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Modeling geomagnetic spikes: the Levantine =

lIron Age anomaly
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Abstract

The Levantine Iron Age anomaly (LIAA) is a regional short-decadal geomagnetic strength field variation

located at the Levantine region characterized by high intensities with maximum virtual axial dipole moments
around 190 ZAm?. It has been constrained by archeomagnetic data coming from Eastern Europe and Western Asia
between 1050 and 700 BC. The LIAA can be related to a fast and spatially localized geomagnetic positive anomaly
(spike) at the Earth's surface. In this study, we model the LIAA by using a Fisher-von Mises function that fits the most
recent archeomagnetic intensity database in the region. A spherical harmonic analysis is implemented for this
spike function to perturb a base model in order to build a global reconstruction (perturbed-model) that repro-
duces the spatial and temporal characteristics of the LIAA. Our results show the importance of harmonic degrees
from n=3-4to n=20 to reconstruct the anomaly extension suggested by the database. Two maxima linked

with the LIAA are reproduced by our global perturbed-model at the Levantine region at 950 BC and 750 BC. A third
maxima in intensity around 500 BC is also observed, affecting the whole Europe.

Keywords Geomagnetism, Archeomagnetism, Archeointensity, Levantine Iron Age anomaly, Spherical harmonic
modeling

*Correspondence:

Pablo Rivera

pabloriv@ucm.es

Full list of author information is available at the end of the article

. ©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SP rlnge]_‘ O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http//creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-023-01880-x&domain=pdf
http://orcid.org/0000-0001-7092-344X
http://orcid.org/0000-0001-5545-3769
http://orcid.org/0000-0001-5767-2877

Rivera et al. Earth, Planets and Space (2023) 75:133

Page 2 of 16

Graphical Abstract

Year -1150 Year -1050

B (uT)

r

Year -550

e ol

-5 0

Introduction

Fast variation events associated with high intensities have
been observed in the past geomagnetic field and labeled
as geomagnetic spikes (e.g., Ben-Yosef et al. 2009; Shaar
et al. 2011, 2016; Hong et al. 2013; Cai et al. 2017; Rivero-
Montero et al. 2021; among others). However, the lack of
these features in the present geomagnetic field (Jackson
et al. 2000; Alken et al. 2021) makes their description and
understanding of their origin a challenge in the study
of geodynamic processes occurring in the Earth’s outer
core (e.g., Livermore et al. 2014; Terra-Nova et al. 2016;
Sanchez et al. 2016). The continuous updating of the
paleomagnetic and archeomagnetic database, which is
essential to better constrain these rapid intensity anom-
alies in time and space, allows us to currently consider
making a mathematical model that reproduces its char-
acteristics on the Earth’s surface.

The first geomagnetic record of these “geomagnetic
spikes” was observed in the Levantine region around 900
BC (Ben-Yosef et al. 2009; Shaar et al. 2011), and named
as the Levantine Iron Age anomaly (LIAA, Shaar et al.
2013, 2016). This event was initially characterized by a
local intensity maximum associated to extremely high
values of the virtual axial dipole moment (VADM) up
to 190 ZAm? (note that the global mean VADM for the

same time period was around 110 ZAm? according to the
GEOMAGIA database of Brown et al. 2021). High-inten-
sity records were also observed from Turkey (Ertepinar
et al. 2012) and Georgia (Shaar et al. 2013) that con-
firmed this short-lived high intensity anomaly affecting
these regions. Subsequent studies in the Levantine region
allowed Shaar et al. (2016) to characterize the LIAA as
a period of generally high field lasting around 350 years
(~1050 BC to ~700 BC) in which at least two short-lived
impulses of the geomagnetic field occurred.

Recent studies have shown the existence of high-inten-
sity anomalies during the first millennium BC, probably
linked to the LIAA, in other areas of the European con-
tinent: e.g., in the Canary Islands (de Groot et al. 2015;
Kissel et al. 2015), Azores (Di Chiara et al. 2014), Iberia
(Molina-Cardin et al. 2018; Osete et al. 2020); Bulgaria
(Kovacheva et al. 2014); Greece (Rivero-Montero et al.
2021); Central Europe (Hervé et al. 2017); and also in dif-
ferent Mediterranean sediments (Béguin et al. 2019).

In addition, high VADM values (around 130 ZAm?)
prior to the LIAA have also been recorded in eastern Asia
(as Korea, Hong et al. 2013; and China, Cai et al. 2017). In
the American continent a geomagnetic spike might have
been recorded in two sedimentary sequences in Texas,
United States of America (Bourne et al. 2016) although
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absolute intensity data with low VADMs from Mexico do
not confirm this spike (Hervé et al. 2019).

Efforts have been done to explain the origin of these
geomagnetic spikes in terms of geomagnetic field mod-
els. Livermore et al. (2014) indicated that the secular var-
iation reported in the Levantine region is not compatible
with the commonly accepted core-flow dynamics. Davies
and Constable (2017) suggested that the LIAA could be
a narrow intense flux patch in the core—mantle bound-
ary (CMB) that grew in place and migrated northwest-
wards. On the other hand, Korte and Constable (2018)
concluded that the explanation of a drifting intense flux
patch is not compatible with other field observations
and suggested that the spikes are linked to individual
flux patches growing and decaying in situ. Osete et al.
(2020) from a global archeomagnetic reconstruction, the
so-called SHAWQ-Iron Age model, links the LIAA with
a normal polarity flux patch at the CMB located bellow
the Arabian Peninsula around 1000 BC that expanded
towards the north-west, while decreasing in intensity,
affecting Europe around 700-500 BC and vanishing
in situ at around 100 BC.

However, most of the current paleomagnetic global
reconstructions have difficulties to reproduce the LIAA
in detail. An extreme example is the SHA.DIF.14k
global model (Pavén-Carrasco et al. 2014) that was con-
structed using an archeomagnetic and volcanic database
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previous to the LIAA data publications and thus shows
a flat strength field structure during the LIAA event (see
Fig. 1). Other paleomagnetic reconstructions such as
CALSI10k.2 (Constable et al. 2016) or SHAWQ-Iron Age
(Osete et al. 2020) that were built using the new LIAA
data show a wide maximum in the paleointensity predic-
tions in the Levantine region around 950 BC. But they
smooth the anomaly (see Fig. 1) and cannot appropriately
represent the LIAA as a short wavelength peak as sug-
gested by the data.

The limitation of paleomagnetic reconstructions for
reproducing small spatial wavelength features, as a spike,
is related with its mathematical nature, the small amount
of paleomagnetic information and the dating uncertain-
ties. In spherical harmonic modeling, the spatial wave-
length of a geomagnetic feature at the Earth’s surface
depends on the spherical harmonic degree n by, e.g.,
Kono (2015):

= )

n

where / is the wavelength, 4 the Earth’s mean radius and
n the harmonic degree related to the geomagnetic poten-
tial. Current spherical harmonic paleomagnetic recon-
structions implement the paleofield till degree n = 10,
thus the minimum wavelength they are able to reproduce
(using Eq. 1) is around 35° or 4000 km in surface (that is
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Fig. 1 Latitudinal profile (at 35° N) of the geomagnetic intensity field for a temporal window of 100-year wide centered at 950 BC given by the
paleomagnetic models SHA.DIF.14k (Pavon-Carrasco et al. 2014), CALS10k.2 (Constable et al. 2016) and SHAWQ-Iron Age (Osete et al. 2020). In grey
dots are represented the archeointensity data for the period [— 1000, 900] relocated to 35° N. Error bars show the uncertainty of the intensity data

values
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equivalent to an intensity feature—half wavelength—of
width around 17° or 2000 km extent). In addition, the
high dispersion of paleomagnetic and archeomagnetic
data forces the use of a regularization approach in the
paleomagnetic reconstructions that smooths the spatial
and temporal variability of the models to better repro-
duce the real variability of the geomagnetic field. In this
context, recent works have shown how the existence of
geomagnetic spikes is also highly dependent of the error
budget of the database (Livermore et al. 2021).

To avoid the limitations of global harmonic reconstruc-
tion models, Davies and Constable (2017) approached
the problem in an interesting and innovative way. They
created a synthetic spike field by using a circular Fisher—
von Mises probability density function. Then, the geo-
magnetic field at the Earth surface (or at the CMB) is the
spike field plus a global harmonic reconstruction field
model. These authors analyzed the global archeomag-
netic database up to 2017 and concluded that the LIAA
is a very thin anomaly of longitudinal width around 20°
on surface. In their results the strength field shows no
spike-like feature when power spectrum is calculated
till degree 14 on Earth’s surface but on the other hand,
there is a significant power at harmonic degrees over
20. It is worth noting that this extension represented by
harmonic degrees n > 20 is not related with an outer-
core origin feature. Also these authors proved that if the
source of the LIAA is a spike of less than 1° width on the
CMB it must span till 60° in longitude on the Earth's sur-
face, which is not consistent with the archeomagnetic
data available till 2017.

However, recent archeomagnetic contributions (Hervé
et al. 2017; Osete et al. 2020; Rivero-Montero et al. 2021)
suggest a wider structure for the spike that could be
related with lower harmonic degrees (see Eq. 1). This
motivates us to revisit this issue implementing a paleo-
magnetic reconstruction based on the most recent
archeomagnetic intensity database. In this study, follow-
ing the work of Davies and Constable (2017), we analyze
the evolution of the LIAA as a perturbation of the radial
component of the geomagnetic field. To do that, we first
develop a synthetic harmonic model for the spike using
the most updated archeomagnetic database in Europe
and Western Asia. Then, we implement the previous
spike model as a perturbation into a paleomagnetic
global reconstruction to generate a new paleo-recon-
struction that allows analyzing the spatial and temporal
behavior of LIAA.

Methodology

Data selection and weighting scheme to constrain the LIAA
To constrain the spike associated to the LIAA, we use
the archeointensity data from the GEOMAGIA50V3.4
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database (Brown et al. 2021, https://geomagia.gfz-potsd
am.de/) and the new data published up to middle of
2021. A first spatio-temporal selection was applied for
the archeomagnetic data representing the spike from
the whole database. Data selected come from longitudes
between 20° W and 80° E and latitude between 10° N and
60° N (see Fig. 2). To select the age range of the data, we
choose moving temporal windows of 100-year width
centered every 50 years from 1150 to 400 BC, consider-
ing all the data in each window as contemporary. After
applying the spatial and temporal filter, we have a total of
646 archeointensity data in the region (see Fig. 2). Addi-
tional file 1: Table S1 contains these data with the original
references.

The available archeointensity data are classified
depending on their quality. Following the classification
given by Campuzano et al. (2019), we consider quality
data (Q) and non-quality data (no-Q). The criteria used
to determine the quality is based on the number of speci-
mens for an accurate intensity mean (at least three speci-
mens for Q data) and the laboratory protocol used to
obtain the intensity. Q data are based on Thellier—Thellier
type methods (Thellier and Thellier 1959) with pTRM
checks and TRM anisotropy correction when needed.
About the 39% of the selected data base corresponds to Q
data and thus 61% of the total number of data represents
the no-Q data (see histogram in Fig. 2). This provides,
in each 100 years interval, an average of 77 Q data and
98 no-Q data. Since the number of Q data is not enough
for our modeling purpose, we use both Q and no-Q data
for a better coverage, but associate different weights. The
temporal distribution is nearly homogenous, although it
shows a tendency of more available data for recent ages,
with a maximum of 272 data in [600 BC, 500 BC]. Spa-
tially, the final data base is not homogenously distributed
within each 100-year time window (see Fig. 2a—h), with
higher data density in Europe and Western Asia.

The reliability and uncertainty in the age and inten-
sity value of each archeomagnetic datum have to be also
considered in our model. For that, we design a weighting
scheme for our data that involves three weights, associ-
ated with age uncertainty Wl.t,for each datum i, meas-
urement uncertainty (WiF ) and data quality (\X’/iQ). The
total weight is therefore the square root of the sum of the
squares of each weight.

The age of the data is given by an uncertainty interval.
The mean value for the data age uncertainty is around
90 years for the whole period with a maximum uncer-
tainty of 250 years, so for 100-year width moving win-
dows some data belong to different windows. In order
to consider the age uncertainty contribution, we fol-
low the methodology detailed in Pavon-Carrasco et al.
(2009) where a normalized weight W/ is calculated as the
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Fig. 2 Spatial (a—h) and temporal (i) distributions of the archeomagnetic database used in this work. Data in orange represent the high quality
archeointensity data (Q data) and green correspond to lower quality data (no-Q data). Note that some data belong to more than one temporal
window due to the age uncertainty. The mean age of some data might be outside the window, but a fraction of the age uncertainty interval can

belong to the window

fraction of the age uncertainty interval that falls into the
temporal window over the total length of the age interval.
Also the age of the data is relocated in order to belong to
the window (when the mean value of the datum age falls
outside the window).

With regard to the measurement uncertainty or,, we
also use a normalized weight relative to the minimum
value of this parameter. Following previous works (e.g.,
Campuzano et al. 2019), we have fixed a minimum
value of 4 uT for the intensity uncertainty (oF,, ). Then,
the weight associated with the measurement uncer-
tainty is given by:

2
or,

VVLF — ( MINz
(aFi)

In addition, an extra weight is considered based on
the quality of the archeointensity data. According to the
classification of Campuzano et al. (2019) in Q data and
no-Q data, we fix a weight WiQ of 10 for Q data and 1
for no-Q data. With this weight, we try to highlight the
quality as the main contribution for the data weighting.

2)

Thus we have three different weights, VVit and VViF take
values between 0 and 1, and VVL.Q is 1 or 10. Then, the final
weight for each datum is given by:

Wi =\t o (W) e

and falls into the range between 1 and +/102.

Fitting the data to a spike function

Following Davies and Constable (2017), the LIAA can
be mathematically defined on the Earth’s surface (radius
r = a) by a spike function in the radial component of the
geomagnetic field. This fact is supported because this geo-
magnetic feature is associated with local maxima in inten-
sity and inclination (see e.g., Fig. 8 in Pavén-Carrasco et al.
2021) where the vertical component (i.e., the radial field)
takes an important relevance. Then, the anomalous field
linked to LIAA should be dominated mainly by the vertical
component. This function can be represented by a Fisher—
von Mises probability distribution in spherical coordinates
for the radial field of the spike:
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spike ekcosﬁ A
BP*(a,0,9) = Ak m - (4)

where

cos B =sin 6 cos ¢ sin 6° cos ¢© + sin O sin ¢ sin O sin ¢°©
+ cos 0 cos 6¢,

(5)
and A is the amplitude parameter of the spike, ¢ and ¢°
are the colatitude and longitude of the center of the spike
and k is the concentration parameter of Fisher—von Mises
distribution, that relates with the angular standard devia-
tion o (measured in °) by k = 812/02. The second term in
Eq. 4 is added to avoid the creation of a monopole which
violates the Maxwell equation constraint V-B=0 (see
Davies and ConsTable 2017 for more details).

Equation 4 needs to be approximated when k reaches
high values because sinzk — oo and thus provides infinity
values of B; (e.g., k>700, B, is not defined). More informa-
tion about this issue is given in Additional file 2: Appendix
A1, Fig. S1. To solve this computing problem, we propose
an approximation of Flsher—von Mises probability distribu-
tion f(0,¢) = Ak ( A< k) for high values of k:

ek cos B
ek — ek

k_,—k
where we consider the definition of sink(k) = “5—,
thus,

) ki’f ek(cosﬁfl)’ (6)

f(0,9) ~ AR cosp-), )

where Eq. 7 provides a good approximation for a Fisher—
von Mises distribution for high k.

Assuming an insulating mantle and considering the pre-
vious function (Eq. 7), the geomagnetic field at the Earth’s
surface can be described by the sum of a geomagnetic field
global model that does not take into account the LIAA and
the previous spike function. In this study, we only use the
radial field for the spike function and thus, the total radial
geomagnetic field can be given by:

B, = BI;ase + Brspike, (8)

where BP®¢ is the radial field of the global model and
P ke i the radial field given by Eq. 4. Thus, the intensity
of the geomagnetic field can be calculated and approxi-

mated as:
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where Bb*¢ and Bgase are the horizontal geomagnetic
field element (north and east elements, respectively).
These horizontal elements along with the B¢ element
are synthetized by the SHA.DIF.14k global model (Pavén-
Carrasco et al. 2014). This model was chosen because it
was implemented without the new high-intensity data
from the Levantine region published after 2014 (Shaar
et al. 2016, 2017), consequently, this global model does
not reproduce the LIAA event as seen in Fig. 1. This flat
shape in the Levantine region given by the model makes
it appropriate for adding the perturbation BSpl € of Eq. 8.
Here, it is important to note that we are assuming that
the horlzontal components of the spike field (B;p“e and
BSPKe) are approximated to zero in Eq. 9. This approxi-
mation simplifies our approach but we have to check if
it is suitable. To do that, we perform a test using the per-
turbed-model (see next section) that considers both ver-
tical and horizontal components of the spike. Then, we
compare the intensity provided by the two terms of Eq. 9.
Results (see Additional file 2: Appendix A2 and Figs. S2,
S3 for details) indicate that the horizontal components of
BPke do not play an important role in our approach and
therefore, they can be considered as negligible in Eq. 9.
In order to fit the selected archeointensity data
base by Eq. 4 to get the optimal parameters for the
spike function, we implement a forward approach
based on the Monte Carlo method and using a total
of 2x10° iterations for each 100-year width tem-
poral window, centered every 50 year from 1150 to
400 BC. In this forward approach, the parameters A,
k, AS, ¢¢ (where A° and ¢° represent the latitude and
longitude, respectively, of the center of the spike)
of Eq. 4 vary simultaneously following a homog-
enous distribution. For each iteration, we first esti-
mate the geomagnetic field elements (BP°, Bbase,
Bgase) from SHA.DIF.14k model, calculated at the
same location and time of the archeointensity data
base. Then, the radial field of the spike function
BSplke is derived from the random parameters A, k,
A, ¢° in a previously fixed interval. A previous test
indicates the following ranges for each parameter:
A € (—5000 nT,0 nT), k € (0.200) and the center of the
spike in A€ € (20° S,80° N), ¢ € (10° E,50° E). With
the sum of both B, elements (Eq. 8), we estimate the
intensity of the geomagnetic field (Eq. 9) that is com-
pared with the archeointensity values. For each time
window, the minimum value of the weighted root
mean square (RMS) error between model and real

. 2 . 2 : 2 . 2 2
F= \/ (Bwse + BP) " (Bhe + BP™) "+ (Bywe + BE) "~ \/ (Bwse + BP) " (Bye) "+ (Bye)”, ©)
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data provides the best set of random parameters of the
spike function. The weighted RMS error is given by:

=12
S, Win(F, — F,)
Z?:l ‘Viﬁnal

RMsweighted = ’ (10)

where F; represents the measured intensity given by
the data, F; is the intensity reproduced by the model in
the location of the data and W/I«ﬁ""‘l is the final weight for
each datum as detailed in “Data selection and weighting
scheme to constrain the LIAA” Section.

It is worth noting that the high dispersion of archeoin-
tensity data (see Fig. 1) can hide the spike maxima. Since
the objective of this work is to describe the spike as an
extreme geomagnetic event characterized by an intense
and spatially narrow peak (rather than provide a new
paleomagnetic global paleoreconstruction), we minimize
the previous RMS error of Eq. 10 only using the higher
archeointensity data that records the spike structure.
Consequently, to get the optimal parameters in the direct
approach, we only use the intensities higher than the
weighted mean intensity value for each temporal window.
In other words, we force the appearance of a short wave-
length spike that fits the highest intensity data values. In
contrast, the contribution of the data with intensity lower
than this mean value is not considered in this fitting.
They are probably well represented by the SHA.DIF.14k
base model.

Spherical harmonics fitting for the spike function: the spike
harmonic model

Once obtaining the best parameters that define the spike
function, a spherical harmonic analysis is performed to
express the spike function in the same frame used for
the global paleoreconstructions. Since the geomagnetic
potential field can be represented as an expansion of
harmonic functions, we can easily obtain the expression
of the radial field derived from the spherical harmonic
expansion of the potential as follows:

B (r,0,¢) = Z Z (;)n (n+ 1)[ cos my + k' sin mgo]Pm(cose)

n=1m=0
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we implement a temporal inversion using cubic B-splines
(De Boor 2001):

P
gl =>_ gnByb), (12)
p=1

where P is the number of splines defined by the knot
points (since the splines are defined by cubic polynomial
pieces, P = 4).

Using a matrix representation,

M-g=E, (13)

where g is the column array whose elements are g, E
the data array and M the matrix that let Eq. 13 satisfy
Eq. 11. The least-squares solution, the one that minimizes
the sum of the squares of the residuals, is given by

g=(MT.M) LMTLE, (14)
where M7 is the transpose of M.

The goal is to obtain a spherical harmonic expansion
for SPlke defined by Eq. 4, the named spike harmonic
model The input data for the temporal inversion are the

Splke on a 500-point regular grid over the Earth’s sur-
face every 25 years. To get a better resolution in the spike
area, a denser regular grid (three times denser than the
global grid) is considered only in a spherical cap of 30°
centered at 15° N, 40° E, that is, covering the LIAA region
as well as most Europe and Western Asia (see Additional
file 2: Fig. S4)

The B," ke values given by fitting the parameters of Eq. 4
to the data, as explained in “Fitting the data to a spike
function” section, have high values only in the region
sampled by the denser grid and are close to O nT outside
the region of the spike. Since these values are distributed
homogeneously in both space and time, we do not have
imposed any kind of temporal and spatial regularization
in the fitting procedure (Eq. 14). To get the solution for
the inversion approach, the series representation of the

(11)

where (7,0, ¢) are the spherical coordinates, g/’ and /"
are the Gauss coefficients and P}’(cosf) the Schmidt
quasi-normalized Legendre functions, # is the harmonic
degree and m the harmonic order.

The optimal parameters for B," ke are distributed
between 1150 and 400 BC every 50 years. To get better
resolution for the inversion, we apply a spline interpola-
tion of the optimal parameters of By sPike 46 25 year. Then,

h ik
in order to obtain the Gauss coefficients of By o SPEe)

radial component of the magnetic field given by Eq. 11
has to be truncated for a certain harmonic degree. In
order to define the maximum harmonic degree for the
expansion given in Eq. 11, we have performed different
trials with »,,, between 15 and 20 but they reproduce
BP with 51m11ar results. However, since the harmonic
degree n=20 provides shorten spatial wavelengths that
better fit the geometry of the spike, we prefer to keep
this maximum expansion for our spike harmonic model.
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Consequently, the spike harmonic model is developed up
to harmonic degree 20 with temporal knot points every
25 years.

Assuming that the uncertainty of the optimal param-
eters for Biplke generated in the previous section follows
a Gaussian distribution, we implement an iterative boot-
strap method in the inversion to obtain an ensemble of
the spike Gauss coefficients. In each iteration a Gaussian
distributed random value of A4, k, A, ¢° in the range of
their uncertainties is used to estimate the Bi‘armomc_Splke
by the inversion approach of Eq. 11. We carry out this
procedure 5000 times, changing randomly the param-
eters for each iteration. The final spike harmonic model
is obtained by the mean of the ensemble of 5000 set of
Gauss coefficients and their uncertainties are given by
standard deviations.

Results and discussion

The spike function: a forward approach

The Monte Carlo forward approach allows to obtain
the optimal parameters for each temporal window of
the spike function that better fits the archeointensity
data (both Q and no-Q data with different weight).
Our results in Fig. 3 show the evolution of the optimal
parameters and its uncertainty given by the error bars.
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The intensity of the spike function, given by the
parameter A, remains constant around 5 uT (Fig. 3a).
However, A does not give a full information about
the anomaly intensity because, as shown in Eq. 4, the
amplitude of the Fisher—von Mises distribution func-
tion depends on A and k. The minimum value of the
parameter k (Fig. 3b) is k.,,~19 for the vanishing
of the anomaly in 450 BC and the maximum value
Kmax = 52 is reached for 1000 BC. We note the presence
of another smaller maximum (k= 25) around 600 BC.
Since the parameter k is inverse related to the standard
deviation, we can estimate a maximum width of about
4150 km for the LIAA beginning and a minimum width
around 2500 km for the main intensity maximum in
1000 BC and around 3600 km for the second maximum
in 600 BC. The evolution of the concentration param-
eter k with time (Fig. 3b) shows that the LIAA starts
out as a wide structure, reducing its width till 1000 BC,
where the anomaly has a smaller spatial wavelength,
and starting growing in width till 800 BC. From then,
the width stays more stable with a small decrease at 600
BC which corresponds with the second maximum in
the parameter k. .

The optimal location of B i given by the coor-
dinates of its center (see Fig. 3c, d). The spike emerges
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Fig. 3 Optimal parameters of B;
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for the age period considered in this study, from 1150 to 400 BC. The optimal parameters are calculated for each

temporal window of 100 years moving every 50 years. The error bars indicate the uncertainty of the optimal parameters at 10 of significance
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around 40° N, 40° E, and reaches its maximum inten-
sity at 35° N, 35° E between 1050 and 1000 BC. During
the LIAA period (that is between 1050 and 750 BC) the
center of the spike does not experience important vari-
ations, perhaps a slight variation in longitude of about
4° westward. After the LIAA times our model shows a
slightly drifting to lower longitudes of the BP®s center
till 500 BC, reaching longitude values around 15° E

The maximum intensity of the anomaly can be cal-
culated in the center of the spike, where cos 8 = 1. The
intensity of B)’ e shows an expected result in Fig. 3e,
with a fast increasing tendency reaching a maximum of
40 pT around 1000 BC, where the LIAA is more intense
and thinner. After that the intensity of BSpl “ decreases
and shows a smaller maximum in 600 BC of around
20 pT. A drop in intensity of 10 uT is observed between
800 and 750 BC.

To quantify how the spike function reproduces the
archeointensity data, we plot a histogram with the resid-
uals between input and modeled data (see Additional
file 2: Fig. S5). Residuals seem to be normally distributed
centered in 0 with a small deviation to negative values
which indicates that the model fits better the high-inten-
sity values. This asymmetry pointed out by the residual
histogram was expected, because we have imposed this
bias in forward approach using only the higher archeoin-
tensity data to highlight the spike spatial structure
(details in “Fitting the data to a spike function” section).

a) Year -1150 b) Year -1050

-40 -35 -30 -25

Fig. 4 Time evolution of the spike function 8P
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The optimal parameters with its uncertainty for the
Fisher—von Mises function are also detailed in Additional
file 3: Table S2.

To better represent the spatial and temporal evolution
of the spike, we plot in Fig. 4 different snapshot maps of
the spike function at the Earth’s surface. Results show the
anomaly seems to appear in the north-east of the Anato-
lian Peninsula around 40° N and moves slightly towards
southern latitudes till the Levant Region where it reaches
its maximum intensity at 950 BC. From 950 up to 750
BC, the position of the LIAA maximum remains in the
Levant region, while the intensity maximum expands and
its intensity decreases. A slight reactivation in intensity is
observed around 650 BC associated with a slight migra-
tion of the center of the spike towards the west, reach-
ing the south part of the Italian Peninsula around 650 BC.
The center of the spike moves to the South of Greece,
where it practically vanished by 450 BC. Note that the
lack of data coming from North of Africa (see data base
in Fig. 2) can constrain the LIAA boundary in this area
only poorly, implying uncertainty about the described
extension and drift.

In terms of spike intensity, results show a notable inten-
sity oscillation, with a first intensity maximum around
950 BC (Fig. 4c) that is related with the LIAA event; and
a slight reactivation around 650 BC that could be related
with the maximum intensity values observed in Europe

) Year -950 d)

Year -850

-20 -15 -10 -5 0
B, (1uT)

at the Earth's surface in a spherical cap of 35° centered in 30° N, 30° E



Rivera et al. Earth, Planets and Space (2023) 75:133

and eastern Asia (Osete et al. 2020; Rivero-Montero et al.
2021).

Spherical harmonic model of spike function: the spike
harmonic model

In order to analyze the features of the LIAA event, we
implement an inverse approach to obtain a spherical har-
monic model for the B," ike by using synthetic data from
the spike function as input data (see details in “Spheri-
cal harmonics fitting for the spike function: the spike
harmonic model” section). Since the inversion is carried
out using synthetic data from the spike function, we can
implement the expansion in spherical harmonics till the
chosen maximum degree #=20 without risk of unreal
oscillations. The Gauss coefficients for the spike har-
monic model, BEarmomC_sP Ike, are provided in Additional
file 4: Table S3.

In Fig. 5, we plot a latitudinal profile (along the con-
stant parallel that crosses the center of the spike) of
the spike radial component used as input data of our
inverse model and that given by the radial component
of the spike harmonic model (obtained from harmonic
degree n=1 to n=20). A general view shows a good

a) Year-1150; Latitude 39.7° b)

Year-1050; Latitude 36.5° C
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agreement between the spike harmonic model and syn-
thetic spike function.

To evaluate, in terms of harmonic degrees, the aver-
age energy of the spike harmonic model at the Earth’s
surface we use the power spectra (PS, Lowes 1974),
given by

PS, =+ [(g) + (1)) 15)

m=0

Figure 6 provides the calculated PS of the spike har-
monic model every 100 years (in color lines) from 1150
to 450 BC and the time-averaged power spectra (dashed
gray line). As it can be seen, for the epochs around the
LIAA event (i.e., from 1050 to 850 BC) the PS related
to harmonic degrees over # =3 show higher values than
all the other PS values (outside the previous temporal
windows) and the averaged PS. From n=7, this differ-
ence becomes more notable, showing the importance
of the harmonics between 7 and 20 to define the LIAA
as a small wavelength and high-intensity feature of the
paleofield. The PS calculated in the CMB is provided in
Additional file 2: Fig. S6.
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of the spike function is located
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Fig. 6 Power spectra (PS) of the modeled B,
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and during LIAA maximum (1050 BC-850 BC) are plotted. In green-yellow the PS after LIAA maximum (750 BC-450 BC). The grey dash line shows

the mean power spectrum during the whole period

SHA.DIF.14k model perturbed by the spike harmonic
model: the perturbed-model

In order to obtain a new global model that reproduces
the evolution of the LIAA, we consider a perturbation of
the base model, adding the coefficients of the spike har-
monic model (given in the previous “Spherical harmonic
model of spike function: the spike harmonic model” sec-
tion) to the SHA.DIF.14k coefficients (developed from
the dipole to degree 10) for the time range where the
spike harmonic model has been obtained. Consequently,
the new global paleoreconstruction is expanded up to
harmonic degree n=20. The uncertainties of both sets
of Gauss coefficients (spike harmonic and SHA.DIF.14k
models) have been considered, using a bootstrap method,
to get the final set of Gauss coefficients uncertainties of
the perturbed-model (coefficients and uncertainties are
provided in Additional file 5: Table S4).

In order to illustrate a more clear vision of the geomag-
netic field anomaly created by the spike, we plot in Fig. 7
the archeointensity data and the intensity of the mag-
netic field given by the perturbed-model. The intensity
model fits the high archeointensity data for the region
and period of study. The figure clearly shows how the
LIAA spike has a localized structure in space and time
(between 1050 and 850 BC), while the second maximum
(around 600 BC) is wider and of lower intensity.

In addition, using this new global paleoreconstruc-
tion we can generate paleosecular variation curves
(PSVC) at any point on the Earth’s surface. In Fig. 8
different PSVCs at three different locations along the
Mediterranean (coordinates marked with the yellow
stars) are plotted covering the first two millennia BC.

In the Levantine region (Fig. 8a), the perturbed-
model (blue line with error bands) indicates an abrupt
change in the intensity of the geomagnetic field (an
increase of 25 uT) from 1200 to 1050 BC, reaching
75 uT, and a second and more intense pulse at 950 BC,
when the field reaches its maximum value over 85 pT.
A second maximum is observed at 750 BC (~85 uT),
after these maxima the paleofield values decreased
up to 600 BC when the field was ~ 65 pT. After that, a
third relative maximum reaching a field value of 75 pT
around 500 BC is detected. In summary, during the
analyzed time period (when the perturbation has been
added to the base model), the perturbed-model pro-
vides three main maxima located around 950 BC, 750
BC and 500 BC. The first two maxima (950 BC and 750
BC) correlate with the two events that characterize the
LIAA (Shaar et al. 2016), while the third maximum is in
agreement with the maximum observed by Osete et al.
(2020) and Rivero-Montero et al. (2021).
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a) Year -1150 Year -1050

Intensity (;: T)

Year -750 Year -650

Intensity (; T)

Intensity ( 1.T)

Fig. 7 Intensity of the magnetic field in the Earth's surface calculated with the perturbed-model. The archeointensity data (in grey dots) used in this
study for each 100-year width window are also plotted

As expected, the largest differences between the per-
turbed-model and the base model SHA.DIF.14k (black
line in Fig. 8) in the Levantine region are restricted during
the period when the spike function is defined, i.e., from
1200 to 400 BC. In this period, the SHA.DIF.14k model
presents low strength field values (note that the base
model did not use the LIAA records) and only suggests
the maximum of 500 BC, but about 10 uT lower than
the perturbed-model. The SHAWQ-Iron Age model (red
line in Fig. 8) clearly detects the three main maxima in
coherence with our perturbed-model but it reaches lower
intensity values with a difference ~10 pT for the maxima
of 950 BC and 750 BC and ~8 uT for 500 BC. In addi-
tion, the maximum of 950 BC is observed by SHAWQ-
Iron Age a bit earlier than the perturbed-model, around
1000 BC.

In Central Europe (Fig. 8b) the perturbed-model shows
an increasing trend for the intensity from 1700 to 500
BC with a fast decay afterwards. During this increasing
period the perturbed-model shows a wide maximum
from 1150 to 950 BC when field reached values ~65 pT.
After that, there is a field decay of 10 uT and subsequently
another wide maximum is detected between 750 and 500
BC. The perturbed-model provides intensities ~80 pT
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during these maxima. The highest intensity values pre-
dicted by the perturbed-model are for the 500 BC maxi-
mum when field values are over 80 pT. The SHAWQ-Iron
Age model also points out the three maxima at around
1000 BC, 750 BC and 500 BC. Again, due to the lack of
data during the construction of the SHA.DIF.14k base
model, it is not able to reproduce the maximum of 1000
BC in Central Europe but observed a maximum at 500
BC (with lower amplitude, ~15 pT, than the perturbed-
model) and an increase in intensity around 750 BC.
Finally, in Western Europe (Fig. 8c), the perturbed-
model seems to follow the SHA.DIF.14k base model,
perfectly matching outside the period between 750 and
400 BC, and reproducing a maximum around 500 BC but
~10 pT more intense. The SHAWQ-Iron Age suggests
three maxima of increasing intensity at around 1000 BC,
750 BC and 500 BC in Western Europe that is in agree-
ment with the most recent Iberian intensity PSVC of
Osete et al. (2020). However, the sequence of the first two
maxima linked with the LIAA (1000 BC and 750 BC) are
not predicted in this area by the perturbed-model due to
two main reasons: (a) the chosen spike function presents
a radial symmetry, and this geometry has not enough res-
olution to appropriately represent the geometry of these
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Fig. 8 a—c Secular variation of the geomagnetic intensity for the two first millennia BC reconstructed by the model SHA.DIF.14k (black),
SHAWQ-Iron Age (red) and the new perturbed-model (blue) with a 95% confidence uncertainty interval. Yellow stars in the central map show
the coordinates where the secular variation is plotted. In dots we plot the relocated archeomagnetic in a circle of 1000 km (orange for Q data

and green for no-Q data)

two maxima at 1000 BC and 750 BC along a profile from
Western Europe to Levantine region. (b) There is hardly
any quality archeointensity data prior to 800 BC from
Western Mediterranean.

From a global perspective, we can summarize that
the perturbed-model allows to describe the evolution
of the intensity paleofield in the Mediterranean region
during the first half of the first millennium BC. Three
main maxima have been reconstructed. The maximum
with higher intensity can be noted in the Levant around
1000-950 BC, the VADM reached over 160 ZAm?. This
maximum has small longitudinal extension, so it can
be noted in Central Europe with a decrease of 30% in
VADM values but does not reach Iberia due to its small
width. Another maximum in intensity is reproduced by
the perturbed-model around 750 BC. This maximum is
also noted in the Levant (VADM of 160 ZAm?) but has
a wider extension that makes it be clearly distinguished

in Central Mediterranean (VADM of 150 ZAm?).
The peak of 500 BC has maximum intensity in Cen-
tral Mediterranean and seems to have a bigger spatial
extension, affecting the whole Mediterranean, from
Iberia to Levant. The wide extension of this last maxi-
mum (Additional file 2: Fig. S7), affecting the whole of
Europe, suggests that this feature is not related with the
LIAA but a continental-scale feature of the geomag-
netic field. These results are in agreement with previous
studies. The two LIAA-linked peaks occurred around
1000 BC and 750 BC in the Levantine and surrounding
areas (Ertepinar et al. 2012; Shaar et al. 2017; Rivero-
Montero et al. 2021) and the maximum around 500 BC
is considered not LIAA-linked, and widely extended
as a maximum in intensity for the whole Europe from
Canary Islands to Turkey, affecting probably Central
Asia (Rivero-Montero et al. 2021).
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Conclusions

In this work, we have used the most recently updated
archeomagnetic intensity database to model the LIAA
event providing information about its spatial and tem-
poral extensions during the first millennium BC. To
perform this study, we follow the work of Davies and
Constable (2017) developing a spike-type Fisher—von
Mises function that better fits the high intensity data.
Then, we carry out a spherical harmonic analysis using
the previous spike function that is used to perturb a base
global model (in our case, the SHA.DIF.14k model) to
evaluate the occurrence of intensity maxima in Europe
and the Levantine region during the first millennium BC.

The harmonic analysis of the spike function (the so-
called spike harmonic model) shows how this event is
characterized by spatial wavelengths associated to har-
monic degrees higher than 3 (with a maximum in degree
5). For the LIAA event period the highest difference in
the power spectra compared with non-LIAA period is
reached from degree 7 to 20, supporting the short spatial
wavelength anomaly that characterized the LIAA.

The perturbed-model (sum of the spike harmonic func-
tion and the global base model) allows to distinguish
between three intensity maxima in the Mediterranean
during the first half of the first millennia BC. The highest
intensity maximum is located around 950 BC and cen-
tered in Levantine region that corresponds to the LIAA
record. There is other LIAA maximum at 750 BC related
with a reinforcement of the spike intensity with a slightly
west drift and width increase. After that the spike starts
to vanish while become wider affecting the whole Europe.
A later maximum is reconstructed by our model centered
in Western Europe around 500 BC, but it might not be
related to the LIAA and seems to be a continental-scale
feature of the paleofield.

In terms of spatial characterization, the LIAA has a
relatively good longitudinal constraint because of the
spatial distribution of the intensity data in Europe dur-
ing this period. However, more data are needed from
northern Africa during the first millennium BC to
better constrain the latitudinal extension of the LIAA
through the Mediterranean Sea. Finally, our approach,
due to its simplicity, has some geometrical limitations
of the spike function that can be improved in future
works: the Fisher—von Mises function used to model
the spike has radial symmetry, so always provides an
anomaly with similar extension in every direction. Data
seem to suggest that the anomaly might have a larger
longitudinal extension than latitudinal, so a Fisher—von
Mises function with two different k parameters (in lon-
gitude and in latitude) can improve the model, though
it provides one more parameter for the direct model
fitting. Finally, another further work can be the use of
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directional data information together with the inten-
sity data to get a more realistic spike model, obtaining a
spike function that defines the full-vector anomaly, i.e.,
not only defined by the radial field.

Abbreviations
LIAA Levantine Iron Age anomaly

CMB Core-mantle boundary
VADM Virtual axial dipole moment
Qdata Quality data

No-Qdata  Non-quality data

RMS Roots mean square

PS Power spectra

SHA Spherical harmonic analysis
pSvC Paleosecular variation curve

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540623-023-01880-x.

Additional file 1: Table S1. Archaeomagnetic data base (in the spatio-
temporal area of interest) with references.

Additional file 2: Appendix A.1: Figure S1: Tendency of the maximum
amplitude of the Fisher Von Mises distribution as a function of the concen-
tration parameter k. Appendix A.2: Approximation for negligible horizon-
tal components of B*¢. Figure $2: Relative residuals of the total intensity
reconstructed using F,; (considering nonzero the horizontal components
of B¥*) and F,,,,, (considering only the radial component of B*?),
Figure S3: Histogram of the relative residuals between F and F,p 0,
calculated in the location of the data used in this work. Appendix A.3:
Figure S4: Grid over the Earth’s surface for each temporal window of 100
years. The spike function BsP*® is evaluated in the grid and used as input
data for the inversion to obtain the spike harmonic model. Figure S5:
Histogram of the residuals between the spike function with the optimal
parameters and the archaeomagnetic data used in this study. Figure S6:
Power spectra of the harmonic spike model in the Core-Mantle Boundary
every 100 yrs. Figure S7: Intensity of the geomagnetic field on the Earth’s
surface in the target region, reconstructed by perturbed-model.

Additional file 3: Table S2: Optimal parameters with standard deviation
of the spike function.

Additional file 4: Table S3: Gauss coefficients with standard deviation of
spike harmonic model.

Additional file 5: Table S4: Gauss coefficients with standard deviation of
perturbed-model.

Acknowledgements

The authors are grateful to the Spanish Ministry of Science and Innova-

tion for supporting this research through the projects: CGL2017-87015-P,
PID2020-117105RB-100, PID2020-113316GB-100. The authors thank Miriam
Gomez-Paccard, Mercedes Rivero-Montero (IGEO) and Saioa A. Campuzano
(UCM) for the preparation of the archeomagnetic database according to qual-
ity criteria. We also thank all the researchers who have contributed to improve
the archaeomagnetic database used in this article. PR. thanks the Spanish Min-
istry of Universities (FPU18/01567) for the funding of his PhD. The Editors of
this journal Dr. Takeshi Sagiya and Dr. Yuhji Yamamoto and three anonymous
referees are also acknowledged for improving this manuscript.

Author contributions

Software has been implemented by PR and FJPC; investigation, writing, review
and editing has been prepared by PR, FJPC and MLO; funding acquisition by
MLO and FJPC. All authors read and approved the final manuscript.


https://doi.org/10.1186/s40623-023-01880-x
https://doi.org/10.1186/s40623-023-01880-x

Rivera et al. Earth, Planets and Space (2023) 75:133

Funding

This research was funded by Spanish Ministry of Universities (FPU18/01567)
and Spanish Ministry of Science and Innovation (CGL2017-87015-P,
PID2020-117105RB-100, PID2020-113316GB-100).

Availability of data and materials

The database GEOMAGIA50V3.4 is available in https://geomagia.gfz-potsdam.
de/; the filtered archeomagnetic database, the Gauss coefficients of the spike
harmonic model and the Gauss coefficients of perturbed-model are available
in Additional material; SHA.DIF.14k is publicly available at http://pc213fis fis.
ucm.es/download.html.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interest.

Author details

'Departamento de Fisica de La Tierra Y Astrofisica, Universidad Complutense
de Madrid, Madrid, Spain. 2Instituto de Geociencias (IGEQ, CSIC-UCM), Madrid,
Spain.

Received: 24 March 2023 Accepted: 13 August 2023
Published onling: 06 Seplember 2023

References

Alken P, Thébault E, Beggan CD et al (2021) International geomagnetic refer-
ence field: the thirteenth generation. Earth Planets Space 73:49. https:/
doi.org/10.1186/540623-020-01288-x

Béguin A, Filippidi A, de Lange GJ, de Groot LV (2019) The evolution of the
Levantine Iron Age geomagnetic anomaly captured in Mediterranean
sediments. Earth Planet Sci Lett 511:55-66. https://doi.org/10.1016/j.epsl.
2019.01.021

Ben-Yosef E, Tauxe L, Levy TE, Shaar R, Ron H, Najjar M (2009) Geomagnetic
intensity spike recorded in high resolution slag deposit in Southern
Jordan. Earth Planet Sci Lett 287(3-4):529-539. https://doi.org/10.1016/j.
epsl.2009.09.001

Bourne MD, Feinberg JM, Stafford TW Jr, Waters MR, Lundelius E Jr, Forman SL
(2016) High-intensity geomagnetic field ‘spike’ observed at ca. 3000 cal
BP in Texas, USA. Earth Planet Sci Lett 442:80-92

Brown MC, Donadini F, Korte M, Nilsson A, Korhonen K, Lodge A, Lengyel SN,
Constable CG (2021) GEOMAGIAS50. v3: 1. General structure and modifica-
tions to the archeological and volcanic database. Earth Planets Space
67(1):83. https://doi.org/10.1186/540623-015-0232-0

Cai S, Jin G, Tauxe L, Deng C, Qin H, Pan Y, Zhu R (2017) Archaeointensity
results spanning the past 6 kiloyears from eastern China and implica-
tions for extreme behaviors of the geomagnetic field. Proc Natl Acad Sci
114(1):39-44. https://doi.org/10.1073/pnas. 1616976114

Campuzano SA, Gémez-Paccard M, Pavén-Carrasco FJ, Osete ML (2019) Emer-
gence and evolution of the South Atlantic Anomaly revealed by the new
paleomagnetic reconstruction SHAWQ2k. Earth Planet Sci Lett 512:17-26

Constable C, Korte M, Panovska S (2016) Persistent high paleosecular variation
activity in southern hemisphere for at least 10000 years. Earth Planet Sci
Lett 453:78-86

Davies C, Constable C (2017) Geomagnetic spikes on the core-mantle bound-
ary. Nat Commun. https://doi.org/10.1038/ncomms 15593

De Boor C (2001) A practical guide to splines. Springer, New York, p 368

de Groot L, Béguin A, Kosters ME, van Rijsingen EM, Strujik ELM, Biggin AJ,
Husrt EA, Langereis CG, Dekkers MJ (2015) High paleointensities for the
Canary Islands constrain the Levant geomagnetic high. Earth Planet Sci
Lett 419:154-167

Page 150f 16

Di Chiara A, Tauxe L, Speranza F (2014) Paleointensity determination from S&o
Miguel (Azores Archipelago) over the last 3 ka. Phys Earth Planet Inter
234:1-13

Ertepinar P, Langereis CG, Biggin AJ, Frangipane M, Matney T, Okse T, Engin A
(2012) Archaeomagnetic study of five mounds from Upper Mesopotamia
between 2500 and 700 BCE: further evidence for an extremely strong
geomagnetic field ca. 3000 years ago. Earth Planet Sci Lett 357:84-98

Hervé G, Fal3binder J, Gilder SA, Metzner-Nebelsick C, Gallet Y, Genevey A,
Wittenborn F (2017) Fast geomagnetic field intensity variations between
1400 and 400 BCE: new archaeointensity data from Germany. Phys Earth
Planet Inter 270:143-156

Hervé G, Perrin M, Alva-Valdivia LM, Rodriguez-Trejo A, Herndndez-Cardona
A, Cordova-Tello M, Meza-Rodriguez C (2019) Secular variation of the
intensity of the geomagnetic field in Mexico during the first millennium
BCE. Geochem Geophys Geosyst 20:2019CG008668

Hong H, YuY, Lee CH, Kim RH, Park J, Doh SJ, Kim W, Sung H (2013) Globally
strong geomagnetic field intensity circa 3000 years ago. Earth Planet Sci
Lett 383:142-152

Jackson A, Jonkers ART, Walker MR (2000) Four centuries of geomagnetic
secular variation from historical records. Philos Trans R Soc Lond A
358:957-990

Kissel C, Laj C, Rodriguez-Gonzalez A, Perez-Torrado F, Carracedo JC, Wandres
C (2015) Holocene geomagnetic field intensity variations: contribution
from the low latitude Canary Islands site. Earth Planet Sci Lett 430:178-
190. https://doi.org/10.1016/j.epsl.2015.08.005

Kono M (2015) Geomagnetism, in treatise on geophysics, Gerald Schubert,
2nd edn. Elsevier

Korte M, Constable CG (2018) Archeomagnetic intensity spikes: global or
regional geomagnetic field features? Front Earth Sci 6:17. https://doi.org/
10.3389/feart.2018.00017

Kovacheva M, Kostadinova-Avramova M, Jordanova N, Lanos Ph, Boyadzhiev Y
(2014) Extended and revised archaeomagnetic database and secular vari-
ation curves from Bulgaria for the last eight millennia. Phys Earth Planet
Inter 23:79-94

Livermore PW, Fournier A, Gallet Y (2014) Core-flow constraints on extreme
archeomagnetic intensity changes. Earth Planet Sci Lett 387:145-156.
https://doi.org/10.1016/j.epsl.2013.11.020

Livermore PW, Gallet Y, Fournier A (2021) Archeomagnetic intensity variations
during the era of geomagnetic spikes in the Levant. Phys Earth Planet
Inter. https://doi.org/10.1016/j.pepi.2021.106657

Lowes FJ (1974) Spatial power spectrum of the main geomagnetic field, and
extrapolation to the core. Geophys J R Astron Soc 36:717-730

Molina-Cardin A, Campuzano SA, Osete ML, Rivero-Montero M, Pavén-Car-
rasco FJ, Palencia-Ortas A, Martin-Herndndez F, Gomez-Paccard M, Chau-
vin A, Guerrero-Sudrez S, Pérez-Fuentes JC, McIntosh G, Catanzariti G,
Sastre Blanco JC, Larrazabal J, Ferndndez Martinez VM, Alvarez Sanchis JR,
Rodriguez-Hernandez J, Martin Viso |, Garcia i Rubert, D., Pérez-Fuentes,
J.C. (2018) Updated Iberian archeomagnetic catalogue: new full vector
paleosecular variation curve for the last three millennia. Geochem Geo-
phys Geosyst 19(10):3637-3656. https://doi.org/10.1029/2018GC007781

Osete ML, Molina-Cardin A, Campuzano SA, Aguilella-Arzo G, Barrachina-
Ibanez A, Fallomir-Granell F, Olver Foix A, Gémez-Paccard M, Martin-
Herndndez F, Palencia-Ortas A, Pavén-Carrasco FJ, Rivero-Montero M
(2020) Two archaeomagnetic intensity maxima and rapid directional
variation rates during the Early Iron Age observed at Iberian coordinates.
Implications on the evolution of the Levantine Iron Age Anomaly. Earth
Planet Sci Lett 533:116047

Pavon-Carrasco FJ, Osete ML, Torta JM, Gaya-Piqué LR (2009) A regional
archeomagnetic model for Europe for the last 3000 years, SCHA.DIF.3K:
applications to archeomagnetic dating. Geochem Geophys Geosyst.
https://doi.org/10.1029/2008GC002244

Pavon-Carrasco FJ, Osete ML, Torta JMD, Santis A (2014) A geomagnetic field
model for the Holocene based on archaeomagnetic and lava flow data.
Earth Planet Sci Lett 388:98-109

Pavon-Carrasco FJ, Campuzano SA, Rivero-Montero M, Molina-Cardin A,
Goémez-Paccard M, Osete ML (2021) SCHA.DIF.4k: 4,000 years of paleo-
magnetic reconstruction for Europe and its application for dating. J
Geophys Res Solid Earth 126:2020JB021237. https://doi.org/10.1029/
20208021237

Rivero-Montero M, Gémez-Paccard M, Kondopoulou D, Tema E, Pavén-
Carrasco FJ, Aidona E, Campuzano SA, Molina-Cardin A, Osete ML,


https://geomagia.gfz-potsdam.de/
https://geomagia.gfz-potsdam.de/
http://pc213fis.fis.ucm.es/download.html
http://pc213fis.fis.ucm.es/download.html
https://doi.org/10.1186/s40623-020-01288-x
https://doi.org/10.1186/s40623-020-01288-x
https://doi.org/10.1016/j.epsl.2019.01.021
https://doi.org/10.1016/j.epsl.2019.01.021
https://doi.org/10.1016/j.epsl.2009.09.001
https://doi.org/10.1016/j.epsl.2009.09.001
https://doi.org/10.1186/s40623-015-0232-0
https://doi.org/10.1073/pnas.1616976114
https://doi.org/10.1038/ncomms15593
https://doi.org/10.1016/j.epsl.2015.08.005
https://doi.org/10.3389/feart.2018.00017
https://doi.org/10.3389/feart.2018.00017
https://doi.org/10.1016/j.epsl.2013.11.020
https://doi.org/10.1016/j.pepi.2021.106657
https://doi.org/10.1029/2018GC007781
https://doi.org/10.1029/2008GC002244
https://doi.org/10.1029/2020JB021237
https://doi.org/10.1029/2020JB021237

Rivera et al. Earth, Planets and Space (2023) 75:133

Palencia-Ortas A, Martin-Hernéndez F, Rubat-Borel F, Venturino M (2021)
Geomagnetic field intensity changes in the Central Mediterranean
between 1500 BCE and 150 CE: implications for the Levantine Iron Age
Anomaly evolution. Earth Planet Sci Lett 557:116732. https://doi.org/10.
1016/j.epsl.2020.116732. (ISSN 0012-821X)

Sanchez S, Fournier A, Aubert J, Cosme E, Gallet Y (2016) Modelling the
archaeomagnetic field under spatial constraints from dynamo simula-
tions: a resolution analysis. Geophys J Int 207:983-1002. https://doi.org/
10.1093/gji/ggw316

Shaar R, Ben-Yosef E, Ron H, Tauxe L, Agnon A, Kessel R (2011) Geomagnetic
field intensity: how high can it get? How fast can it change? Constraints
from Iron Age copper slag. Earth Planet Sci Lett 301(1-2):297-306.
https://doi.org/10.1016/j.epsl.2010.11.013

Shaar R, Tauxe L, Gogichaishvili A, Rathert MC, Devidze M, LicheliV (2013)
Absolute geomagnetic field intensity in Georgia during the past 6 millen-
nia. Latinmag Lett 3:1-4

Shaar R, Tauxe L, Ron H, Ebert Y, Zuckerman S, Finkelstein I, Agnon A (2016)
Large geomagnetic field anomalies revealed in Bronze to Iron Age
archeomagnetic data from Tel Megiddo and Tel Hazor, Israel. Earth Planet
Sci Lett 442:173-185

Shaar R, Tauxe L, Goguitchaichvili A, Devidze M, Licheli V (2017) Further
evidence of the Levantine Iron Age geomagnetic anomaly from Georgian
pottery. Geophys Res Lett 44(5):2229-2236

Terra-Nova F, Amit H, Hartmann GA, Trindade RIF (2016) Using archaeomag-
netic field models to constrain the physics of the core: robustness and
preferred locations of reversed flux patches. Geophys J Int 206(3):1890—
1913. https://doi.org/10.1093/gji/ggw248

Thellier E, Thellier O (1959) Sur lintensité du champ magnétique terrestre dans
le passé historique et géologique. Ann Geophys 15:285-376

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1016/j.epsl.2020.116732
https://doi.org/10.1016/j.epsl.2020.116732
https://doi.org/10.1093/gji/ggw316
https://doi.org/10.1093/gji/ggw316
https://doi.org/10.1016/j.epsl.2010.11.013
https://doi.org/10.1093/gji/ggw248

	Modeling geomagnetic spikes: the Levantine Iron Age anomaly
	Abstract 
	Introduction
	Methodology
	Data selection and weighting scheme to constrain the LIAA
	Fitting the data to a spike function
	Spherical harmonics fitting for the spike function: the spike harmonic model

	Results and discussion
	The spike function: a forward approach
	Spherical harmonic model of spike function: the spike harmonic model
	SHA.DIF.14k model perturbed by the spike harmonic model: the perturbed-model

	Conclusions
	Anchor 13
	Acknowledgements
	References


