CE to 1200 CE. During the last 700
years, the monopole stays between 60°S and 40°S with a slight
northwards displacement till 1800 and drifting to southern latitudes

during historical era in agreement with COV-OBSx2 model. The
monopole longitude (Figure 7D) agrees for SHAWQ-family and
ArchKalmag14k.r models and is characterized by eastward drift
till the beginning of the second millennium CE, reaching ∼70°E
between 1000 CE and 1200 CE. From then, both models show a
westward drift linked with the well-known westward movement
characteristic of the SAA for the last 400 years. The instrumental
model COV-OBSx2 shows that this westward drift stops around
50°W in 1950 CE and change the drifting direction eastwards. This
is linked with the elongation and appearance of a second minimum
of the SAA for the present field (e.g., Finlay et al., 2020; among
others).

4 Discussion

Some important geomagnetic features observed at the Earth’s
surface are modulated by the transitional region between the lower
mantle and the upper part of the outer core (Kirscher et al., 2018;
Terra-Nova et al., 2019; Korte et al., 2022). In this context, lower
mantle heterogeneities seem to play an important role in some
geomagnetic features. This is the case of the anomaly features
analyzed in this work: the SAA is suggested to be related to
heterogeneous structure of the lower mantle, not only for the
Holocene but also for longer timescales (Tarduno et al., 2015;
Shah et al., 2016; Trindade et al., 2018; Hare et al., 2018; Terra-
Nova et al., 2019; He et al., 2021; Nilsson et al., 2022) extending
even to millions of years (Engbers et al., 2020; de Oliveira et al.,
2024). These structures of the low mantle related to the SAA are
characterized by low seismic S-wave anomaly and are called Large
Low Shear Velocity Provinces (LLSVPs). LLSVPs cover around 20%
of the core mantle boundary (under Africa and South-Central
Pacific) and extend up to around 1,000 km above the CMB. They
are mainly dominated by thermal effects in the mantle but also
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compositional, thus contain a significant component of chemically
dense material (see Davies et al., 2015 for a review). However, as
far as we know, no connection with low mantle heterogeneities
has been discovered yet for the LIAA event. In order to provide
more information about the connection between the SAA and the
African LLSVP, and to see if the LIAA is also connected with
this heterogeneous region, here we compare the position of the
anomaly monopoles for LIANAA and SANAA with the African
LLSVP extension.

Tarduno et al. (2015) suggested that anomalies could be created
in the edges of the LLSVPs due to sharp structural gradients that can
be expected to stimulate the formation of small-scale vortices in the
flow. This will develop an upward component and allow a reversed
polarity flux to leak upward. In that work, they propose that the
summation and upward continuation of these reversed and normal
patches might result in the SAA low field strengths in surface. The
African LLSVP is thought to be older than 100 million years and
the sides (due to lower mantle viscosity of 1 cm/yr (Hager, 1984))
relatively unchanged for 1–10 Myr. Thus, the present geometry of
these mantle features should have been constant for the last 10 Myr
which suggests a recurrence of these anomalies. This relationship
between the edges of the LLSVPs and surface intensity anomalies
in the geomagnetic field has also been found in other anomalies
like the West Pacific Anomaly (WPA) present during 16th and 19th
century CE in the western edge of the Pacific LLSVP (He et al., 2021;
Tema et al., 2022).

In Figure 8A, we plot the location of the monopole for
the SANAA and LIANAA using the SHAWQ-family and
ArchKalmag14k.r covering the last 3,300 years over a contour
of a seismic tomography model at the CMB, constraining the
African LLSVP. Following Korte et al. (2022), we use as a proxy
for the LLSVP at the CMB an average model using S10mean
(Doubrovine et al., 2016) which is itself an average from 10 models,
SP12RTS-S (Koelemeijer et al., 2016), SEISGLOB2 (Durand et al.,
2017) and TX2019salb-S (Lu et al., 2019). To plot the contour
of the African LLSVP, we first normalize the amplitude of the
velocity models before taking the average (done by the tool
SubMachine, Hosseini et al. (2018)), so the velocity anomaly
values range between −1 and 1. Values below the average (negative
values) are considered to define the LLSVPs. In Figure 8A, we
also represent (by orange diamonds) the monopole centers of the
instrumental model COV-OBSx.2 that show the SANAA evolution
for the present field. The monopole centers for all models seem to
move in areas with low velocity anomaly in absolute value, that
is, the monopoles are located around the edges of the African
LLSVP.

In addition, for deeper analysis, we calculate the S-velocity
anomaly at the CMB in the location of the monopoles for SHAWQ-
family, ArchKalmag14k.r and COV-OBS.x2 (for instrumental
period). In Figure 8B, we plot the time-curves of the S-velocity
anomaly for LIANAA and SANAA. The S-velocity anomaly
values remain low, between −0.2 and 0.2, only reaching absolute
values over 0.3 around 700–600 BCE for both models and
800 CE for SHAWQ-family. The monopoles for LIANAA are
mostly located in positive s-velocity anomaly regions, in contrast
with SANAA that show negative S-velocities during the first
millennium CE. Nevertheless, in general, the S-velocity anomaly
values remain close to 0 for both anomalies and models. These

FIGURE 8
(a) Trajectories of the monopole for the SANAA and LIANAA for
SHAWQ-family, ArchKalmag14k.r and COV-OBS.x2 models, plotted
every 50 years. The colormap shows the normalized S-velocity at the
CMB, at 2,890 km depth, obtained from the average of selected
tomography models. The negative velocity anomaly values (orange
colors) characterize the African LLSVP. (b) Normalized S-velocity at the
CMB in the location of the monopole for the same models. Note that
no monopole is solved for ArchKalmag14k.r model from 1200 BCE to
1100 BCE and the transition between both anomalies from 200 BCE to
0 CE. Instrumental model COV-OBS.x2, only from 1840 CE
to 2000 CE.

results show that both LIANAA and SANAA sources seem
to remain close to the edges of the LLSVP-related positive
anomaly regions.

5 Conclusion

The axisymmetric axial dipole can mask some features of
the field, which shows the importance of studying the non-axial
components. In this work, we have analyzed the SAA and LIAA
by examining the non-axial radial field in Earth’s surface using the
SHAWQ-family and ArchKalmag14k.r archeomagnetic models for
the Holocene. We have focused on two negative radial patches: one
is present from 1300 BCE to 200 CE, linked with the LIAA event
and the high intensities in Europe around the fifth century BCE;
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the other patch is present in the south hemisphere during the last
2000 years, linked with the SAA during the last 400 years. This last
patch seems to be present before 1000 CE, preceding the emergence
of the SAA, a topic still under debate. Both SHAWQ-family and
ArchKalmag14k.r models agree with the presence of these non-axial
patches, although discrepancies in their shape and location arise due
to the temporal and spatial heterogeneity of the database.

In our work, we have examined these anomalies by fitting the
negative patches of the non-axial radial field using an equivalent
monopole source. It is worth noting that a magnetic monopole lacks
direct physical interpretation, but it can offer detailed insights into
the location, extent, morphology and evolution of these anomalies.
The monopole model reproduces the non-axial patches locally
with residuals under archeomagnetic data uncertainty and shows
good agreement between the used models. Here, it is important
to point out certain limitations: the monopole strength exhibits
notable sensitivity to the monopole location r0 and the size of the
spherical cap around the patch where the fitting is applied. However,
the latitude and longitude parameters remain more robust for all
these cases.

Recent studies suggest that anomalies in the past and present
geomagnetic field might be mantle driven and their location
seems to be related with the lower mantle structure. This link
implies that anomalies might be a recurrent or persistent feature
of the field. In our work, we show that the sources of the
LIAA and SAA non-axial patches seems to move around the
edges of the African LLSVP. Recent works show that SAA might
be an anomaly influenced by mantle heterogeneities and we
suggest that other features as LIAA, which source seems to move
around the northeast edge of the African LLSVP, can also be
mantle related.
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