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Observational records of rapidly varying magnetic fields strongly constrain our understanding of core flow dy-
namics and Earth’s dynamo. Archeomagnetic analyses of densely sampled artefacts from the Near-East have
suggested that the intensity variation during the first millennium BCE was punctuated with two geomagnetic
spikes with rates of change of intensity exceeding 1 yT/yr, whose extreme behaviour is challenging to explain
from a geodynamo perspective. By applying a new transdimensional Bayesian method designed to capture
variations on both long and short timescales, we show that the data considered only at the fragment (thermal-
unit) level require a complex intensity variation with no less than six spikes, each with an approximate duration
of between 30 and 100 years. However, the nature of the inferred intensity evolution and the number of spikes
detected are fragile and highly dependent on the specific treatment of the archeomagnetic data. No spikes are
observed when the data are considered only at the level of a group of fragments from the same archeological
context, with a minimum of three different artefacts per context. Furthermore, the number of spikes decreases to
zero when increasing the error budget for the intensity at the fragment level within reasonable levels of 3-6 uT
and the data age uncertainty up to 50 years. Of the six spikes found, the most resilient when increasing the error
budget was dated at ~970 BCE. However, we show that even this spike sensitively depends on the age model
proposed for data from the Levant archeological site Timna-30 and disappears when considering a single
Gaussian age prior distribution for these data and a moderate minimum intensity error. Thus, depending on the
choices made, the Near-Eastern data are compatible with a broad range of time-dependence, from six spikes at
one extreme to zero spikes on the other. An error of 6 ;T at the fragment level produces a spikeless model with
strong similarity with the reconstruction from the SHAWQ-Iron Age global model with rates of change of
~0.2-0.3 uT/yr.

1. Introduction

Anomalous behaviour of the past geomagnetic field, captured by
materials carrying an ancient magnetization, can have profound con-
sequences for our understanding of the Earth’s magnetic field and how it
is generated. Our focus here is on archeomagnetic data from the Near
East during the first half of the 1st millennium BCE, which suggest a new
type of geomagnetic event, the geomagnetic spike (Ben-Yosef et al.,
2009; Shaar et al., 2011) characterised by extreme rates of intensity
change with estimates ranging ~0.75 — 4 yT/yr (Livermore et al., 2014;
Shaar et al., 2016; Ben-Yosef et al., 2017; Shaar et al., 2011), many times
larger than the maximum rate of change in the present day (~0.12 T/
yr, see below). Importantly, these spikes have no analogue in the
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historical and modern day geomagnetic field whose structure is much
better resolved both in space and time; furthermore the extreme
behaviour of the spikes is not reproducible in numerical models (Davies
and Constable, 2017, 2018; Troyano et al., 2020). If the geomagnetic
spikes stand up to scrutiny, their explanation may therefore require new
theories of geomagnetic field evolution. Yet tracing the details of any
rapid variations in the geomagnetic field that may have occurred is a
challenging exercise, despite the Near Eastern record being temporally
well-sampled in archeomagnetic terms, with an average of ~20
analyzed fragments from independent archeological artefacts per cen-
tury during the first half of the 1st millennium BCE. A primary reason for
this is the inherent difficulty of assembling the dataset of intensity and
age values of artefacts having experienced heating, along with estimates
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of their uncertainties. A second difficulty is in the analysis technique:
there is the need for a method to fit an intensity variation curve through
the dataset with quantification of its uncertainty, which takes adequate
account of both intensity and age uncertainties. In this study, we apply
the recently developed transdimensional Bayesian method (Livermore
et al., 2018) for the calculations of regional geomagnetic intensity
variation curves, which relies on minimal a priori information and
innately takes account of uncertainties in both intensity and age, and
importantly here makes no assumption on inherent time-scales through
any form of explicit regularisation. This method is therefore particularly
well suited to examine the extreme fluctuations in the geomagnetic field
proposed in the Near East. It should be noted that other geomagnetic
spikes have been proposed in other regions of the world (e.g. Texas,
China, New Zealand: Bourne et al. (2016); Cai et al. (2014, 2017);
Turner et al. (2020), respectively), some at dates different from the 1st
millennium BCE, but they remain beyond the scope of this study.
Thanks to the richness of its archeology, numerous archeomagnetic
studies have been carried out in the Near East, mainly focused on the
variations in geomagnetic field intensity over the past few millennia. All
these studies agree that the first half of the 1st millennium BCE was
marked by high geomagnetic field intensity values, probably the highest
known so far throughout the Holocene (e.g. Genevey et al., 2003, 2008;
Ben-Yosef et al., 2009). However, the published data do not show a
smooth albeit high intensity trend, but rather a complex picture with
both extremely high intensity values of more than 100 uT (Ben-Yosef
etal., 2008, 2009), interspersed with moderately high values (of 70 — 80
uT). Many of the data came from metallurgical residues (slag), whose
stratigraphy place strong constraints in the form of small relative ages of
the studied fragments. To describe the data, Ben-Yosef et al. (2009)
coined the term of geomagnetic spike to describe, on the one hand, the
extreme values of archeointensity and, on the other, the high variation
rates (also extreme) implied by the intensities and ages reported. These
extreme intensity peaks, short-lived over only a few decades, are quite
different to the much longer and broader intensity peaks that have been
associated with (i) archeomagnetic jerks, one of which was proposed at
the beginning of the 1st millennium BCE Gallet et al. (2003, 2006) as
well as (ii) the peaks observed in Western Europe during the 1st mil-
lennium BCE which show much lower intensity variation rates on the
order of 0.10 — 0.25 uT/yr (Hervé et al., 2017; Osete et al., 2020).
Following Ben-Yosef et al. (2009), Shaar et al. (2011) proposed the
occurrence of two geomagnetic spikes at the beginning of the 1st mil-
lennium BCE, at ~980 BCE and ~890 BCE, from the study of a chro-
nological sequence of slag layers (archeological site Timna-30 in Israel).
These geomagnetic spikes are characterised by intensity peaks, which
converted in VADM (Virtual Axial Dipole Moment) reach values in
excess of 20 x 10?2 Am? and variation amplitudes in the order of 2 — 3
x 10%2 Am?, within a total duration of about 20 — 30 years (see Fig. 7 in
Shaar et al. (2011)). More recently, Shaar et al. (2016) synthesised new
data from pottery excavated in Tel Megiddo and Tel Hazor in Israel, with
a revision of the archeointensity data previously acquired by Ben-Yosef
et al. (2008, 2009) and Shaar et al. (2011) using more stringent data
acceptance criteria than they hitherto had adopted. Their study still
proposed the spike at the very beginning of the 1st millennium BCE
(~980 BCE) while suggesting a new geomagnetic spike during the 8th
century BCE (see also Ben-Yosef et al. (2017)). However the spike dated
at ~890 BCE was no longer supported by their revised data. Shaar et al.
(2016) (see also Shaar et al. (2017)) now characterise the intensity
variation as follows: a strong positive magnetic anomaly, which they call
the Levantine Iron Age Anomaly (LIAA) with VADM values of the order
of 14 x 10%2 Am? (almost twice the current value), existed in the Near
East for about 350 years, between the 11th and 8th centuries BCE. This
anomaly was punctuated by two short-lived spikes, both mentioned
above, with values reaching 16 — 18.5 x 10?2 Am?, implying rapid rates
of change and large deviations in the direction of the dipole field. These
rapid changes stand in contrast to reconstructions given by global field
models, which tend to be much smoother compared to those of regional
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curves due to the regularisation required (e.g. Genevey et al., 2016;
Hervé et al., 2019; Campuzano et al., 2019; Osete et al., 2020; Licht
et al., 2013; Nilsson et al., 2014; Constable et al., 2016). One recent
model is of particular interest, that of SHAWQ-Iron Age (Osete et al.,
2020), which adopts enhanced weighting of data judged to be of higher
quality (see also Campuzano et al. (2019)), and shows increased tem-
poral variations in the spikes era compared with other global models.
Notably this model shows in the Levant two intensity peaks at ~970 BCE
and ~750 BCE, almost coeval with the two spikes discussed above, but it
nevertheless exhibits rates of change not exceeding 0.15 4T/yr and does
not reproduce the extreme spike-like behaviour.

Rapid variations in the surface magnetic field, ultimately an
expression of the field created deep within Earth’s core, are challenging
to explain from a geodynamo perspective. At the core surface, there are
two dynamical processes that can individually or mutually cause
changes in the observed magnetic field: advection by the flow of con-
ducting fluid or diffusion (e.g. Finlay et al., 2010). From basic consid-
erations of the associated timescales, the more rapid of these two is
likely advection, which led Livermore et al. (2014) to consider purely
(non-diffusive) advection: they placed an upper bound on the rate of
change of ~0.6 yT/yr assuming a stable layer at the top of the core in
which the flow is horizontal, or 1.2 uT/yr for an arbitrary flow structure.
Another possibility of the dynamics is flux expulsion, describing radial
advection of deep-rooted magnetic field to the surface followed by its
diffusion. However, Troyano et al. (2020) showed that such a mecha-
nism was unlikely to produce extreme intensity changes but instead is
more consistent with evolution over multi-centennial timescales.
Although diffusion by itself can explain short sections of arbitrary
geomagnetic field change (Metman et al., 2019), this assumes an
unphysical interior field structure. The notion that advection is domi-
nant when explaining rapid changes is supported also by Davies and
Constable (2018), who showed the importance of the role of the flow in
intensifying flux patches in the search for geomagnetic spikes within
numerical geodynamo models. Korte and Constable (2018) further
asserted that the Near-Eastern spikes may have been caused by intense
flux patches that grew and decayed in situ during a period of high and
rapidly varying dipole field moments, a mechanism also suggested by
Osete et al. (2020) together with possible westward expansion. In terms
of geomagnetic spikes, based on the archeointensity data obtained by
Ben-Yosef et al. (2009) and Shaar et al. (2011), Livermore et al. (2014)
estimated that the rates of intensity variations involved could be as high
as 4 — 5 uT/year, although subsequent studies indicated a somewhat
lower rate of change from ~0.75 uT/yr to ~2.5 uT/yr for the geomag-
netic spike dated to ~980 BCE (Shaar et al., 2016), and the spike
identified during the 8th century BCE characterised by rates of change
between 0.75 and 1.5 uT/yr (Shaar et al., 2016; Ben-Yosef et al., 2017).
All these estimates remain above the upper bounds of Livermore et al.
(2014) which quantifies the limit on what can be explained from a
geodynamo perspective, yet because none of the estimates has any
quantification of its associated uncertainty it is not possible to rule out
the possibility that the data are in fact consistent with lower rates of
change. The Bayesian method developed by Livermore et al. (2018) that
we adopt in this study should therefore allow us to study in more detail
the complexity of the intensity variations associated with the LIAA and
provide more insight into the rates of change implied by the arche-
omagnetic data reported so far in the Levant.

2. The Near East archeointensity dataset
2.1. Available data: provenance and definition

In recent years a significant number of archeological artefacts, ob-
tained in the Near East, have been analyzed for their thermal remanent
magnetisation. All the resulting data meet modern quality criteria,
which include testing for the stability of the magnetic mineralogy of the
samples during the experimental (mainly thermal) treatment and, in
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most cases, taking into account the anisotropy and cooling rate effects
on thermoremanent magnetization acquisition; for a discussion of these
effects, see Brown et al. (2021); Genevey and Gallet (2002); Herve et al.
(2019); Genevey et al. (2008). In this study focusing on the period of
geomagnetic spikes, which we take to span 1200 BCE to 500 BCE, the
dataset has been restricted to three geographical areas: the Levant
(Israel and Jordan), Syria and Turkey. In the Levant, the data come from
the archeological sites of Tel Hazor and Tel Megiddo (Israel) (Shaar
et al., 2016), Timna-30 (Israel; data from Shaar et al. (2011) revised by
Shaar et al. (2016)) and Khirbat en-Nahas (Jordan; data from Ben-Yosef
et al. (2009) revised by Shaar et al. (2016)), as well as from a study of
Judean stamped jar handles (Ben-Yosef et al., 2017). For Syria, the data
come from the sites of Qatna (Tell Mishrifeh, western facade of modern
Syria), Tell Masaikh, Tell Mashtale and Sheikh Hamad (Genevey et al.,
2003; Gallet et al., 2006; Gallet and Al-Maqdissi, 2010, and this study),
the latter sites being located further east in the country. The Turkish data
are from the archeological sites of Arslantepe (Ertepinar et al., 2012),
Kilise Tepe and Tell Tayinat (Ertepinar et al., 2020). All these data are
distributed in a circular region with a radius of ~600 km centred on
Palmyra (Syria). It should be further noted that a series of data from
Cyprus dating from the middle of the 1st millennium BCE has not been
included because of their large age uncertainties >150 years, which
provide poor constraints on possible rapid variations in regional
geomagnetic intensities (Shaar et al., 2015). Details of the experimental
procedures and available archeological constraints can be found in the
publications referenced above. It is beyond the scope of our paper to
discuss here the selection criteria that were used in these studies, as well
as the notion of reliable data or “high-quality” data (for a general dis-
cussion, see for instance Genevey et al. (2008); Paterson et al. (2014);
Hervé et al. (2019); Campuzano et al. (2019), see also Brown et al.
(2021)). We simply note that the data considered in the present study
would likely be retained in most, if not all datasets assembled using a
selection scheme. Furthermore, it should be noted that our approach
essentially consists of considering the data as published by the authors
(i.e. the same data that led to the observation of spikes), avoiding, for
example, the implementation of any form of weighting of the data either
at the fragment level or at the level of group of fragments (see below).

In addition to the above published data, we also consider new
archeointensity results obtained in Qatna by analysing fragments of
large jars found crushed to the ground in a palatial storage complex
likely destroyed in ~720 BCE when the Assyrian troops of Sargon II
devastated and conquered the Hamat Kingdom (Northwestern Syria; e.g.
Al-Maqdissi (2003); Al-Maqdissi and Bonacossi (2005); Baaklini (2019);
see below, and Fig. S1 and Table S1 in supplementary material).

The available archeomagnetic data are heterogeneous in the sense
that their definition differs from one study to another. For the most part,
the data are considered at the fragment level corresponding to a thermal
unit (e.g. Levant, Turkey), i.e. a shard, a brick, or a kiln. By extension, a
set of mud bricks burnt in a fire also belongs to this category (e.g Erte-
pinar et al., 2012, 2020); see below and also discussion in Genevey et al.
(2008). An alternative way of presenting archeomagnetic data is at the
level of groups of several fragments (fragments of baked bricks or pot-
sherds) found in the same archeological context, and therefore assumed
to be of the same age (e.g. Genevey et al., 2003; Gallet et al., 2006, 2014,
2020). This approach aims to limit the effects that could, for example, be
due to an object whose actual age is outside its presumed age range, to a
biased experimental determination, or more generally to take into ac-
count the fact that, individually, for other reasons each fragment may
not give an accurate record of the geomagnetic field intensity. Averaging
at the level of the group of fragments should therefore give greater
statistical robustness to the intensity value obtained at the age of
interest.

Thus, there are disparities in the way archeointensity data are re-
ported: the unequal statistical equivalence of fragment and group level
data will pose a problem when estimating a geomagnetic intensity
variation curve. There are two approaches we might consider to mitigate
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the heterogeneity. Within the set of all published data, we could weight
the subset of group-averaged data more heavily than the subset of
fragment level data, but the weighting would be subjective. A simpler
alternative that we follow here is that of homogenization, by gathering
the data into sets of only a single type: single thermal units (a shard, a
brick, a furnace, a fire) or an archeological ensemble (or context)
comprising several fragments (thermal units) of the same age as defined
by archeologists. In our study, we therefore distinguish several levels of
data as described below and as illustrated in Fig. 1.

(i). Heterogeneous mixed level, which includes data obtained at both
the fragment and fragment-group levels (Fig. 1a). This is the one
most often used to represent the available results (Table S2 in
supplementary material) (e.g. Shaar et al., 2016; Ben-Yosef et al.,
2017; Ertepinar et al., 2020);

(ii). Homogeneous fragment level, which is equivalent to the thermal
unit level (Fig. 1b; Table S3 in supplementary material);

(iii). Homogeneous group of fragments level, which includes N arte-
facts found in the same archeological ensemble (Fig. 1c,d;
Tables S4 and S5 in supplementary material). As explained in
section 2.3, we consider two cases, N > 2 (Fig. 1c) and N > 3
(Fig. 1d).

For comparison, in Fig. 1a we also show the intensity variation in
Palmyra (Syria) according to the model SHAWQ-Iron Age (Osete et al.,
2020). Importantly, the data with the highest intensities we consider at
the fragment level are outside the 95% threshold of the model (two
standard deviations) highlighting their anomalously high intensity. All
computations were carried out after transferring the intensity values to
the latitude of Palmyra, Syria (geodetic latitude 34.560°N; Tables S2-S5
in supplementary material). The corresponding Virtual Axial Dipole
Moments are also reported in these tables.

2.2. Data at the fragment level

Data at the fragment level come from two sources: those studies
which specifically reported the fragment data, and those studies that
originally displayed the intensity values only at the fragment group
level; for the latter case, we have considered the individual data (i.e. per
fragment) provided in the related publications (Genevey et al., 2003;
Gallet and Le Goff, 2006; Gallet et al., 2006; Gallet and Al-Maqdissi,
2010). When several specimens were analyzed per fragment, a mean
intensity value was estimated with an experimental uncertainty that is
either the half-range when two specimens were analyzed or the standard
deviation when the number of specimens is at least three. In a number of
cases, however, only one specimen was analyzed per fragment. We have
chosen to arbitrarily assign reasonable experimental uncertainties of 5%
of the corresponding intensity values (data marked with * in Table S3 in
the supplementary material). Note that this 5% threshold corresponds to
one of the selection criteria used in related publications (Genevey et al.,
2003; Gallet et al., 2006, 2014; Gallet and Butterlin, 2015).

The ages with their uncertainties have been used as reported in the
original studies and are either historically/archeologically dated or
dated based on an age model. For the sake of simplicity we consider each
age to be uniformly distributed, although the algorithm can take into
account a Gaussian (i.e. a normal) distribution. There are three data
points that were published with an exact date (i.e. with dating un-
certainties of 0 years). These are the data from Khirbat en-Nahas (Ben-
Yosef et al., 2009), as revised by Shaar et al. (2016) and from Tell
Tayinat (TT1; Ertepinar et al., 2020). Because such a precision is rather
anomalous, we have assigned an age uncertainty of + 10 years to these
data. In addition, to be more consistent with the approximate age un-
certainties of ~70 years (800-732 BCE) made by Shaar et al. (2016) of
the shards found in the destruction layers of Tel Megiddo and Tel Hazor
dated 732 BCE, we have extended to +50 years the age uncertainties of
the fragments of jars associated with the destruction of the storage
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complex at Qatna in ~720 BCE (i.e. to between 820 and 720 BCE). This
takes into account the probable life span of these jars before the
destruction of the building, which is certainly longer than that of the
common pottery studied by Shaar et al. (2016). Note that the age in-
terval considered by Gallet and Al-Maqdissi (2010) for this context was
only of 20 years (740-720 BCE).

One dataset of particular importance is that from the Timna-30
archeological site, consisting of an accumulation of metallurgical resi-
dues (slags), whose narrow age ranges significantly constrain any model
of time-dependent intensity variation. These ages were derived from an
age model, itself a combination of three independent sources of infor-
mation: (i) the stratification across the sequence of slag deposits
imposing a time order relationship between ten superimposed layers; (ii)
individual layers dated through radiocarbon analysis of short lived
material, such as seeds, wood bark and twigs, and (iii) approximations
made on the accumulation rates of each slag layer that determine the age
of the different layers and how the relative stratigraphic position of
individual fragments within each layer relates to their age. Here, moti-
vated by the lack of firm constraints on the accumulation mechanism of
each layer, we simplify the ages ascribed to the data by considering a
single age range for each layer. Thus all fragments within the same layer
have the same age range; time-order constraints only apply between the

different layers. Our interpretation of the ages therefore differs (and is a
less-constrained version) compared to that of Shaar et al. (2011); the
time-ordered Timna-30 dataset nevertheless has a significant impact on
intensity evolution reconstruction which is discussed in section 5.2.

In this study, we also include new archeointensity data, hitherto
unpublished, obtained from four new fragments of jars (site referred to
as SY03) found in the same archeological context as site SYO1 (Gallet
and Al-Magqdissi, 2010), and analyzed using the experimental procedure
developed for the Triaxe magnetometer (Le Goff and Gallet, 2004) with
the very same selection criteria as in all our previous studies (Fig. S1,
Table S1). The latter archeomagnetic site contained fragments of
Aramean-type jars ~1.2-m high without handles, whereas SYO3 com-
prises fragments of jars of the same size but with four handles each.
Archeologically, SYO1 and SY03 have exactly the same context and are
of the same age; however, it seems possible that the presence or absence
of handles indicates that these different jars were installed at slightly
different times and/or possibly for a different use (but still for storage
purposes).

In total, the homogenized fragment dataset has 170 entries, of which
139 data are within the range 1200 BCE to 500 BCE (Figlb, Table S3 in
supplementary material).
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2.3. Data at the level of groups of fragments

For the group level, we have averaged the individual (fragment) data
available within the same archeological context. These are mainly data
obtained in the Levant, and thanks to the information provided in the
articles concerned (Shaar et al., 2011, 2016; Ben-Yosef et al., 2017), it
was easy to compute these averages and, in some cases, to maintain a
chronological order relationship between these data. This last aspect
mainly concerns the results obtained from slags in Timna-30 (Shaar
et al., 2011), with data revised by Shaar et al. (2016).

The calculations were performed considering groups defined by an
average of N individual (fragment) data, where N > 2 (Fig. 1c; Table S4
in supplementary material) and N > 3 (Fig. 1d; Table S5 in supple-
mentary material). Note that three is the minimum considered to define
an average intensity value in all the studies carried out in Syria. The
difference between the resulting datasets is that N > 2 contains five
additional data points (two in Tel Megiddo, one for the stamped Judean
handles and two in Turkey). It is worth mentioning the particular case of
the intensity value referred to as AT1 obtained in Arslantepe from a set
of adobe brick fragments that were burnt during a violent fire (Ertepinar
et al., 2012). This datum appears both when the data are considered at
the fragment level, as this context corresponds to a single thermal unit,
but we also chose to consider it when the data are considered at the
group level, as this data point is obtained from an average of nine
different fragments collected on the field. The context is similar for the
data obtained at Tell Tayinat (TT1; Ertepinar et al., 2020). Being defined
by only two fragments (for a total of three specimens) it is included in
Table S4 but not in Table S5. In total, Table S4 contains 42 entries
(Fig. 1c¢) and Table S5 contains 37 entries (Fig. 1d), of which respectively
34 and 29 are in the range 1200 to 500 BCE.

3. Method
3.1. Finding the posterior intensity variation curve

Fitting a time-dependent intensity variation to the datasets and
quantifying its uncertainty is not straightforward due to the scatter of
the data, the fact that some data obey strict time-ordering constraints,
and the fact that all data have uncertainty in both intensity and age.
Here, we use an algorithm based on the transdimensional Bayesian
method of Livermore et al. (2018) but with added functionality,
designed to determine the posterior probability distribution of variation
curves from datasets with precisely these challenges. Using a Monte-
Carlo Markov Chain algorithm the method produces a large ensemble
of models whose statistics converge to those of the joint posterior dis-
tribution of the unknown model vector m = (f, k,a); where f is a dis-
cretisation of the intensity variation, k is its complexity, and a are the
sample ages. By marginalisation it is straightforward to produce the
posterior probabilities of any of these quantities individually: in this
study we focus on the intensity variation, but posterior distributions of
sample ages are a useful product for archeomagnetic dating (Livermore
et al., 2018; Gallet et al., 2020; Genevey et al., 2021; Shaar et al., 2020).

The intensity variation associated with any individual ensemble
member is modelled as piecewise linear between a series of interior k
knot points; however diagnostics of the ensemble such as the mean or
median vary smoothly in time. The number k of the knot points and their
associated ages are self-selected by the data and are not fixed: they are in
fact an output of the model. Of additional note is that the method does
not have any subjective smoothing parameter but instead relies on the
innate parsimony of Bayesian methods to show preference for simple
models. Thus the method will produce rapid changes (described by more
complex models) only when required by the data. Any rapid changes
localised in time will not affect the preference for simple time-
dependence elsewhere (to be contrasted with the use of global regu-
larisation where smoothing due to rapid variation at one time will
impact the entire time series). This is very important because of the
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likely range of timescales that may describe the intensity evolution,
ranging from the proposed decadal duration of a spike, to the typical
centennial timescale of secular variation.

Including the sample ages into the model vector that we seek allows
us to take account of not only the uncertainty but any constraints on the
temporal order that may exist between fragments or groups of fragments
of the same archeological sequence. In our datasets, this mainly con-
cerns the slag data from the Timna-30 site (Shaar et al., 2011), revised
by Shaar et al. (2016), where the fragments were obtained from ten
different superimposed layers whose formation ages are uncertain. Be-
tween any two consecutive layers, fragments within the lower layer
must all have an age strictly greater than any of the fragments in the
upper layer. Within each of the layers there is often no order relationship
between the fragments due to mixing. It is also important to specify that
for fragments collected within the same archeological ensemble, the
algorithm allows for the distinction between independent fragments that
can be of any age within the age interval of the archeological ensemble,
as in the case of the slag data mentioned above, and fragments whose
age is identical within the age interval of the ensemble. The latter case
relates to bricks of the same pavement sampled at Tell Masaikh in Syria
(TMO1; Genevey et al., 2003; Gallet and Le Goff, 2006). Here, it is
reasonable to assume that they were fired at the same time and most
probably in the same kiln, and therefore the age of the different frag-
ments analyzed from these different pavement bricks cannot be disso-
ciated and are taken to have the same age.

The posterior distribution relies on choices for the likelihood and
prior distributions. The likelihood is based on an assumed normally
distributed intensity with a mean and standard deviation derived by
laboratory analysis. We adopt uniform priors in the range [40,120] uT
for the intensity of the internal vertices that define the piecewise linear
dependence, a uniform prior in the range [0,150] for the number of
internal vertices, and uniform prior distributions in data age. Each
ensemble member is defined over the time period 1250 to 450 BCE,
marginally extending the data interval of 1200 to 500 BCE by 50 years at
each end. To characterise the intensity variation, we report the median
of the marginalised intensity distribution discretised over the 801 yearly
intervals from 1250 to 450 BCE. The distribution mean has a similar
time dependence to the median, but we report only the median as it is
less sensitive to extreme values of the distribution. We use 50,000 iter-
ations as burn-in with a down-sampled total chain length of
200,000,000 which ensures converged sampling of each parameter
within the model vector. The setup of the inversion remains the same for
all cases, although some of the sampling parameters are dataset-
dependent in order to speed up convergence. The code, data and input
files required by the software are freely available.

3.2. Defining and detecting geomagnetic spikes

Despite multiple studies describing the possibility of geomagnetic
spikes in the Near East and elsewhere, there is no currently accepted
definition of the defining characteristics of a spike. Ben-Yosef et al.
(2009) and Shaar et al. (2011) defined spikes to be “short episodes of
exceptionally high field intensity in excess of 200 ZA m?”, “accompanied
with high field fluctuation”. To broaden the concept of geomagnetic
spikes, Cai et al. (2014) proposed the following definition: “a large in-
crease in intensity beyond twice the present value (equivalent to ~16 x
10%2 Am?) in less than 500 years”. Yet this terminology does not capture
the extreme intensity variation rates required by the two geomagnetic
spikes proposed by Shaar et al. (2011) which are an order of magnitude
greater than the current maximum rates of intensity change and which
go well beyond the rates currently explicable by known dynamo pro-
cesses (Livermore et al., 2014; Troyano et al., 2020).

Geomagnetic spikes are undoubtedly significant local maxima in the
intensity variation, but from a geodynamo perspective it is the rate of
change which makes the time-dependence most anomalous. Here we
propose a definition that incorporates both the magnitude and rate of
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change, that is sufficiently generic to detect spikes over periods other
than the 1st millennium BCE. Given a time series of intensity variation,
we consider each local maximum of intensity, at age tyqy, in turn. In
order to judge whether it is a spike, we first need to define start (t7) and
end (t") points for the period of anomalous behaviour. We do this by
searching both backwards and forwards in age from tyqy, seeking the
first occurrence of an age that marks the transition between typical and
anomalous behaviour both in the rate of change, and the intensity dif-
ference from that at the peak. The two end points must lie within the
range bounded by the two neighbouring local minima. A local maximum
of intensity at tpyq, defines an anomalous peak (which may, or may not,
be a spike) over the age range t to t' if:
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We introduce a further criterion that discriminates between an
anomalous peak and a spike:
(c). the anomalous peak is a spike over [t,t1] if at some time within
its age range |dF/dt | > 0.6uT/yr.

The threshold in (a) of 5 uT is a conservative value, allowing the
definition to be useful elsewhere in the world at any latitude and
especially at different periods (in particular when the background in-
tensity level is much lower). This is the minimum jump we can
reasonably expect to detect using archeointensity data because of their
typical uncertainties (e.g. Korte et al., 2005; Licht et al., 2013). For
reference, the reported Near-Eastern spikes have intensity jumps of
more than 10 4T which fall well inside our definition. The criterion (b)

(a). the intensity at tyq exceeds by 5 uT the intensity at t~ and " defines the transition from typical to anomalous behaviour, which we
(b). at t~ (t") the rate of change marks a transition from (to) typical take to be the approximate current maximum value of 0.12 uT/yr
values |dF/dt| < 0.12uT/yr to (from) anomalous values of |dF/dt derived from the IGRF-13 model (Alken et al., 2020). The final criterion
| > 0.12uT/yr and t~ and t* are the closest such values to tyqy. that selects only those peaks with extreme rate of change has a threshold
of 0.6 uT/yr, five times the approximate current maximum value; it is
* 1050 BC * 940 BC * 790 BC Fig. 2. The posterior intensity variation during the
era of geomagnetic spikes associated with different
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also the same as the upper bound of Livermore et al. (2014) that assumes
a horizontal core-flow, and is also consistent with the more general
upper bound of 1.2 yT/yr but when assuming that only 50% of the en-
ergy of the core is available to drive the spike. Because this value is not
well constrained, in the next section we report the sensitivity of our
results to this threshold, by testing the effect of taking the higher value of
1.2 uT/yr. Before applying these definitions, we first smooth the in-
tensity variations by a running five-year average whose window length
does not influence the anticipated decadal duration of the geomagnetic
spikes.

4. Geomagnetic intensity variations: a multitude of spikes

We now apply our methodology to find the intensity variation curve
along with our spike detection algorithm to the various datasets
described. The results are summarised in Fig. 2, which shows the evo-
lution of both intensity and its rate of change for the thermal unit (i.e.
fragment level) dataset (top), group averaged datasets with N > 2, N > 3
(middle, bottom) by the ensemble median and its uncertainty quantified
by 95% credible intervals. We also show each dataset by the individual
posterior median intensity and age along with error bounds given by the
posterior standard deviation in both intensity and age; this is distinct
from Fig. 1 that shows the data by their a priori values. We note that the
posterior and a priori ages can differ by up to 60 years, depending on the
error budget for the data. We omit showing the results from the mixed
dataset as they are almost identical to those from the thermal unit
dataset because the number of group level data at the time of spikes is
relatively small (in fact this involves only three data around the spike of
the 8th century BCE; see below). We therefore do not consider further
the mixed level dataset and we only focus on the homogenized datasets.

Fig. 2a shows that despite the scattered nature of the thermal unit
dataset (Fig. 1) there is a smooth intensity evolution consistent with the
data and their uncertainties, characterised by eight local maxima in
intensity between ~1050 BCE and ~650 BCE of which six are prominent
at ~1050 BCE, ~970 BCE, ~940 BCE, ~890 BCE, ~790 BCE and ~670
BCE and fulfill our definition of geomagnetic spikes. These spikes along
with their duration are highlighted in light blue boxes, and labelled with
coloured stars. We will discuss the duration of the spikes below, but for
now we simply note that the longest spike, at ~790 BCE, has a duration
of about a century (including both rise and fall of intensity). A partic-
ularly important result is thus that the available data require a much
more complex evolution of geomagnetic intensity than the quasi-steady
behaviour punctuated with only two spikes that has been proposed so
far. Indeed, of the six spikes that we find, two of them (ca. 970 and 790
BCE) have a similar age to those proposed at 980 BCE (Shaar et al.,
2011) and during the 8th century BCE (Shaar et al., 2016).

We note that the identification of more than two spikes consistent
with the thermal unit data does not depend on the threshold criterion of
our spikes definition: even by doubling the rate of change threshold to
1.2 uT/yr, significantly narrowing the criteria that the spikes must
satisfy, four spikes (at around 1050 BCE, 970 BCE, 890 BCE and 670
BCE) are identified, leaving this key conclusion unaltered.

When the raw archeointensity data are averaged according to their
archeological context (or layer), the situation changes radically. For the
group-level data defined with N > 2, only one spike remains during the
7th century BCE, lasting slightly less than a century (Fig. 2b), clearly
generated by a single data point obtained in Turkey (TT1). On the other
hand, the high intensity value obtained at Arslantepe (Turkey; Ertepinar
et al., 2012) does not require a significant fluctuation, probably due to
the relatively large age and intensity uncertainties associated with this
data point, in combination with the other archeointensity values avail-
able over the time interval concerned. When the groups are defined with
N > 3, removing the TT1 data point, the evolution in intensity shows no
spikes but instead a rather simple multi-centennial slow increase then
decrease (Fig. 2c). Overall, depending on the choice of the dataset
(fragments or groups of fragments), the intensity evolution alters
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markedly from a highly oscillatory curve with six spikes (fragment level)
to one with no spike at all (group-level N > 3).

The intensity variation required by the fragment level data depends
significantly on their associated error budgets: small uncertainties of
some data trigger a complex time-dependence. We briefly illustrate the
impact on our results of what Shaar et al. (2016) term as “extended
errors”, which are based on the extremes of the possible intensity values
for all the specimens of the same fragment, also including the standard
deviation error. These extended errors apply only to the datasets pro-
vided or revised in Shaar et al. (2016), for which the authors consider
that they give a better expression of the true experimental uncertainty of
the intensity obtained at the fragment level. Although these values
characterise the breadth of the error distribution, its shape is not known.
We interpret their results in terms of a uniform distribution (Fig. S2a;
Table S6) and a Gaussian distribution (Fig. S2b; Table S7) with, in the
latter case, a standard deviation being given by 1/4 of the extended error
(i.e. assuming that 95% of the possible values are within the extended
error interval). For the uniform distribution we recover 6 spikes as in
Fig. 2a, whereas for the Gaussian distribution only 5 spikes are detected
although the spike in the 8th century is only very slightly below the
threshold limit of 0.6 uT/yr (Fig. S2b). It therefore appears that adopting
either of our two interpretations of the errors proposed by Shaar et al.
(2016) does not modify the observations previously made.

5. Sensitivity of the spikes
5.1. The effect of an increased error budget

Although the extended errors of Shaar et al. (2016) did not affect the
results in any significant way, we now explore the impact of further
increasing the error budgets both for intensity and age, with the general
idea that the accuracy of the intensity values, as well as the date of the
artefacts or contexts studied, could be overestimated (e.g. Korte et al.,
2005; Suttie et al., 2011; Davies and Constable, 2017). There are many
factors that could lead to under-estimation of errors; for instance, a
fragment may move in a stratigraphic sequence (see for instance dis-
cussion in Gallet et al., 2020; Gimatzidis and Weninger, 2020) or the
experimental approach used may not be adequate enough to detect (and
correct) slightly biased intensity values (which, we note, does not mean
that the data are any less reliable according to the selection criteria
used). It should also be noted that an intensity determination generally
does not take into account the diversity of all interpretations that are
equally possible or acceptable (although, in this respect, the approach
used by Shaar et al. (2016) is a step towards this). We arbitrarily impose
a sequence of minimum values on the intensity error: 0 (i.e. no change),
3, 4, 5, 6 uT, (with laboratory-determined values greater than these
minima being unaffected), anticipating that larger uncertainties will
require fewer fluctuations in intensity. We adopt an absolute rather than
a relative minimum error in order not to bias the analysis towards data
with lower intensity (see discussion in Suttie et al., 2011). Similarly, we
successively place a minimum accuracy on the dating of artefacts or
archeological contexts of 0 yr (i.e. no change), 25 and +50 years. This
latter modification mainly affects the Timna-30 data, which were pub-
lished with a high precision of less than +10 years and for which we
keep the time-order relationship (Shaar et al., 2011, 2016). We recog-
nize that this is a somewhat arbitrary and blind modification, but it is
intended to assess the extent to which the detection of geomagnetic
peaks depends on the accuracy of the available archeomagnetic data. We
focused these calculations on the data at the thermal unit level showing
the greatest number of spikes (Fig. 2a). Fig. 3 shows a subset of the 15
cases (see Fig. S3 for all cases), chosen to highlight the important effects,
which incorporates minimum intensity errors of 3-6 yT and minimum
age uncertainties of 0 (left column) and 25 years (right column).

When we impose minimum errors of 3 yT on the intensity, affecting
93 of the 139 data, we find that the resulting intensity variation has only
five of the six spikes of Fig. 2a, the missing spike being that of the 8th
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Fig. 3. The effect of a series of minimum error budgets in both intensity and age on the posterior intensity variation based on the thermal unit dataset. For each
sample in the dataset, the posterior median intensity and age is plotted with the error bars showing the posterior standard deviation. Left column shows the intensity
variation using the a priori ages but with a minimum intensity error of 3-6 uT. Right column shows the variation additionally assuming a minimum age error of 25
years. The green region in (e) and (g) shows the SHAWQ-Iron Age model with 2 standard deviations. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

century BCE when the maximum dF/dt fell just below the threshold at
0.6 uT/yr (Fig. 3a). Compared to Fig. 3a, increasing the minimum in-
tensity errors to 4 uT results in the elimination of the spike around 940
BCE (thus leaving four spikes; Fig. 3c). Alteration of the minimum in-
tensity error to 5 uT is an important case since this threshold is also
considered by other authors (Korte and Constable, 2011; Davies and
Constable, 2017); it affects 135 of the 139 data and significantly only
one spike remains, that defined by the slag data around 970 BCE
(Fig. 3e) (Shaar et al., 2011, 2016). A very strong fluctuation is also
observed during the 8th century BCE but the associated dF/dt curve falls
marginally short of the threshold of 0.6 4T/yr. It appears that this case
leads to a situation closest to that suggested by Shaar et al. (2016). In all
cases, placing a minimum age uncertainty of 25 years (Fig. 3b,d,e,h) has
only a minor effect by reducing slightly the amplitude of both the

intensity and dF/dt. In each case, the number of spikes remains the same
although there is some alteration of which peaks are classified as spikes
among those peaks very close to the thresholds we define.

When the minimum intensity error is slightly increased to 6 uT, this
threshold representing ~7.5% of the average intensity values, no more
spikes remain; of particular note is that the spike at 970 BCE, so far the
most robust to increases in intensity error budget, also vanishes. Only
two moderate (albeit strong compared to the current field behaviour)
fluctuations are present around 1000 BCE and during the 8th century
BCE, marked by a maximum of dF/dt of about 0.2 uT/yr.

The minimum 6 T case shows a striking similarity to the recon-
struction from the SHAWQ-Iron Age model (Fig. 3g) in terms of its
general structure of a dual broad peak with fairly similar rates of change.
Note, however, that the peaks defined by the Bayesian median curve are
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not only slightly offset by a few decades earlier, but have higher values,
than those defined by the SHAWQ-Iron Age model.

Thus as the error budget is increased from the a priori values, the
strongly varying intensity becomes rather flat and devoid of remarkable
structure, with rates of variations close to those known for the present-
day field.

5.2. The effect of the Timna-30 age model

Very accurate intensity and/or dating results have a strong influence
on the calculation of intensity variation models. We now highlight the
importance of the dataset from the Timna-30 archeological site whose
very precise dating places severe temporal constraints on any intensity
evolution curve. Indeed, Fig. 2 shows that four of the six spikes inferred
from the fragment level dataset occurred during the period 1109-836
BCE of the Timna-30 data.

There are two aspects to the temporal constraints of the Timna-30
data: (i) the narrow age-range proposed for each layer and (ii) time-
order constraints between layers. Following the philosophy of the pre-
vious section, we now investigate whether a softening of these stringent
constraints has an effect on the inferred posterior intensity evolution.
The stratification at Timna-30 was established with great care in Shaar
et al. (2011) (see their Fig. 3), and challenging this stratification does
not seem to be a reasonable option. In contrast, the assumptions that lie
behind the proposed age range of each layer are probably more ques-
tionable, in part because they rely on poorly constrained layer accu-
mulation mechanisms. We therefore consider the following option: the
stratification between layers is preserved but the authors’ narrow age
ranges for each layer are replaced by a single Gaussian distribution,
whose 20 limits are taken to be the range 1109-836 BCE that spans the
whole dataset (Shaar et al., 2011). In the context of the method, the prior
distribution of each of the Timna-30 data then are defined by the same
Gaussian distribution, and the stratification is taken into account by the
posterior distribution. In particular, the marginal posterior ages neces-
sarily obey any time-ordering constraints.

Fig. 4 shows four calculations based on the redefined prior age dis-
tributions for the Timna-30 data, the remainder of the thermal-unit
dataset remaining unchanged. Fig. 4(a) shows that the modified data-
set itself is consistent with three spikes, only one of which (~ 970 BCE) is
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prior to 850 BCE. Note that the double-peak at ~1070 BCE is not a spike
as it does not meet the first criterion of section 3.2. Thus, for the period
prior to 850 BCE, our broadening of the prior ages of the Timna-30 data
reduces four spikes to one. The spikes ca. 790 BCE and 670 BCE are
similar to those of Fig. 2. On allowing for a greater error budget for the
intensity errors (Fig 4b,d) to either 3 uT or using the extended (uni-
formly distributed) errors, the spike at ~970 BCE disappears. Relaxing
the intensity error budget still further to 5 4T results in an intensity
evolution with only modest maxima around 970 BCE, 790 BCE and 670
BCE which are not sufficiently extreme to be classified as spikes, and
indeed which shows an evolution consistent with that of SHAWQ-Iron
Age (Osete et al., 2020).

In the previous section we noted that the spike at 970 BCE was the
most resilient, when increasing the intensity errors. We see now that this
spike is heavily dependent on the published stringent age ranges for the
Timna-30 dataset: a relaxation of the age ranges results in the disap-
pearance of this spike.

6. Discussion
6.1. Characterisation of the geomagnetic spikes

The observations made so far are now complemented by a more
quantitative characterisation of the Near-Eastern geomagnetic spikes (of
Fig. 2) derived from the thermal unit dataset.

Fig. 5a shows a comparison of the shape and duration of the spikes of
Fig. 2a. The total duration of the geomagnetic spikes ranges from ~30
years for the two spikes dated around 970 BCE and ~670 BCE (orange
and black curves, respectively) to ~100 years for the spike of the 8th
century BCE (purple curve). Of particular note is that the two spikes
(respectively orange and purple) that were proposed at ~980 BCE and
during the 8th century BCE (Shaar et al., 2016) have durations ~30
years and ~100 years, i.e. at the two extremes. The duration between a
spike’s ascending and descending branches can be significantly
different, with clearly shorter ascending branches for the spikes dating
from ~970 BCE (orange curve) and ~890 BCE (blue curve). The spike
around ~670 BCE (black curve) is particularly symmetric with respect
to the maximum intensity. The ~30-yr duration for the spike at ~970
BCE is consistent with the timescale originally proposed by Shaar et al.
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Fig. 4. Panel (a) shows the evolution of the posterior distribution based on a modified fragment level dataset in which the age model for the Timna-30 data is
replaced with a Gaussian prior distribution with the 2¢ limits of 1109 and 836 BCE. Panels (b-d) show respectively similar calculations when assuming minimum
intensity errors for all data of 3 4T and 5 uT, and the extended error case assuming a uniform distribution. The individual data are shown by their posterior median

age and intensity with the error bars indicating the posterior standard deviation.
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Fig. 5b illustrates how the shape of the spike dated ~970 BCE
changes with minimum intensity error, showing how the intensity curve
is flattened by an increasingly generous error budget. For a minimum
error of 3 uT the duration of this spike remains ~30 years. For higher
minimum errors of 4 and 5 uT the duration increases to ~55-60 years
and finally the spike disappears at 6 yT. On the basis of the available
data, therefore, it appears that this spike is intrinsically shorter than the
spike of the 8th century BCE. Interestingly, the peak of the spike in-
creases slightly in age (by about 10 years) between the minimum error
cases of 3 yT and 5 uT.

Finally, Fig. 5¢ shows in a quantitative way how the extreme nature
of geomagnetic spikes, defined by the maximum dF/dt for each spike,
evolves as a function of the error budget attributed to the data (same
colour code as before). Note that only the intensity errors are modified,
and we include also the case of the extended errors (Fig. S2); thus, the
dating uncertainties, sometimes very small, remain those assigned by
the authors (Fig. 1). All geomagnetic spikes retain their respective
exceptional character up to a minimum error of 3 and 4 yT. Above this
value (e.g. at 5 yT), the max dF/dt is strongly suppressed and only two
intensity fluctuations maintain maximum dF/dt values higher or very
close to the threshold of 0.6 yT/yr. With a minimum error of 6 uT, all
maximum dF/dt values are well below this threshold (maximum ~0.25
uT/yr) and the observed events then become compatible with the cur-
rent understanding of the geodynamo (Livermore et al., 2014). As noted
above, they also become similar to the rates of change of other intensity
peaks mentioned in the literature for the Near East and Western Europe
(Hervé et al., 2017; Yutsis-Akimova et al., 2018; Gallet et al., 2020;
Osete et al., 2020). Of the two spikes proposed by Shaar et al. (2016), we
note that the spike dated ca. ~970 BCE is the most persistent of all the
spikes in terms of an increasing intensity error budget. The 8th century
BCE peak is remarkably stable up to experimental errors of 5 uT, even
though it is not always classified as a spike due to rate of changes that
fluctuate around the threshold. When increasing the error budget to 6
uT, only relatively modest intensity variations remain which we do not

4.0

Physics of the Earth and Planetary Interiors 312 (2021) 106657

Fig. 5. Characterisation of the geomagnetic spikes of
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mined by our criteria. (b) The geomagnetic spike of
ca. 970 BCE as a function of minimum intensity error
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absolute rate of change of intensity at the times of the
spikes based on the raw dataset and their dependence
on the minimum intensity error imposed; the dashed
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6.2. Concluding remarks

We have illustrated that the observation and very existence of
geomagnetic spikes in the Near East, as based on the set of arche-
ointensity data currently available, is crucially dependent on the defi-
nition of the data that are used, as well as the error budget allocated to
these data. The analysis presented in this work was made possible by
adopting the transdimensional Bayesian method recently developed by
Livermore et al. (2018), which is particularly well adapted to the
detection of rapid and extreme intensity variations. In the case of
considering all data at the fragment level, we showed that the available
dataset is compatible with not just two spikes (as proposed by Shaar
et al. (2011) and others), but with six spikes, which all meet the same
definition criteria (mainly considering a threshold of 0.6 yT/yr for the
rate of change associated with each event), and whose duration varies
from ~30 years to ~100 years. To argue for a number of spikes less than
six would require a demonstration that some data are less reliable than
others, or, as we have shown, that either (or both) of the intensity error
budget or age constraints associated with the data are softened. How-
ever, the fact remains that even if the quality criteria imposed are
considered particularly severe compared to those prevailing for much of
the archeointensity results obtained worldwide (see Genevey et al.
(2008); Brown et al. (2021) and the references associated with the
datasets selected in the present study), the data available in the Near
East remain fairly scattered which obscures the observation of ultra-fast
archeointensity variations.

We also showed that the number of spikes is a function of the error
budget allocated to the data when considered at the fragment level. Note
that in our numerical experiments (and for the dataset considered),
minimum intensity errors seem to have more influence than minimum
uncertainties on dating. For the specific choice of minimum intensity
errors of 5 uT, which has been considered for global field reconstructions
(Korte and Constable, 2011; Davies and Constable, 2017), we find two
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(and only two) significant intensity peaks, the first around 970 BCE
which we classified as a spike of duration ~55 years, and the second
event (which did not meet the criteria for a spike) during the 8th century
of longer duration (~1 century), both of which have been widely dis-
cussed in the literature (e.g. Shaar et al., 2016). We also showed that the
situation prior to 850 BCE radically changes if the narrow age range
considered for each slag layer of the Timna-30 data is widened,
assuming instead a single age interval for all these data covering the
entire sequence of deposits, while preserving the time-order relationship
as provided by Shaar et al. (2011). The spike at 970 BCE, seemingly
persistent with respect to enhanced intensity errors, appears particularly
fragile if the layer-age constraints for the Timna-30 dataset are relaxed.
If the minimum intensity error is slightly increased to 6 uT, then
although the two broad peaks remain and the curve becomes remark-
ably consistent with the SHAWQ-Iron Age model Osete et al. (2020), all
spikes disappear and the rates of change (with maximum values at or
below 0.25 uT/yr) become close to the rates determined for other in-
tensity peaks of different ages in the Near East and Western Europe
(Hervé et al., 2017; Yutsis-Akimova et al., 2018; Gallet et al., 2020;
Osete et al., 2020).

We briefly comment on the how our choice of method has shaped the
study and the conclusions. Underpinning the identification of spikes is
the ability to model multiple timescales, of paramount interest here are
the interspersed periods of rapid and slow evolution of the intensity (see,
for example, Fig. 3). Our approach with minimal prior information and
no smoothing is ideally suited to this situation, where the data them-
selves identify any periods of temporally-localised rapid changes. Other
methods (e.g. Lanos, 2004; Hellio et al., 2014; Thébault and Gallet,
2010) which all involve additional constraints may not be able repro-
duce the behaviour we find, in particular, the existence of six spikes
consistent with the thermal unit dataset. However, for the most generous
error budget, the resulting smooth evolution characterised by a single
timescale is likely reproducible by other methods.

The strong sensitivity of intensity variation inferred from a specific
dataset has been widely discussed in the literature (e.g. Genevey et al.,
2016; Hervé et al., 2019). Here this is also seen when we compared
fragment to group level data. In the literature, the definition of arche-
ointensity data varies from one author to another (Brown et al., 2021;
Genevey et al., 2008). This difference is almost philosophical as it de-
pends on the authors’ confidence in their own individual results, even
beyond the uncertainty estimates experimentally found for the intensity
or provided by archeologists for the dating for their data. Geomagnetic
spikes appear if the data are considered at the level of the thermal unit, i.
e. a pottery fragment, a brick or a kiln. Crucially, each fragment is
assumed reliable within its error bars. If the data are defined on the level
of a group of fragments of the same age and collected in the same
archeological context (with a minimum of three independent fragments
per context), in order to reduce, for example, a possible bias linked to a
badly dated fragment in relation to the others, then the spikes disappear
from this reduced homogenized dataset.

Our principal conclusion is that there is currently no indisputable
evidence of geomagnetic spikes which have been proposed in the Near
East during the first half of the 1st millennium BCE, whose very exis-
tence appears rather fragile. Instead, we cannot exclude the possibility
that the Near-Eastern geomagnetic intensity variation of the 1st mil-
lennium was characterised by intensity peaks with much more modest
rates of change (~0.2-0.3 yT/yr) as shown also by the recent SHAWQ-
Iron Age model, possibly higher than the modern field, yet consistent
with secular variation as known for other ages and in other regions. Our
inability to offer unequivocal evidence of a spike hinges on the fact that
the true uncertainties in both the intensity and ages of the data are
difficult to estimate reliably, particularly when working at the frag-
ment/thermal unit level. One thing is certain: spikes bring us to the
boundaries of accurate experimentally-determined archeomagnetic in-
tensity, while also pushing archeological practice to its limits in terms of
gathering temporally homogeneous artefacts from the same
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archeological context and dating precision. Beyond their dramatic im-
plications for geomagnetism, geomagnetic spikes present practitioners
in archaeomagnetism with an unprecedented challenge.
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