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Abstract Since the publication of the European archaeomagnetic field model SCHA.DIF.3k in

2009, the number of paleomagnetic data derived from archaeological materials such as baked clays

and volcanic rocks coming from Europe has increased by about 90% for directions and around 180% for
intensities. Taking advantage of this increase, here we provide an updated regional archaeomagnetic
model, called SCHA.DIF.4k, for the European continent and adjacent areas and now covering the last
four millennia. To model the three geomagnetic elements, declination, inclination, and intensity, we

use the regional R-SCHA2D technique in space and temporal basis of cubic splines. A critical selection
of the archaeomagnetic and volcanic data available in a spherical cap of 30° centered at 40°N latitude
and 10°E longitude has been considered. In addition, in order to better constrain the behavior of

the archaeomagnetic field during the last centuries, we include the historical data of the HISTMAG
compilation. The new regional model allows us to better define the paleomagnetic field over Europe as
well as to generate new paleosecular variation curves for archaeomagnetic dating purposes. Using these
curves, the dating precision has been estimated for the last 4 kyr. As expected, results show that it strongly
depends on the data uncertainties, the temporal data distribution and the behavior of the geomagnetic
field itself. In addition, the use of the full vector geomagnetic field, instead of the directional information
exclusively, provides more precise archaeomagnetic dating results.

Plain Language Summary The Earth's magnetic field is generated by complex fluid
movements located in the outer core and envelops our planet protecting us against the solar wind. For
this reason, the geomagnetic field plays an important role to sustain our life. During the last decades, a
worldwide network of observatories and satellites provided an accurate picture of the geomagnetic field
changes. Moreover, thanks to the ability of some rocks preserving the ambient geomagnetic field, it is
possible to know its past evolution at geological time scales through the so-called paleomagnetic data. For
the Holocene, the paleomagnetic information derived from certain archaeological artifacts and lava flows
provides snapshots of the past geomagnetic field (or paleofield) and thus, they can be used to reconstruct
it at local and global scales. Europe is the continent with a high density of paleomagnetic data for the last
four millennia. Taking advantage of this, here we provide a regional reconstruction of the geomagnetic
field for this period valid for Europe and adjacent areas. This new model is a useful tool to analyze the
paleofield behavior. In addition, it can be used as an improved tool for dating archaeological remains and
volcanic rocks from the target region.

1. Introduction

During the last decade, many efforts have been carried out to improve the paleomagnetic database for the
Holocene and late Pleistocene epochs. The increase of paleomagnetic data has enabled to have a better
knowledge of the spatial and temporal variations of the ancient Earth's magnetic field over the last 100 kyr
(Panovska et al., 2019). For the last millennia, the most accurate paleomagnetic information comes from
studies performed in archaeological structures and lava flows, since they have recorded snapshots of the
past geomagnetic field owing to a thermoremanent magnetization (TRM). These kind of data, named in this
work as TRM data, are used to reconstruct the past field (or paleofield) at different spatial scales: from local
by determining paleosecular variation (PSV) curves (Cai et al., 2020; Kapper et al., 2020; Molina-Cardin
et al., 2018; Osete et al., 2020; Rivero-Montero et al., 2021) to global by using spherical harmonic analysis
(Arneitz et al., 2019; Campuzano et al., 2019; Constable et al., 2016). The spatial and temporal distributions
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Figure 1. Number of directional (declination and inclination) and intensity data coming from thermoremanent
magnetization (TRM) studies in the selected area of interest. Light (dark) colors represent data published before (after)
2009. Blue, red, and green ones are declinations, inclinations, and intensities. The yellow star represents the spherical
cap center.

of the TRM data are not homogenous at global scale for the last millennia, and Europe is the continent with
the highest amount of data (Brown et al., 2015). Taking advantage of having a high density of data at conti-
nent scale, regional reconstructions seem to be the most optimal approach to describe the past geomagnetic
field in those regions. This approach has been tested successfully in the last decade: the European regional
models for the last 3 kyr (SCHA.DIF.3k, Pavon-Carrasco et al., 2009), and for the period 6000 BC (i.e., Before
Christ)-1000 BC (SCHA.DIF.8k, Pavon-Carrasco et al., 2010).

The SCHA.DIF.3k regional model was developed by applying the spherical cap harmonic analysis tech-
nique (SCHA, Haines, 1985) to the available archacomagnetic data collected and published up to the end of
2008. This model can be used to estimate the elements of the geomagnetic field in the European continent,
northern Africa and Western Asia. For the last decade, the SCHA.DIF.3k model has been widely used as a
tool for archaeomagnetic dating, since one can generate reference PSV curves at the location of the undated
archaeological or volcanic site (see Pavon-Carrasco et al., 2011) avoiding the relocation error (Casas & In-
coronato, 2007). The ability to have precise archaeomagnetic dating depends on how the archaeomagnetic
data constrain the regional paleomagnetic reconstructions. In this context, the acquisition of new archae-
omagnetic data will better constrain the past behavior of the geomagnetic field and therefore more precise
dating results are expected.

During the last decade (2010-2021), numerous paleomagnetic studies have been performed on archaeolog-
ical and volcanic samples; now it is appropriate to update the SCHA.DIF.3k regional model. In fact, this is
the main objective of this study which is focused on the construction of a new regional model of the past
geomagnetic field using all the archaeomagnetic data available in the European continent, northern Africa
and Western Asia for the last 4 kyr.

2. Data Selection and Motivation
2.1. Archaeomagnetic Data and Motivation for a New Regional Model

To develop the new regional model, we have used all the TRM data available within a spherical cap of 30°
of semi-angle centered at 40°N, 10°E (see Figure 1). The data were extracted from the last version of GE-
OMAGIAS50 database (version v3.4, Brown et al., 2015) updated with new studies not yet included in this
database while developing this work (e.g., Rivero-Montero et al., 2021; Tema et al., 2021). The major part
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Table 1

Number of TRM Data Used in Our Study

Geomagnetic element Raw data (Q data) Final data (Q data)
Declination 2,877 (2,724) 2,672 (2,528)
Inclination 3,632 (2,936) 3,438 (2,755)
Intensity 2,933 (1,047) 2,821 (1,023)
Total 9,442 (6,707) 8,931 (6,306)

of the selected data corresponded to archaeomagnetic studies, with a low
number of volcanic data coming from Greece, Italy (Aeolian Islands and
Sicily), Iceland, Portugal (Azores Islands) and Spain (Canary Islands).

The number of new TRM data has considerably increased since 2009,
when the previous regional model for Europe SCHA.DIF.3k was generat-
ed. In broad terms, we have around 90% more directional data and 180%
more intensities for our area and period of interest. In detail, Figure 1

shows our selected area divided into four different regions (NW, NE, SW,

The data cover the last 4 kyr and are located inside the spherical cap of and SE). The major part of the new data corresponded to published stud-
Figure 1. The data into brackets correspond to the number of quality data, ies coming from the Southern European regions. It is important to note

the so-called Q data (see text for more details).

the high number of new intensity data published since 2009 representing
an increment of around 1,800% and 200% for the SW and SE regions,
respectively (see Figure 1).

From the initial database of TRM data we have calculated some statistical parameters to apply a first filter
to retain only the most accurate data. Uncertainties for directional and intensity data are commonly given
by the angle a5 (95% confidence level) and the intensity standard deviation error o (at 10), respectively. We
have used the expressions of Suttie and Nilsson (2019) to transform the ays into standard errors for decli-
nations and inclinations. The mean values for directional errors (at 1o) were 3.3° for op and 1.4° for o;. The
mean intensity error or was 3.6 uT that in terms of percentage error (i.e., 100-05/F) corresponds to a mean
value of 6.5%. We have used the previous directional mean errors and the mean percentage intensity error as
thresholds to reject all the data with uncertainties higher than three times these values. In terms of age un-
certainty, different methods were used to estimate the age of the TRM data (such as archaeological consid-
erations, stratigraphic comparisons, radiocarbon, among others). The age uncertainty is an important key to
provide consistent variations of the paleofield and must be checked with attention (e.g., Shaar et al., 2020).
For a reduced number of TRM data, as the case of the construction of a local PSV curve, a detailed revision
of the methods used for dating and of age uncertainties can be performed, but the number of data involved
in regional or global modeling reaches several thousands of data and this revision is not a straightforward
task. Consequently, in our regional model we have directly used the age intervals given in the current ver-
sion of GEOMAGIAS50. More information about this issue is given in the supporting information along with
Figure S1 that represents the different dating methods used in the database within the spherical cap. The
mean age error was 90 years, and as for data uncertainties, we have rejected all data with age uncertainties
higher than three times this mean value. Figure S1 also shows the distribution of both age and data uncer-
tainties for the original data set. When there was no information about these uncertainties in the database
or in the original publications (less than the 3% of the database), we have estimated the errors as two times
the above mean values. After this first filter, the number of TRM data has been compiled in Table 1.

Figure 2 shows the spatial and temporal distribution of the used TRM data after the first filter (last column
in Table 1). As in Figure 1, we have also plotted these distributions for the old data published up to 2009
and used in the previous SCHA.DIF.3k model (light colors in Figure 2). In spatial terms, the major part of
the data continues being located in Europe, with very few data available for northern Africa and Western
Asia. The temporal histograms show how the directional data are scarce for BC millennia and present
higher concentration during the Roman and the Middle Age periods. However, the intensity data are more
homogenously distributed in time, with a notable increase in the number of data for the two millennia BC.

As seen in Figures 1 and 2, the number of new data published after 2009 was significant enough to check if
a new regional model for Europe should be released. To answer this question, we have compared the new
data with the previous regional SCHA.DIF.3k model. The previous model only covers the last 3 kyr and,
consequently, we have reduced our time window for the new data set from 1000 BC to 1900 AD in this case
study. The comparison was carried out using synthetic data derived from SCHA.DIF.3k model and real data.
To get the model data from SCHA.DIF.3k, we generated declination, inclination and intensity in the original
ages and locations of the new data set and then, we have calculated the residual as the difference between
the model and real data. Figure 3 shows the histograms of these residuals. In addition, residuals between
the SCHA.DIF.3k model and the old data set (the data set used in that regional model) were also plotted in
the histograms for comparison.
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Figure 2. Spatial (upper panel) and temporal (lower panel) distributions for the declination (a and d), inclination (b and e), and intensity (c and f) data. Light
colors represent data published up to 2009 and used in the previous model SCHA.DIF.3k.

For directional elements, the histograms of new data were both symmetric with mean values of 0.6° for
declinations and 0.9° for inclinations, but they presented higher standard deviations than those given by
the histograms using the older data set. The intensity residuals showed a shifted mean value of —3.6 uT and
a higher standard deviation than the 2009 intensity data. The higher standard deviations observed for the
three geomagnetic elements along with the shift in the mean intensity residuals were clear indicators that
the previous regional model SCHA.DIF.3k did not appropriately fit the new database.

In order to illustrate the discrepancy between the new database and the previous SCHA.DIF.3k model, we
have plotted the model predictions for the intensity in the Levantine region. We have chosen this location
since one of the most important features of the geomagnetic field recorded during the last 4 kyr is the high
intensity anomaly located there: the so-called Levantine Iron Age Anomaly (LIAA, Shaar et al., 2017 and
references therein). The LIAA is characterized by two short-decadal intensity variations with high values up
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Figure 3. Histograms of the residual data. Declination (a), inclination (b), and intensity (c). Residuals were calculated comparing the SCHA.DIF.3k model with
the old database (data published up to 2009, light colors) and the new database (all data published up to 2021, dark colors). Mean and standard deviation values
are given in the figure.
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We have also included in Figure 4 the intensity predictions of a set of
different global models recently published (CALS10k.2 of Constable

Figure 4. Intensity data of the Levantine region (all data were relocated et al., 2016; SCHA.DIF.14k of Pavon-Carrasco et al., 2014a; SHAWQ2k
to common coordinates: 35°N, 35°E). Color curves represent different of Campuzano et al., 2019; and SHAWQ-Iron Age of Osete et al., 2020).

intensity paleosecular variation (PSV) curves of regional and global models
calculated at these coordinates (see legend).

These global models contain data after 2009 and thus a better agreement
between intensity PSV curves calculated from these global models (color
curves in Figure 4) and data should be expected. However, most of the
global models underestimated the intensity data during the LIAA, with
values around 40%-50% lower than those indicated by the two maxima shown in the LIAA. According to all
these results, we answered positively the previous question: we need a new regional model to better fit the
new data published during the last decade in the European continent and adjacent areas.

2.2. Ranking the Archaeomagnetic and Volcanic Data

Following Campuzano et al. (2019) some of the TRM data within the selected spatial and temporal windows
were labeled as Q (quality) data. The criteria to label a TRM data as Q data depend on the statistical pa-
rameters and laboratory protocols involved in the data measurement (Chauvin et al., 2000). Here, we have
summarized these criteria to select the Q data. In terms of statistic parameters, we have taken into account
the number of specimens used to estimate mean directions and intensities. The data uncertainty (o5 for
directions and of for archaeointensities) decreases when the number of samples increases. In this study, the
TRM data with a minimum number of specimens higher than or equal to three were considered as Q data.
Note that when the number of specimens was not available, they were considered to be estimated from less
than two specimens and thus these data did not fall into the Q data category.

The laboratory protocol only affects the archaeointensity data, since the protocols to measure directions
are quite similar and well accepted by the paleomagnetic community. The Q data label was given to the
intensity data derived from the Thellier method (Thellier & Thellier, 1959) and its modifications (see Chau-
vin et al., 2000; Pavon-Carrasco et al., 2014b for more details). Triaxe method also belongs to this category.
In addition, the Q data must also include pTRM checks (i.e., the protocol to detect possible mineralogical
changes during the laboratory measurements) and corrections by TRM anisotropy effect (when the data
are derived from highly anisotropic archaeological objects, such as potteries or ceramics). Since the effect
of this kind of anisotropy in volcanic samples is usually low, this correction was not required to label as Q
the volcanic data

Finally, the 60% of the intensity Q data presented cooling rate corrections. For the other 40% we applied a
cooling rate correction of the 5% of the archaeointensity values (Genevey et al., 2008). In summary, all the
intensity TRM data estimated by more than or equal to three specimens and applying the laboratory proto-
col detailed above were labeled as Q data. For directional data, the Q label was provided to all the declina-
tions and inclinations calculated by three or more specimens. The total number of Q data is given in Table 1
in brackets and a complete list of these data is given in the Table S1.

Since the Q data have passed stricter selection criteria than the rest of the TRM data, they should pro-
vide more realistic captures of the past geomagnetic field. Campuzano et al. (2019) have shown that due
to the non-homogeneous temporal and spatial distributions of the TRM data at global scale, both type
of data (i.e., Q data and the rest of the data) were needed to better constrain the global archaeomagnetic
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Figure 5. Spatial (upper panel) and temporal (lower panel) distributions of the historical data compiled in HISTMAG database by Arneitz et al. (2017).
Declination (column a), inclination (column b), and intensity (column c).

reconstruction SHAWQ2k. However, in our case we can take advantage that Europe and adjacent areas
are characterized by the largest density of Q data and we have examined if the number of Q data is
enough to provide a robust regional archaeomagnetic reconstruction inside the spherical cap. To do
that, we have performed a test study using synthetic data from the geomagnetic model IGRF (Thébault
et al., 2015). The objective was to reproduce a constant IGRF model at 1,900 in the time window 2000
BC-1900 AD using the same spatial and temporal distributions of the original Q data. Results (given in
the supporting information) were positive and showed that robust regional models can be developed
in Europe using only the most reliable data, that is the Q data. Consequently, we have only used the Q
data in our study.

2.3. Historical Data

In order to constrain the geomagnetic field behavior inside our spherical cap during the last centu-
ries, we have also included direct measurements as those compiled in the HISTMAG database (Arneitz
et al., 2017). HISTMAG allowed us to extract all the historical data available inside the spherical cap of
Figure 1. The number of declinations was considerably higher than the other two geomagnetic elements,
with historical values measured since the fifteenth century. The spatial and temporal distribution of
these data were plotted in Figure 5 following the same color code as Figure 2 for each geomagnetic field
element.

For the intensity, some measurements were given by relative intensities or by the horizontal element H. Rela-
tive intensities were rejected from our data set, but the horizontal intensities were transformed into absolute
intensities using the associated inclination values following the trigonometric expression F = H / cos(I )
The total number of historical data used for the new regional model was 4,242 declinations, 2,098 inclina-
tions, and 1,098 intensities. In terms of weighting, since the historical data provided direct measurements
of the past geomagnetic field, we have established for these data a weight three times higher than the Q
archaeomagnetic data. We have used this weighting scheme in the modeling approach.
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3. Methodology

Taking into account the geometry of our area of interest and that all the data were approximately located at
the same altitude, that is the Earth's surface, we have chosen the revised spherical cap harmonic analysis in
two dimensions (R-SCHA2D, Thébault, 2008) as the best approach to spatially model the input data. This
method was successfully applied to model the past geomagnetic field during the last millennia in Europe
(Pavon-Carrasco et al., 2010). Apart from the classical spherical cap harmonic functions, the R-SCHA2D
technique involves a new set of basis functions, the Mehler conical functions, that provides a better defi-
nition of the geomagnetic field properties within the spherical cap. In Thébault and Gaya-Piqué (2008)
readers can find more information about this modeling technique. In terms of R-SCHA2D applied to the
geomagnetic field, the general solution of the Laplace equation is expressed by an expansion in terms of
spherical cap harmonics and the Mehler functions (we have considered all the data in a geocentric frame at
the same distance to the Earth's center, i.e., the average radius of the Earth a = 6,371.2 km) as

Kint &

V(r,@,/l) =ay Y PB (cos 0) . (g;';c” cos mA + h::lch sin m/l) +
k=0m=0

Kext k
tay Y P (cos 0) . (g::,:e cosmA + h;'l'(’e sin mxl) + €))

k=0 m=0

M
+a > P, (cos 0) . (G:"l,2 cosmA + H"|, sin mﬂ,).

m=0

where 6 and 1 are the colatitude and the longitude of the data in the cap reference frame. P,;"(cos6) are
associated Legendre functions of real degree n;, and integer order m. P.,,"(cos6) are a special case of the
Mebhler functions. g™ and h,™" are the SCH coefficients (Haines, 1985), with the subindex i indicating
the internal potential and e the external potential (it is important to note that these coefficients do not have
the same meaning as in the Spherical Harmonic Analysis). G;,” and H ;™ are the new coefficients intro-
duced by Thébault (2008).

The new potential in Equation 1 does not include both sets of basis Legendre functions (with k - m even and
k - m odd), because the revised version of the SCHA method only takes into account the Legendre functions
with k — m even. The other set of basis functions is replaced by the Mehler functions. In order to include the
time in Equation 1, we have expressed all the coefficients in a basis function expansions of penalized cubic
b-splines with fix knot points within the considered time window.

To jointly model the three geomagnetic field elements, we have used the Fréchet derivative matrix to solve
the non-linear relationship between the geomagnetic elements and the SCH coefficients. For the declina-
tion (similar for inclination and intensity) we have applied the following expression (see Pavon-Carrasco
et al., 2010 for details):

g0 = D1ty ) + Ap (7t )-5 @

oD(m
( ) o 18 the Fréchet derivative matrix

where D(nio) is an initial value of the declination, Zz\) (;1“10) =

of the declination expression, and dm is the vector of the relative SCH coefficients. A regularized weight-
ed least square inversion was applied to estimate the set of SCH coefficients of Equation 1 by means of
Equation 2:

A A ~ P
Si = (A WA +a¥+ T-CD) AWy 3)
were W is the weight matrix, ¥ and @ are matrices representing the spatial and temporal regularization,
respectively; and 7 is the vector of input data (i.e., declinations, inclinations and intensities). We have fol-
lowed Talarn et al. (2017) to obtain the regularization matrices. The spatial roughness ¥ was estimated by
the square norm of the geomagnetic field within the spherical cap and the temporal regularization @ was
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based on the square of the second time derivative of the radial field at the Earth's surface. o and 7 are scalar
parameters that were fixed according to the best compromise between model complexity and data misfit.
The regularization is a key approach to provide realistic geomagnetic field variation also in areas character-
ized by a low density of data, such as the case of northern Africa in our spherical cap.

From the input database, Equation 3 provided a set of SCH coefficients. However, we needed to estimate the
error of these coefficients to provide robust results. To do that, we have applied a random bootstrap method
to transfer the input data uncertainties to the SCH coefficients errors. Using random values taking into
account both measure and age uncertainties of each datum, we have created 5,000 different databases from
the original database. We have then applied Equation 3 for each database obtaining an ensemble of 5,000
regional models. The final set of SCH coefficients along with the error, was then provided by the mean and
standard deviation of the 5,000 ensembles of SCH coefficients.

As defined in Equation 2, initial values for each geomagnetic element must be provided before the inversion
approach. We have used as starting model an inclined dipole field calculated from the whole input data. De-
tails about the initial model are given in the supporting information. Using this inclined dipole field model,
we have estimated all the initial values of the geomagnetic elements involved in Equation 3.

The regional paleomagnetic reconstruction was developed using the following parameters. The maxima
expansion of the spherical cap harmonic degree in Equation 1 were K;,, = 3 for the internal functions
(10 SCH coefficients), K., = 2 for the external functions (5 SCH coefficients), and M = 2 for the Mehler
functions (5 SCH coefficients). According to Thebault et al. (2006) this expansion is equivalent to a global
spherical harmonic expansion of degree ca. 10. The temporal b-splines were homogeneously distributed
every 50 years from 2100 BC to 2000 AD. We have included data coming from 100 years before and after
the final time window (2000 BC-1900 AD) to avoid temporal boundary effects in the modeling approach.
For the 5000-ensemble of regional models, we have used the parameters a and 7 equal to 3-10™* nT~? and
2:107° nT~? yr*, respectively. These damping parameters were chosen according to numerous tests based on
the geomagnetic field norm inside the spherical cap and data residuals (see the supporting information for
more details).

4. SCHA.DIF.14k Paleomagnetic Reconstruction
4.1. Results and Residual Data

The application of Equation 3 to the input data set provided a set of 20 time-dependent SCH coefficients.
The final set of coefficients was derived from the mean and standard deviation of the ensemble of 5,000 re-
gional models. Following our previous studies on regional paleomagnetic reconstructions (Pavon-Carrasco
et al., 2009, 2010), we have named the new regional model as SCHA.DIF.4k, where the term SCHA involves
the applied approach, DIF means the three paleomagnetic elements (D-declination, I-inclination and F-in-
tensity), and 4k indicates the time interval, that is last 4 kyr. To evaluate the paleomagnetic reconstruction,
we have used the root mean square (rms) errors of the three geomagnetic elements and for the two kinds of
input data, that is TRM and historical data. The rms errors along with the histograms of the residuals calcu-
lated from the difference between the input data and the synthetic values from SCHA.DIF.4k are plotted in
Figure 6. As expected, the TRM data presented larger rms errors than the historical data, highlighting the
dispersion presented in that kind of data, as can be seen for example in the archaeointensity data plotted in
Figure 4. All the histograms followed symmetrical distributions with mean values close to zero. Inclination
(intensity) residuals are characterized by the lowest (highest) rms errors for both kinds of data.

4.2. Geomagnetic Field Variations in Europe and Neighboring Areas for the Last four Millennia

Using the SCHA.DIF.4k paleomagnetic reconstruction one can generate synthetic paleomagnetic data at
any location inside the spherical cap of Figure 1. Snapshot maps of the three geomagnetic elements from
2000 BC to 1900 AD are represented in Figure 7 (an animation with these maps every 20 years is also
available as supporting information). In addition, the SCHA.DIF.4k model is available at http://pc213fis.fis.
ucm.es/scha.dif.4k/index.html and http://earthref.org/ERDA/2454/. In these websites, the user can find a
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Figure 6. Root mean square (rms) errors and histograms of the residuals for the (a) thermoremanent magnetization (TRM) (archaeomagnetic/volcanic) and
(b) historical data. Declinations are represented in the left panel, inclinations in the center panel and intensity in the right panel.

Matlab script to generate PSV curves from 2000 BC to 1900 AD of the declination, inclination and intensity,
given a geographical location inside the spherical cap. The script also allows users to download a table with
the input data in an area of 800 km of radius from the selected location.

To analyze the behavior of the past geomagnetic field at regional scale, we have represented in Figure 8 PSV
curves at two representative locations in Western Europe (40°N, 5°W) and the Middle East (35°N, 35°E).
In these figures, the input data within a spherical region of 800 km of radius centered at each location are
also plotted after relocation by the via-pole method. For comparison, we have also included the previous
SCHA.DIF.3k regional model (green lines) and recent global paleomagnetic reconstructions (see legend
in Figure 8). In addition, Figure 8 contains Hovmoller diagrams with the spatial and temporal evolution
of the three geomagnetic elements calculated by the SCHA.DIF.4k model along an east-west profile at a
constant latitude of 40°N. This kind of diagram is useful to correlate in a single figure some features of the
geomagnetic elements, such as the occurrence of maxima and minima, in both space (east to west) and time
domains.

4.2.1. Declination Element

For Western Europe (Figure 8a, left), declinations present a high variability with values between 30° east (pos-
itive values) and 30° west (negative values). Two maxima are present around 800 BC and 900 AD (maximum
eastern declinations) and a minimum around 1800 AD (minimum western declinations). Between 500 BC
and 500 AD, Western Europe is characterized by no significant changes in declinations (a plateau) with val-
ues close to 0°. This plateau behavior will be a handicap for dating purposes, especially when only directional
information is used. For Middle East (Figure 8b, left), declinations show lower amplitudes ranging between
~20° east and 15° west. In more detail, for the second millennium BC, the curve presents a sequence of
maxima and minima with a characteristic period of 500 years. The first millennium BC records a maximum
around 1000 BC followed by a minimum at 300 BC. For the last two millennia, the declination presents a
prominent minimum about 600 AD, a maximum around 1200 AD followed by a minimum at 1750 AD.
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Figure 7. Declination (left), inclination (center), and intensity (right) maps by the SCHA.DIF.4k model. Maps at 2000
BC, 1000 BC, 0 AD, 1000 AD, and 1900 AD. The white star indicates the center of the spherical cap.

According to the Hovmoller diagram (Figure 8c, left) and the animated maps of the supporting informa-
tion, the eastern maximum around 1000 BC is observed around 800 BC in Western Europe characterized by
higher eastern declinations. This maximum is well-constrained by new declination data from West-Central
Europe (Osete et al., 2020; Schnepp et al., 2020). In the first millennium AD there is a noticeable sharp
minimum in the eastern curve around 600 AD that expands to west up to 10°E of longitudes. The highest
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Figure 8. Paleosecular variation (PSV) curves at (a) 40°N, 5°W and (b) 35°N, 35°E coordinates, and (c) Hovmoller diagrams for the declination (left),
inclination (center), and intensity (right) elements. For the PSV curves: red curves correspond to the new SCHA.DIF.4k model with error bands at 1o (thin

red lines) and 2o (dashed red lines). Green curves represent the previous regional archaeomagnetic model SCHA.DIF.3k. In addition, global archaeomagnetic
models CALS10k.2 (yellow curves), SHA.DIF.14k (blue curves) and SHAWQ family (black curves) are also plotted. Archaeomagnetic and historical data
referred to each location are plotted for comparison as gray dots (with error bars). For the Hovméller diagrams: they are calculated at a constant latitude of 40°N
for the range of longitudes inside the spherical cap.

east declination maxima (such as a double oscillation) in the eastern curve for the last two millennia (1000
AD and 1250 AD) are observed around 300 years before in Western Europe. Finally, the Hovmdéller shows
the well-known westward drift of the declination for the instrumental period, with minimum declination
values moving from east to west during the last four centuries.

4.2.2. Inclination Element
The inclination curves show similar behavior in the entire European continent. Three characteristic maxi-

ma are recorded in Western Europe (Figure 8a, center) around 1250 BC (not well constrained), 600 AD and
1800 AD. These three maxima are preceded by minimum values around 1850 BC, 250 AD and 1250 AD,
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respectively. An inclination plateau characterizes the paleofield between 1000 BC and 200 BC. The Middle
East curve (Figure 8b, center) also provides different maxima (1200 BC, 1000 BC, 700 BC, 800-900 AD, and
1600 AD) but at different times with respect to Western Europe. However, the eastern inclination minima
seem to occur at the same time as those of the western side, with an exception of the first one, which is well
constrained by inclination data around 1900 BC.

Following the Hovmoller diagram (Figure 8c, center) and the animated maps, the first eastern maximum
around 1200 BC seems to be correlated with the maximum of Western Europe around 1250 BC. However,
the maxima observed around 1000 BC and 700 BC show a vanished westward continuation. Here, it is
worth mentioning that recent archaeomagnetic studies from Middle East (Shaar et al., 2017 and references
therein) indicate that these high inclination values around 1,000-700 BC are correlated with the intensity
LIAA event. During the millennia AD, there are similar features from East to West of Europe: the maxi-
mum around 600 AD and the minimum around 1250 AD are observed in the entire longitudinal profile.
The eastern maximum around 950 AD is only presented in the eastern side. Finally, as for declinations, the
inclination shows a clear maximum with a westward drift during the instrumental period (1,600-1,900).

4.2.3. Intensity Element

The intensity curves show a common long-trend behavior in Western Europe and in the Middle East (Fig-
ures 8a and 8b, right panels, respectively), with important maxima during the first millennium BC and the
second half of the first millennium AD. The PSV curves, the Hovmdller (Figure 8c, right) and the animat-
ed maps (supporting information) help to analyze the spatial and temporal behavior of these maxima. In
Western Europe, there are two maxima around 700 BC and 500 BC which are in agreement with recent
studies from this European side (Osete et al., 2020). There are two previous maxima with lower amplitude
around 1500 BC and 1000 BC that are not well constrained by the data. In fact, due to the lack of Q data in
Central and Western Europe for this time, these western maxima could be a direct influence of the higher
maxima at 1500 BC and 1000 BC of the Middle East. As suggested by previous studies (Genevey et al., 2016;
Gomez-Paccard et al., 2016; Schnepp et al., 2020), the next prominent maximum in the western curve oc-
curs at 800 AD followed by a continuous intensity decay up to the present days.

In the Middle East, the first and highest maximum occurs around 1000 BC and its amplitude decreases
rapidly toward Western Europe (see Hovmoller). This eastern maximum defines the beginning of the LIAA
event (Ertepinar et al., 2020; Rivero-Montero et al., 2021; Shaar et al., 2017), one of the most important
features of the past geomagnetic field. The Hovmoller diagram indicates that the LIAA event begins around
1000 BC at eastern longitudes (20°-40°E) whose amplitude vanishes westwards. The animation maps show
this maximum as an important intensity region that increases and decreases in situ (between 1000 BC and
940 BC). Due to the limitation of the SCHA.DIF.4k model, no information about the LIAA can be provided
toward Asia. After this maximum, other eastern maximum around 750 BC seems to constrain the LIAA.
However, this maximum extends more westwards and is not observed as an isolated intensity patch in the
animated maps. Finally, the next maximum around 550 BC is observed during the same time for all the lon-
gitudinal profile, indicating an intensity feature of the Earth's magnetic field at continental scale (see also
the intensity animation maps between 600 BC and 400 BC).

Finally, during the second half of the first millennium AD, the intensity shows a clear maximum in Europe, with
a double oscillation in Eastern Europe (Kovacheva et al., 2014). This double oscillation has been also recorded
by archaeointensity data from Central-Western Europe (Genevey et al., 2016; Gémez-Paccard et al., 2016), but
more data are needed to better constrain this double oscillation in this European side. After 1000 AD, all Europe
is characterized by an intensity decrease trend up to the instrumental period (ca. 1,840 for intensities).

The new SCHA.DIF.4k regional model has been compared with the previous SCHA.DIF.3k regional model
at the same west and east locations (Figures 8a and 8b). As expected, the new regional model fits better to
the data than the previous SCHA.DIF.3k model. Both the new data published after 2009 and the use of the
Q data are responsible of this improvement. In addition, the new model also provides information of the
paleofield during the second millennium BC. In Western Europe, the previous model underestimates the
intensities providing lower values than those depicted by the data. In Eastern Europe, the discrepancy is
more noticeable: apart from the underestimation of intensities, the previous regional model overestimates
the declinations and inclinations during the first millennium BC in this region.
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;i/lf);eEf’rors for the TRM (Only Q Data) and Historical Data for Different Paleomagnetic Reconstructions
Archaeomagnetic and volcanic data Historical data

Model RMS Dec (°) RMS Inc (°) RMS Int (uT) RMS Dec(°) RMSInc(°) RMS Int(uT)

SCHA.DIF.4k 6.7 3.9 6.4 L5 0.7 0.9

SHA.DIF.14k 7.3 4.0 9.4 1.7 0.7 1.1

CALS10k.2 7.8 4.2 8.9 L7/ 0.7 0.9

SHAWQ family a2 3.8 75 3.4 0.9 1.0

Abbreviation: RMS, root mean square.

The new regional model is also compared with previous global paleomagnetic reconstructions. The
CALS10k.2 presents a smoother behavior (more notable in the directional elements in both western and
eastern region) due to the use of sedimentary data. The SHA.DIF.14k model presents higher discrepancies
for the two millennia BC due to the very low number of archaeomagnetic data available for this period
when this global reconstruction was generated, in 2013. In fact, for the eastern location, the SHA.DIF.14k
model does not record the intensity anomaly of the LIAA because these data were published after the model
generation.

It is worth noting that the most recent reconstructions, the SHAWQ global models, provide similar paleof-
ield variations as the new SCHA.DIF.4k regional model. This agreement was expected because the criteria
used in the regional model to select the Q data was similar to that used for the SHAWQ global models. The
SHAWQ family models used the whole database to have a better spatial and temporal coverage providing
different weights for the Q data and the rest of the data (see Campuzano et al., 2019). The SCHA.DIF.4k
model only involves Q data and thus, it is reasonable that there is good general agreement between both
reconstructions. However, some differences must be pointed out: (1) new recent Q data, published during
2020 and 2021, have been included in the regional model and thus were not used in the SHAWQ family
models. (2) The historical data were not used in the global SHAWQ reconstructions, so the regional mod-
el provides more reliable estimations of the geomagnetic elements for the historical periods. (3) In the
SHAWQ family, the intensity data without cooling rate estimations were not corrected. (4) The new regional
model covers the last 4,000 years, that is 700 years longer than the global paleoreconstruction.

To quantify the improvement reached with the new regional model for Europe compared to the global mod-
els, we have calculated the rms errors from data and models. The rms error is calculated for both TRM (only
Q data) and historical data (see Table 2). Results show that, at overall, the lowest rms errors are reached
by using the SCHA.DIF.4k model. Similar results are found for the SHAWQ global model, but as indicated
above, this global model was not constrained by historical data and this is reflected by the higher rms decli-
nation error (more than twice the rms of the SCHA.DIF.4k model) for the historical data.

4.3. Application to Archaeomagnetic Dating

The new regional paleomagnetic reconstruction SCHA.DIF.4k can be used in the archaeo_dating tool de-
veloped by Pavén-Carrasco et al. (2011), a Matlab interface software for archaeomagnetic dating based on
the statistical background given by Lanos (2004). This tool establishes a statistical comparison (in terms of
probability density functions, PDF) between an undated paleomagnetic data collected in an archaeological
or volcanic site and a PSV curve synthetized by the SCHA.DIF.4k model at the same location, avoiding the
effect of the relocation error in the dating process (see Pavon-Carrasco et al., 2011 for more details).

The precision of an archaeomagnetic dating is difficult to evaluate, since it depends on several factors. On
the one hand, the measurement error of the undated paleomagnetic data plays an important role in the dat-
ing process: higher errors provide larger dating uncertainties. On the other hand, the synthetic PSV curves
used for dating are key to provide well constrained dates. The characteristics of the data set involved in the
paleomagnetic reconstruction and the behavior of the geomagnetic field itself (amplitude and time variabil-
ity of the geomagnetic elements) also define the precision in archaeomagnetic dating.
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We have estimated the dating precision of the new regional model SCHA.DIF.4k using different synthetic
PSV curves inside the spherical cap. The method was that given in Pavon-Carrasco et al. (2011), where the
synthetic curves represent the geomagnetic field variations and the undated datum is exactly characterized
by the values predicted by the curves. To provide a more realistic scenario, the uncertainty of the undated
data was increased from 0 to a maximum value. For direction the ags was 0°, 1°, 2°, 3°, 4° while for intensi-
ties, we used of values of 0, 1, 2, 3, 4 uT. We have chosen five locations representing the west (40°N, 5°W),
north (55°N, 10°E), and center (40°N, 10°E) of Europe, the Middle East (35°N, 35°E), and north of Africa
(25°N, 10°E). For each location we have synthetized the curves from the SCHA.DIF.4k model and then we
have applied the archaeo_dating tool using synthetic undated data obtained from the same curves and with
the increasing uncertainties defined above. It is worth noting that this calculation does not mean that lower
age uncertainties could not be reached at one individual dating site. This would be the case, for example,
of magnetic data that fall within highly variable segments of the master curve, which can be dated more
precisely than the ones falling within the non-variable (plateau) segments. We have carried out two different
types of dating, first using only the directional information since it is the most common archaeomagnetic
dating carried out for the paleomagnetic community due to the facility to measure the directional field.
Second, using the full vector, i.e. including the intensity information.

Results, in terms of the semi-amplitude of the archaeomagnetic dating (considered here as the dating preci-
sion) given in years, are plotted in Figure 9. For each location, we have plotted the dating precision obtained
for a given data uncertainty scenario. Note that the label “err-0,1,2,3,4” in the legend of Figure 9 indicates
the value of the uncertainties, that is err-X means X° for ags and XuT for or. The dating precision depends
on four general factors:

(A) The uncertainty of the undated data. As expected, higher uncertainties provide larger dating preci-
sions. In average, the dating precision for the case err-4 (around 150 years) is three times that obtained
for the case err-0 (around 50 years)

(B) The temporal data distribution. For all the cases, the dating precision from the two millennia BC are
higher due to the low number of data for this time period (see Figure 2)

(C) The behavior of the geomagnetic field itself. The European plateaus shown by declinations between
500 BC and 500 AD and intensities between 300 BC and 500 AD (see Figure 8) contribute to large
dating precisions as reflected by the different panels of Figure 9. Contrarily, rapid variations of the
geomagnetic elements contribute to improving the dating, this is the case of the fast inclination decay
in 700 AD-1200 AD followed by a rapid increase up to 1600 AD

(D) The use of the full vector instead of the directional information only. The use of the full geomagnetic vec-
tor (right column in Figure 9) instead of the directional information (left column in Figure 9) constrains
better the archaeomagnetic dating, with a general age interval reduction of about 30%. This reduction
is noticeable for north Europe (Figure 9d) or high latitude regions, where the high inclinations provide
larger declination errors and thus the dating error increases when the direction elements are only used

Finally, we have presented two case studies of archaeomagnetic dating using the full geomagnetic vec-
tor, that is declination, inclination and intensity, from two archaeological sites studied by Kovacheva
et al. (2004). We have chosen these sites because they represent Eastern and Western Europe. The first
example is an archaeomagnetic study carried out in Serdica (Bulgaria) and the second case was focused
on an archaeological kiln in Reinach (Switzerland). For the two cases there is a good agreement between
the archaeomagnetic dating obtained with the SCHA.DIF.4k model and the archaeological information
indicated in the original publication (see Figure 10). For Serdica, the archaeomagnetic model estimated a
possible age between 566 and 612 AD (95% of probability) and the archaeological considerations showed
similar time interval (565-578 AD). For Reinach, the archaeomagnetic date was constrained between 730
and 827 AD, improving noticeably the archaeological information that only was able to indicate that the
archaeological structure belonged to the postroman period. Although in the above cases the results were
positive, it is important to highlight some limitations on the use of the SCHA.DIF.4k model as a dating tool.
Caution must be taken for dating in regions with a low density of archaecomagnetic data since the model
predictions could be not precise. In addition, if the undated data recorded the geomagnetic field elements
during a time period characterized by rapid variations, the regional model could be too smooth to provide
an accurate dating (see Pavon-Carrasco et al., 2011).

PAVON-CARRASCO ET AL.

14 of 18



~1
AGU

o o
Journal of Geophysical Research: Solid Earth 10.1029/2020B021237
ADVANCING EARTH
AND SPACE SCIENCE
a) Western Europe (40°N, 5°W)
250 250
200 200
s B
§ 5
S 150 £ 150
(%] O
o [
s &
o 100 100
£ £
® T
=] [a]
50 50
0 0
-2000 -1500 -1000 -500 O 500 1000 1500 2000 -1500 1000 -500 0 500 1000 1500
Time (yr) Time (yr)
b) Center Europe (40°N, 10°E)
300 300
250 250
B B
= 200 = 200
2 o
@ 0
3 150 3 150
o Q
2 2
= 100 = 100
[=] [=}
50 50
0 0
-2000 -1500 -1000 -500 O 500 1000 1500 2000 -1500 -1000 -500 0 500 1000 1500
Time (yr) Time (yr)
c) Middle East (35°N, 35°E)
250 250
200 200
s s
c =
S 150 -2 150
@2 ®
(5] (5]
o o
o o
© 100 © 100
£ £
® &
[=] o
50 50
0 0
2000 -1500 -1000 -500 0 500 1000 1500 -2000 -1500 -1000 -500 0 500 1000 1500
Time (yr) Time (yr)
d) North Europe (55°N, 10°E)
450 : : . ; . . : 450 : : . . . . .
400 400
350 350
) 2
= 300 = 300
S 9
2 250 2 250
o @
5 200 5 200
2 2
= 150 = 150
[=] o
100 100
50 50 |||
. I Il
-2000 -1500 -1000 -500 O 500 1000 1500 -2000 -1500 -1000 -500 0 500 1000 1500
Time (yr) Time (yr)
e) North Africa (25°N, 10°E)
250 250
200
s s
= =
S S 150
2 @
(%] (53
[ [
a a
o o 100
= =
3 T
[=] a
50
0 0
2000 -1500 -1000 -500 0 500 1000 1500 2000 -1500 1000 -500 0 500 1000 1500
Time (yr) Time (yr)
PAVON-CARRASCO ET AL. 150f 18



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB021237

a) Serdica (Bulgaria)

20+ 70r ‘ ‘ ‘ ]
< 10F /\/-,\vl\ 1 &65f 1TE
8 - 5 2
5 0 J N g / \\——
S k] \ / / 3 §
a 551 =
10 \// \/J
50 , , , 1 , , .
0 500 1000 1500 0 500 1000 1500
Year Year
B
,_g 0.04 -
£ Archeological constraints:
Q -
_ S 003 [566 AD - 612 AD] [565 AD - 578 AD]
E % 0.02 -
o
2
=001
1 8
‘ ‘ ‘ ‘ ‘ ‘ = 2 i 95%
-10 0 10 20 30 40 50 60 0 500 1000 1500
Lon (°) Year
b) Reinach (Switzerland)
‘ ‘ ‘ ‘ 75F 90
M
F B 80
< 20t /\\\ A o™ A—FrA A A E
2 10 / AN S 65 \‘5;70'
£ AT /- 2\ |t 2.l
3 \/ W’A\/ ELY 12
-10F 1 sl | " s0F
-2000 -1500 -1000 -500 0 500 1000 1500 -2000 -1500 -1000 -500 0 500 1000 1500 -2000 -1500 -1000 -500 0 500 1000 1500
Year Year Year
T 9 T
£
Eoo1s) Archeological constraints:
° [730 AD - 827 AD] [400 AD - 1900 AD]
@ 001
[
o
2
= 0.005F
Q
®
g | 95%
£ o ——
-2000 -1500 -1000 -500 0 500 1000 1500
Lon (°) Year

Figure 10. Archaecomagnetic dating of two archaeological structures in (a) Bulgaria and (b) Switzerland using the SCHA.DIF.4k model. Each panel represents
the final screen output of the archaeo_dating tool. Top: master paleosecular variation (PSV) curves (red curves with red error bands) of the declination (left),
inclination (center) and intensity (right) and the undated archeaomagnetic data (blue line with green error bands). Bottom: regional map (left) with the data
location (red point) and the master PSVC location (blue square); combined PDF (center) filled by yellow color and marked with the green threshold line of
probability; and the archaeomagnetic dating information in red. In blue, the archaeological constrains of the structures given in the original publications.

5. Conclusion

Thanks to the great effort made by the international paleomagnetic/archaecomagnetic community, the num-
ber of archaeomagnetic data is continuously increasing. During the last 10 years, we have 90% more direc-
tional and 180% more intensity data in the European continent. Taking advantage of this, we have proposed
an updated version of the European regional model SCHA.DIF.3k (published in 2009) covering the last
4 kyr and using only the most reliable archaeomagnetic and volcanic data, the so-called Q data. The new re-
gional reconstruction, SCHA.DIF.4k, provides the geomagnetic field elements (declination, inclination, and
intensity) and their uncertainties at any location inside the spherical cap. Model uncertainties are estimated
by bootstrapping the data during the inversion process. The new model shows a more robust variation of

Figure 9. Dating precision at 95% confidence (semi-amplitude of the archaecomagnetic dating) for the last four millennia estimated according to the SCHA.
DIF.4k model for different locations. The dating precisions were calculated using the archaeo_dating tool with undated data provided by the paleosecular
variation (PSV) curves. To provide different dating scenarios, the data uncertainty is increased from 0° to 4° for ays and from 0 to 4 uT for or (in the legend, err-X
means X° for ays and XuT for or). Left column represents the dating precision for directional dating (only declination and inclination) and the right column
corresponds to dating precision when using the full vector (i.e., declination, inclination, and intensity). See text for details.
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the geomagnetic field in Europe, showing how some features can be correlated in both spatial and temporal
domains over the entire European continent. This is the case of the LIAA event: the SCHA.DIF.4k model
shows this intensity feature around 1000 BC located in Eastern Europe with amplitude fading toward West-
ern Europe. Finally, the new model can be included in the software archaeo_dating to provide a useful tool
for archaeological and volcanic dating. In terms of dating, we have performed a case study to evaluate the
dating precision using the SCHA.DIF.4k model. Results show that the archaeomagnetic dating are clearly
biased by the uncertainty of the data, the evolution of the geomagnetic field itself, and the temporal and
spatial distribution of the current European database. In addition, the use of the full geomagnetic vector
provides better constrained dates (in average about 50-150 years for the last millennia), reducing in around
30% the date uncertainty with respect to when only the directional information is used. Finally, the new
regional archaeomagnetic reconstruction has been used to date two archaeological structures in Western
(Switzerland) and Eastern (Bulgaria) Europe.

Data Availability Statement

All the paleomagnetic and historical geomagnetic data used in this work are included in the databases GE-
OMAGIAS50 (https://geomagia.gfz-potsdam.de/), HISTMAG (https://cobs.zamg.ac.at/data/index.php/en/
data-access/histmag), and the final data set of Q data is provided as a table in the supporting information.
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