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Variations of the geomagnetic field prior to direct observations are inferred from
archeo- and paleomagnetic experiments. Seemingly unusual variations not seen in the
present-day and historical field are of particular interest to constrain the full range of
core dynamics. Recently, archeomagnetic intensity spikes, characterized by very high
field values that appear to be associated with rapid secular variation rates, have been
reported from several parts of the world. They were first noted in data from the Levant
at around 900 BCE. A recent re-assessment of previous and new Levantine data,
involving a rigorous quality assessment, interprets the observations as an extreme local
geomagnetic high with at least two intensity spikes between the 11th and 8th centuries
BCE. Subsequent reports of similar features from Asia, the Canary Islands and Texas
raise the question of whether such features might be common occurrences, or whether
they might even be part of a global magnetic field feature. Here we use spherical harmonic
modeling to test two hypotheses: firstly, whether the Levantine and other potential spikes
might be associated with higher dipole field intensity than shown by existing global field
models around 1,000 BCE, and secondly, whether the observations from different parts
of the world are compatible with a westward drifting intense flux patch. Our results
suggest that the spikes originate from intense flux patches growing and decaying mostly
in situ, combined with stronger and more variable dipole moment than shown by previous
global field models. Axial dipole variations no more than 60% higher than observed in the
present field, probably within the range of normal geodynamo behavior, seem sufficient
to explain the observations.

Keywords: archeomagnetism, paleomagnetism, intensity spike, secular variation, global magnetic field models

1. INTRODUCTION

Variations of the geomagnetic field prior to direct observations can be inferred from archeo- and
paleomagnetic experiments. Investigations of past secular variation are relevant to understanding
the geodynamo process in Earth’s core. Seemingly unusual variations not seen in the present-day
and historical field are of particular interest to constrain the full range of core dynamics. These
include “geomagnetic intensity spikes,” characterized by very high field intensity values that are
associated with rapid secular variation rates. They were first noted in the Levantine area by Ben-
Yosef et al. (2009) and Shaar et al. (2011) at around 900 BCE. Subsequent studies from Turkey
(Ertepinar et al., 2012) and Georgia (Shaar et al., 2013) confirm high regional intensities. Based
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on a careful quality assessment of new and previously published
Levantine data Shaar et al. (2016) interpret the observations as
an extreme regional geomagnetic high with at least two intensity
spikes between the 11th and 8th centuries BCE.

Reported high intensity values from other parts of the world
at similar times, however, raise the question whether similar
features occurred more commonly or if they are even part of
a global magnetic field feature. No clear definition of intensity
spikes exists. High intensity values potentially related to spikes
have recently been reported from the Canary Islands (de Groot
et al,, 2015; Kissel et al., 2015), Korea (Hong et al., 2013), eastern
China (Cai et al., 2016), and Texas, United States of America
(Bourne et al., 2016).

Livermore et al. (2014) investigated how core flow models
might explain a localized spike and conclude that the reported
rates of secular variation from the Levant are not compatible with
commonly accepted core-flow dynamics under the assumption
of no radial magnetic diffusion. However, the careful re-
interpretation of the Levantine results by Shaar et al. (2016)
revised the local maximum secular variation rates to slightly
lower values as it eliminated some of the highest intensity values
reported previously. Davies and Constable (2017) recently tested
the hypothesis that the Levantine spike could be caused by a
narrow localized intense flux patch at the core-mantle boundary
(CMB). They conclude that the spike signature at the surface
must span at least 60° in longitude and suggest that the source
is a flux patch first growing in place and then migrating north-
and westward.

Numerous global spherical harmonic based reconstructions
of the geomagnetic field evolution through the past millennia
have been developed over the last decade (see Constable and
Korte, 2015; Korte et al., 2017, for reviews). None of them
shows sharp intensity spikes. This is not surprising as both
spatial and temporal resolution of such models are clearly limited
compared to what is known from the present-day field, due to
heterogeneous, sparse global data distribution and uncertainties
in data and dating. Moreover, many of the recently reported high
intensity values have not yet been included in global models.

Here we use spherical harmonic modeling to test the
hypotheses that the Levantine and other potential spikes
might be related to dipole field intensity around 1,000 BCE
that is higher and more variable than previously thought,
and whether the observations from different parts of the
world are compatible with a westward drifting intense flux
patch.

In section 2 we first provide an overview of recently published
high intensity archeomagnetic data discussed in the context of
geomagnetic spikes and other published data used in this study.
We compare secular variation and potential westward drift rates
around the reported spikes to maximum rates observed in high
resolution field models based on recent magnetic observatory and
satellite observations in section 3. We then (section 4) derive a
suite of new global models to test if what we consider a physically
reasonable model can explain the spike observations by invoking
a higher dipole moment than seen in previous models and/or
westward drift of an intense flux patch around 1,000 BCE,
without degrading the fit to the other available archeomagnetic

observations. We discuss our findings in section 5 before we
briefly summarize our conclusions.

2. DATA AND COMPARISON OF
REPORTED GEOMAGNETIC SPIKE
OBSERVATIONS

Three compilations of data are considered in this study:

e Recently published data that has in some way or other been
discussed in relation to geomagnetic spikes or unusually high
field intensity around 1,000 BCE. For ease of terminology we
refer to this subset of data as spike data in the following.

e Global archeomagnetic and volcanic data as included in the
GEOMAGIAS50.v3 (Brown et al., 2015) database by October
1, 2016. This larger subset of data is referred to as other
archeomagnetic data in the following.

e A selection of sedimentary paleomagnetic records for
comparison and modeling purposes.

The term “geomagnetic intensity spike” was coined by Ben-
Yosef et al. (2009), who reported among other data two very
high archeointensity results that yield values higher than 200
ZAm? in terms of virtual axial dipole moment (VADM), and
indicating very rapid field changes. Recently, Shaar et al. (2016)
re-interpreted all data from the studies by Ben-Yosef et al
(2008a,b, 2009) and Shaar et al. (2011) using an automatic, and
hence more objective, interpretation of the experimental results
from the PmagPy Thellier GUI software by Shaar and Tauxe
(2013) and applying very strict quality control in the acceptance
criteria. They also find several high intensity values, but none
exceeding 200 ZAm2. We consider only the revised Levantine
data set by Shaar et al. (2016) and deleted the values from the
Ben-Yosef et al. (2008a,b, 2009) and Shaar et al. (2011) studies
from the global data set taken from GEOMAGIA50.v3. More
recent work by Ben-Yosef et al. (2017), which had not yet been
published when we carried out our study, further corroborates
the Levantine data set without exceeding intensity amplitudes
found by Shaar et al. (2016).

All recent studies forming our spike data set are listed in
Table 1. Except for the work from Ertepinar et al. (2012) these
studies had not been included in GEOMAGIA50.v3 in October
2016 and the data have been taken directly from the publications.
Most of the data derive from archaeological material, with the
exceptions of volcanic rocks in case of the Canary Islands and
relative intensity results from cave sediments from Texas.

A limited number of sediment records have been selected
from the compilation by Korte et al. (2011) to improve global
data coverage. Selection criteria, in particular in areas with
multiple available records, were availability of the full vector
information and temporal resolution or sedimentation rate.
Relative paleointensity (RPI) records do not always reliably
reflect the geomagnetic signal (see e.g., Tauxe and Yamazaki,
2015), so as an additional simple criterion to ensure RPI
reliability we only chose records, reflecting the general dipole
moment trend with higher values between 1,000 BCE and
1,000 CE than at earlier or later times, which is clearly reflected in
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intensity variations on multi-millennial periods (see e.g., Figure
20 of Constable and Korte, 2015). These records, listed in Table 2,
have been used with the uncertainty estimates provided by
Panovska et al. (2015) following the method given by Panovska
etal. (2012). A recently published new record from Lake Mavora,
New Zealand (Turner et al., 2015) has been added. Uncertainty
estimates for both this and the Texan cave sediment record
included in our spike data set have also been determined
following Panovska et al. (2012). Figure 1 shows the locations of
the data from all three sets from the time interval 2,000-0 BCE.
All spike data come from a latitudinal band between 28 and 42°N.

To obtain an overview of potential spikes observed in the
different regions we compare the recently published spike data
among the different regions and to the other archeomagnetic
data from nearby (Figure2). The other data come from
approximately 1,500 km radii around the spike data. The best
documented spikes at present clearly are the two Levantine
spikes at about 980 and 740 BCE. The Chinese spike appears

TABLE 1 | Highest intensity values potentially related to geomagnetic spikes,
converted to VADM, and their ages from East to West.

Region Max. VADM (ZAm2) Time Reference

Korea 128 1,160 4+ 80BC Hong et al., 2013

China 166 1,300 &+ 300BC Caiet al., 2014, 2015, 2016

Georgia 154 900 + 100BC Shaar et al., 2013

Turkey 178 1,050 £+ 150BC Ertepinar et al., 2012

Levant 187 980 + 10BC  Shaar et al., 2016

Canary Is. 160 590 + 190BC de Groot et al., 2015; Kissel
etal, 2015

Texas (438)* 894 + 145BC Bourne et al., 2016

*Scaled relative paleointensity value from cave sediments, see text for details.

TABLE 2 | Sediment records used in this study with their average sedimentation
rate (SR).

Code lat long SR (mm/yr) Reference

bir 33.3 35.7 1.6 Frank et al., 2002, 2003

des 32.0 35.0 2.0 Frank et al., 2007

esc —-41.0 —-71.3 0.3 Gogorza et al. (2002, 2004)

fur 59.4 121 0.4 Zillén, 2003; Snowball et al.,
2007

leb 41.0 —80.0 2.1 King, 1983

Isc 45.0 —-938.0 2.5 Lund and Banerjee, 1985

mav —45.3 168.2 0.5 Turner et al., 2015

mez 42.6 11.9 0.9 Frank, 1999

nau 61.8 24.4 0.6 Ojala and Saarinen, 2002;
Snowball et al., 2007

poh 62.8 28.0 1.0 Saarinen, 1998

stl 48.6 —68.6 1.5 St-Onge et al., 2003

tre —411 —-71.5 0.4 Gogorza et al., 2006; Irurzun
et al., 2006

wai 19.8 —155.5 0.4 Peng and King, 1992

considerably older, but its age uncertainties are significant
and partly overlap with the 980 BCE Levantine spike data.
Similarly, the Canary Island spike appears clearly younger, but
age uncertainties extend to the times of the 800 BCE Levantine
spike.

The Chinese and Canary Island data sets most clearly show
how age uncertainties hamper the detailed investigation of high
intensity spikes: Several data are only known to lie within the
same age range and are assigned the same central age. Small data
uncertainties may suggest that the data come from different ages
within the age interval, but any time series or spatial interpolation
will tend to consider them at the same time and average the
values, not even trying to fit the maximum values closely.

The few new Korean data around 1,200 BCE are high, but do
not clearly characterize a spike. The Texan cave sediments, on the
other hand, give an exceptionally high value at about 890 BCE,
which exceeds 400 ZAm? when the whole RPI time series is
scaled by a global model. The feature shows more than double
the intensity seen elsewhere, yet is supported by only three data
points so far. It should be regarded with caution until confirmed
by future data. Previous absolute intensity data from the region
are sparse.

The relatively abundant other data around the Levant, Turkey
and Georgia indicate another factor complicating the derivation
of a clear spatio-temporal picture of the spike: the scatter in
regional data is rather large (the occasionally also large age
uncertainties are not even shown in Figure 2) with uncertainties
not always overlapping, at least at one sigma level. Older
studies did not consider tests and quality criteria developed only
recently, yet rejecting all data without this information depletes
the available information unreasonably. Most previous data are
below the spike maxima, but a few individual very high intensity
data are noted at different times, in the examples shown here in
particular in previously published data from China. As shown in
the work by Shaar et al. (2016) such values might not survive
critical re-evaluation, but it also clearly seems unwarranted to
discard them without examination. Unfortunately the raw data
required for a re-assessment as performed by Shaar et al. (2016)
is hardly ever available for older data. For this study we take all
published data at face value and do not attempt to judge their
quality in any way.

Concerning regional spike observations we also note that high
intensity values reaching up to 200 ZAm? and thus reminiscent
of the presently discussed spikes have been found at 890 BC in
Hawaiian lavas by Pressling et al. (2006, 2007).

Calibrated relative paleointensities from the sediment records
considered in this study are included in Figure 2. Interestingly,
both South American records (esc, tre) show a signature
reminiscent of reported intensity spikes around 1,050 BCE, i.e.,
between the Asian and Levantine highs, and the Italian Lago di
Mezzano (mez) record seems to reflect the two Levantine spikes.

The spatial distribution of all new spike reports permit
different interpretations. Firstly, considering the age
uncertainties there might have been only two spikes of
large spatial extent between about 1,000 and 750 BCE. Secondly,
there might have been at least four regionally confined spikes
between about 1,400 and 500 BCE. Thirdly, considering that

Frontiers in Earth Science | www.frontiersin.org

March 2018 | Volume 6 | Article 17


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Korte and Constable

Archeomagnetic Intensity Spikes

FIGURE 1 | Locations of data used in this study from time interval 2,000-0 BCE: Recently published spike data (red dots and red star), other archeomagnetic and
volcanic data (cyan dots) and selected Holocene high resolution sediment records (blue stars). See text for details of the three data sets.

high intensities are observed earlier in Korea and China than
in the Levant and later on the Canary Islands, all at similar
mid-latitudes, westward drift of magnetic flux structure might
be involved. Table 3 shows simple estimates of the order of core
flow velocities required under the frozen flux assumption for
this interpretation. The estimates were obtained by considering
large-circle distances between the approximate centers of the
regions, time differences between the highest intensity values as
given in Table 1 and considering that with westward drift the
spike should have occurred earlier in Korea than China (well
possible within the Chinese age uncertainties), and 3481 km as
radius of the outer core to obtain velocities at the CMB. The
reported Canary island spike is younger than the Texas one,
so they are incompatible with a westward drift explanation of
a single flux patch causing one of the Levantine spikes. With
0.35 and 0.11°/year or 21 and 7 km/year at the CMB, for a
feature drifting from Asia to the Levant and from there to the
Canary Islands, respectively, these rates are well within core flow
velocities deduced from the present-day field (e.g., Hulot et al,,
2002; Livermore et al., 2014) which can reach values in the order
of 0.9°/year or 55 km/yr. Typical present-day values for the
large-scale flow are lower, in the order of 15 to 20 km/year (e.g.,
Holme, 2015), but the high-latitude circumpolar jet deduced by
Livermore et al. (2017) to explain the accelerating westward drift
of intense flux lobes over Canada and Siberia observed from
satellite data reaches maximum speeds of 40 km/year. Based on
simple considerations of paired records only the Levantine and
Texan spike observations seem incompatible with a westward
drifting flux patch, and even that would only require core
flow velocities 33% higher than inferred from high resolution
present-day field models.

3. INSIGHTS FROM GLOBAL
GEOMAGNETIC FIELD MODELS

In order to see how unusual the spikes appear in the context
of known secular variation we perform some comparisons

with global archeomagnetic and high resolution present-day
field models. Shaar et al. (2016) pointed out that present-day
regional deviations from the axial dipole moment range from
50 to 150%, while the Levantine spike exceeded the axial dipole
moment at that time by a factor of two. This is reflected by
global minimum and maximum VADM values tabulated for the
International Geomagnetic Reference Field (IGRF Thébault et al.,
2015) for 2015 in Table 4. The standard deviation obtained from
a global grid of VADM values is 15 ZAm?2, but note that they
are not normally distributed. Despite the fact that the lowest
values are <50% and the highest ones do not reach 150% the
globally averaged VADM is slightly higher than the (tilted) dipole
moment (DM). We do not know the actual DM strength at
the times of the archeomagnetic spikes. Despite displaying the
same general trends global archeo- and paleomagnetic models
show differences in more detailed structures, and recovering the
absolute DM strength is surprisingly challenging as it critically
depends on the, globally seen, rather sparse absolute intensity
information (Panovska et al., 2015). At times of their highest
DM, within two centuries from the reported spikes, the three
Holocene models ARCH10k.1, CALS10k.2, and HFM.OL1.A1
(Constable et al., 2016) reach maximum local VADM values
of up to 143 ZAm?. These models include some of Levantine
spike data, but all of them clearly underestimate the associated
high intensity values. The lower VADM standard deviation and
closer similarity of globally averaged VADM and DM compared
to IGRF 2015 are indicative of the lower spatial resolution
of these models. Considering all available data VADMs for a
300 year interval around the spikes yields maximum values
higher than the revised Levantine results (Table 4) (which come
from Hawaii in 890 BCE; Pressling et al., 2006, 2007) and
an average value clearly higher than the maximum model
global averages. The averaged data VADM is closer to the
archeomagnetic model average if the recently published spike
data are not included. All this might suggest that the actual DM
was higher during the occurrence time(s) of the spikes, which
might make the magnitude, although not necessarily the rates
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FIGURE 2 | VADMs for the time interval 2,000 to 0 BCE (A) of spike data set (colored dots) from the regions listed in Table 1 with other archeomagnetic and volcanic
data (black) from within 1,500 km radii around, and (B) of the sediment records used in this study. All data are ordered from east to west (top to bottom panels),
sediment records within regional proximity are plotted in one panel. The approximate geographic coordinates for each region or record are given in the panels. Error
bars indicate one standard error in magnetic data and age uncertainties as provided in the studies. Age errors of sediments and other archeomagnetic/volcanic data
have been omitted for clarity of figures. All sediment data were calibrated by the ARCH10k.1 global model (see text). The gray intervals in (A) mark the approximate
times of the discussed spikes by highest intensity values and their age uncertainties. Note the different ordinate scale in the bottom left panel.

of change, reconcilable with present-day VADM deviation from
(axial) DM.

Not considering the Texas cave sediment data, the fastest rates
of intensity changes related to archeomagnetic spikes seem to
come from the Levant and China. In the former region, the
fastest change seems related to the spike around 740 BCE, with
age uncertainty interval 800-732 BCE. Assuming that the data
all are correct within their data and age uncertainties, these
values suggest a minimum rate of intensity or VADM change
of 31 WT/century or 61 ZAm?/century, respectively. This is
clearly lower than the rates estimated by Livermore et al. (2014)
based on the originally published Levantine data. The Chinese

values around 1,300 BCE have a rather large age uncertainty of
£300 years, giving an interval of 1,600 to 1,000 BCE. However,
assuming that a low value dated at 1,328 £ 28 BC is correct and
the highest values occurred at 1,000 BC the minimum required
rate of change, again also considering data uncertainties, amounts
to 15 pwT/century in intensity or 30 ZAm?/century. These rates
are tabulated in Table 5 together with several estimates based on
models of the present and historical field, with gufm spanning
the interval 1,590-1,990 based on historical and observatory
geomagnetic data (Jackson et al., 2000). All values are given as
change per century, but note that they have been calculated as
first differences over the given time intervals, i.e., representing
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average changes over 5-400 years intervals. DM and axial dipole
coeflicient changes are not given for 400 years, because the axial
dipole coefficient in gufm has been extrapolated back between
1,840 and 1,590 due to the lack of historical absolute intensity
information. Nearly instantaneous and average changes are
remarkably similar over the past ca. 200 years for field intensity
and DM including similar rates of axial dipole change. Larger
differences in VADM than F result from the latitude dependence
in the conversion. The lower values of dF/dt over 400 years might
indicate that steady monotonic rates of change did not persist
over this time scale at any location on Earth. The Chinese field
change is only slightly higher than and thus appears compatible
with recent variation rates, but the Levantine field change indeed
appears more than twice as fast.

4. CAN GLOBAL FIELD MODELS
REPRODUCE RAPID SPIKES?

Presently available global geomagnetic field models do not
reproduce rapid intensity variations, at least partly because they
are strongly smoothed in space and time as a consequence of
limited data coverage and, compared to present day observations,
large data and dating uncertainties. In order to test how
closely the spike data can be explained by physically reasonable
models we derived a large number of test models. The
modifications among these models mainly include, individually
or in combination, variations of the data basis and weighting
of sub-sets of data to enforce a closer fit to the spikes, and
background models favoring westward drift over growth and
decay of flux concentrations. Note that all these models clearly are
not considered to be the best representations of the global field,
but are designed to test two hypotheses: firstly, might the spikes
be related to higher and more variable axial dipole contributions

TABLE 3 | Required core flow velocities if spike observations were related to
westward drifting features.

Route Distance at Time (years) Velocity Velocity at
Earth’s (°/yr) CMB (km/yr)
surface (km)

Asia — Levant 6,940 180 0.35 21

Levant — Canary Is. 4,800 400 0.1 7

Levant — Texas 11,517 86 1.20 73

than shown in paleomagnetic models so far, and secondly, might
the global distribution of the recently reported spikes be due to a
westward drifting strong flux patch?

All our spherical harmonic models with time-dependent
coefficients based on cubic B-splines follow the modeling strategy
of the CALSxk and ARCHxk models (for details see, e.g., Korte
et al, 2009; Panovska et al, 2015). They span the interval
4,000 BCE to 1,990 CE, but here we limit the analysis to 2,000-
0 BCE. Linearisation was done by 15 iterations without outlier
rejection. Space and time regularizations minimizing Ohmic
dissipation (Gubbins, 1975) and the second derivative of the
radial field were applied (see e.g., Jackson et al., 2000; Korte
et al, 2009). The strength of regularizations was chosen by
comparison to present-day geomagnetic power spectra of main
field and secular variation. The influence of this regularization is
discussed in more detail in section 5. We present our findings
based on seven representative cases out of a larger range of test
models studied. Their different characteristics are summarized in
Table 6.

TABLE 5 | Maximum rates of geomagnetic field intensity change in models
compared to minimum estimates required to explain the observed spikes in China
and the Levant.

Model or dF/dt dVADM/dt dDM/dt dg?/dt

data (nT/ (ZAm?2/ (ZAm?2/ (nT/
century) century) century) century)

IGRF -12.0 -27.0 4.2 -1.1

2010-2015

IGRF -12.4 -27.8 -5.6 -1.8

1965-2015

IGRF -11.9 -19.4 -5.3 -1.9

1900-2000

gufm/IGRF -11.9 -18.4 4.4 -1.6

1840-2015

gufm/IGRF -9.6 -16.6 - -

1600-2000

Levant 31 61 - -

800-732

BC

China 1300 15 30 - -

BC

Change of field intensity expressed as F and VADM, global dipole moment (DM) and axial
dipole coefficient gf.

TABLE 4 | Global VADM statistics from models and data compilations.

Model or data set IGRF ARCH10k.1 CALS10k.2 HFM.OL1.A1 All data No spike data
2015 860 BCE 930 BCE 930 BCE 1,100-800 BCE 1,100-800 BCE

DM (ZAm?) 77.2 107.4 96.7 99.1 - -

Avg. VADM (ZAm?) 80.4 107.3 95.4 97.8 115.9 107.1

o VADM (ZAm?) 14.9 1.4 1.7 11.0 27.9 27.5

Min. VADM (ZAm?) 39.7 86.0 73.4 78.8 36.3 36.3

Max. VADM (ZAm?) 116.3 142.6 123.5 125.3 200.7 200.7
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TABLE 6 | Characteristics of test models.

Model Data Notes

A a,v -

C a,v, Texas, SH sed. -

Cww a,v, Texas, SH sed. like C with WW background

AS all sediments and no-spike data
downweighted (see text)

M all similar to AS with some spike data
modified

Mww all like M with WW background

Mh all like M with higher resolution

Mhww all like Mww with higher resolution

Ww - artificial model with strong westward drift

Dip - constant axial dipole (g? = —42uT)

Data types a and v stand for archeomagnetic and volcanic, respectively. SH, Southern
hemisphere; sed, sediments; For details on notes see text.

Model A is a rather standard model based on archeomagnetic
and volcanic data only, similar to e.g., SHA.DIF.14k (Pavon-
Carrasco et al.,, 2014) or A_FM (Licht et al, 2013) and in
particular differing from ARCH10k.1 (Constable et al., 2016) only
in the addition of the spike data, weighting of data (see below)
and resolution.

Model C additionally includes the Hall’s cave (Texas) record
and, in order to improve the global data coverage, the southern
hemisphere sediment records.

Model AS includes all data, but all sediment and other
archeomagnetic and volcanic data are downweighted compared
to the spike data, in this case to 0.67 for directions and only 0.27
for all intensities. The weighting scheme used here is one example
from a number of different schemes that we tried of giving more
weight to the spike data in order to push the model to primarily
fit these data.

For model M all data used were weighted similarly to
model AS, but the main spikes’ data (Levant, China, Canary
Islands) were modified within their age uncertainties to avoid
the contemporaneity of high and low values and represent a
possible temporal field evolution within the age error interval
and in relation to temporally adjacent values. In detail, these
changes, depicted in Figure 3, aimed for least rapid variations
and comprise the following: (i) The 980 BCE Levantine spike was
broadened as far as possible by shifting the 977 and 974 BCE
values to their youngest and the lower values at 985 BCE to
their oldest possible age within the given age uncertainties. All
values from the second spike given as 740 BCE were ordered
by intensity and distributed to form a uniform slope toward the
lower boundary of the highest values within their age uncertainty
interval, with lowest values at 800 and highest at 732 BCE. There
is a data gap between 732 and 621 BCE, allowing for a similar or
less steep slope of this spike on its younger side. (ii) For China,
motivated by two low VADM values with small uncertainties at
1328 and 1,256 BCE and models like AS that suggest an intensity
maximum closer to 1,000 than 1,300 BCE we shifted all the
1,300 BC values to form a uniform slope toward the highest
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FIGURE 3 | Spike data from the Levant (A), China (B), and the Canary Islands
(C) with modified ages (blue) to represent approximately least rapid variations
conceivable within the uncertainty limits, compared to the original data (black)
with data and original age (gray) uncertainties. Age uncertainties of modified
data are not shown.

value at 1,000 BCE, the youngest end of the given age uncertainty
interval. Again, a data gap between that time and 697 BCE allows
for a similarly gentle slope of the spike toward the younger side.
(iii) Five values were shifted within their age uncertainties in the
Canary Island data set, namely from 667 to 867 BCE, from 575 to
450 BCE, from 579 to 440 BCE, from 615 to 420 BCE and from
590 BCE to 730 (see Figure 3).

Model WW is used as a background model to test if the
data are compatible with westward drifting flux features. It was
designed using SH degrees and orders 1-4 from ARCH10k.1 at
980 BCE together with degrees and orders 5 to 10 from gufm atan
arbitrary time (here 1,810 CE) for higher spatial resolution. This
time-slice, showing a strong normal flux patch under the Levant
area, was then rotated to give a westward drift of 0.32°/year over
the whole model time, resulting in a full rotation of the flux
pattern around the Earth in 1.125 kyr.

Models Cww and Mww use the same data and weighting as
C and M, respectively, but the regularization is applied around
background model WW. The regularization in these cases trades
off between fit to the data and the westward drifting features
shown by the WW model, ie., if the westward drift is not
preserved in the resulting model it is not compatible with (parts
of) the data.

Models Mh and Mhww are higher resolution versions
of models M and Mww. The only differences are relaxed
regularization constraints, i.e., weaker regularization factors
somewhat subjectively chosen to better fit the data, in particular
the spike signatures, at the cost of containing more (secular
variation) spectral power compared to the present-day field than
the other models. In the case of Mhww this means that the
imposed drift is stronger than in Mww.
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Model Dip is a pure, constant axial dipole included here for
comparison of deviation of the data from any of the models.
Its strength of —42 WT was chosen empirically as giving the
smallest root mean square (RMS) misfit for the archeomagnetic
and volcanic data in the time interval 2,000-0 BCE.

Table 7 lists the root mean square misfit of the models to the
original data set, weighted by the data uncertainties. Note that
here we take a different approach for weighting from previous
models which were aimed at best reflecting the geomagnetic field
evolution all over the globe. Instead of setting relatively large but
in our opinion more realistic minimum data uncertainties, we
here only consider uncertainties smaller than ag5s = 1.7° (equal to
1° in inclination) and 1 WT as unrealistically small and use these
values as minimum uncertainties. Missing uncertainty estimates
were set to ags = 3.4° and 51T, values that commonly were
used as minimum uncertainty estimates in previous models. For
sediments we kept previous minimum and missing uncertainty
assignments of ags = 6° and 5L T.

The choice of sediment records and in particular the size
of their estimated uncertainties leads to this data type being
fit nearly within their uncertainties in all components, while
archeomagnetic and volcanic data show much larger normalized
misfits. This does not mean that individual features of sediment
records are fit particularly well, as can be seen in the two southern
hemisphere records included in Figure 4. In particular intensity
maxima around 1,200 BCE in South America (record esc) and
slighly earlier in New Zealand (record mav), which might have
supported a global source of the Asian spike, are not represented
by the models. However, the sediment uncertainties in fact are
such that these data also are nearly fit to a weighted rms of 1
by a constant axial dipole (Table 7). For archeomagnetic and
volcanic data all models, except the ones with strong enforced
westward drift (WW, Mhww), show smaller misfits than a
constant dipole e.g., ranging from 3.60 to 4.74 compared to 6.14
for all components, or 3.74 to 4.37 compared to 7.10 for intensity.
The westward drifting background model WW is less compatible
with all data than a constant axial dipole. If we allow more spatial
complexity and in particular temporal variation we can find

models (Mh, Mhww) that fit the Levantine intensity data more
closely (Table 8), in particular visually appearing to describe the
perceived spikes better in intensity (Figure 4). However, in the
case of enforced westward drift (model Mhww compared to
Mww) this comes at the expense of higher rms misfit to data
from, on average, all other regions, in particular including all the
rest of the world (Tables 7, 8). In the unconstrained case (model
Mh compared to M) the average misfit to the archeomagnetic and
volcanic data is smaller, but the opposite is true for the sediments.
These findings do not change notably if we consider both data
and age uncertainties when evaluating the misfit.

Additionally, three ensembles of 9,000 bootstrap models were
created based on the data underlying model C by varying the
archeomagnetic and volcanic data by data and age uncertainties.
Two of the ensembles use a westward drifting background model,
with weaker and stronger regularization, respectively. The three
ensembles thus have been labeled “no ww,” “ww,” and “ww2” for
no, weakly and strongly enforced westward drift, respectively.
More details about these models are given in the Supplemental
Material.

Within the bootstrap ensemble models we find realizations
of the data that can be fit closer by models with similar spatial
and temporal complexity to the original data set (Table 8 and
Table S1, model C compared to no ww models and model Cww
compared to ww models). Only in the case of more strongly
enforced westward drift does model Mhww show a closer fit to
the original Levantine data than found in the ensemble for the
same region (model Mhww, Table 8 compared to models ww2 in
Table S1). Although our ensembles might be too small to cover
the absolute best fit cases, this rather seems to be a consequence
of lower temporal resolution in the ensemble models than model
Mhww (see secular variation spectra in Figure 6 compared to
Figure S3). Our ensembles do not include any models that give
close to minimum misfit for all three spike regions in the same
realization (Figure S1). Again this does not necessarily reflect
too small ensemble sizes, but might also be an indication that
incompatible data exist in the data set even when data and age
uncertainties are considered.

TABLE 7 | Root mean square normalized misfit for time interval 2000-0 BCE.

Model RMS all RMS all RMS F RMS F RMS D RMS D RMS | RMS |
a,v sed a,v sed a,v sed a,v sed
C 3.72 1.10 3.88 1.27 2.89 1.05 3.99 0.99
Cww 3.78 1.09 3.95 1.22 2.93 1.03 4.07 1.00
A 3.60 1.17 3.74 1.36 2.84 1.09 3.85 1.06
AS 3.76 1.03 4.08 1.14 2.67 1.00 3.80 0.95
M 4.04 1.06 4.32 1.07 3.03 1.05 4.15 1.05
Mww 4.09 1.05 4.37 1.05 3.06 1.08 4.21 1.06
WwW 8.36 1.60 7.62 1.31 8.28 1.70 9.89 1.73
Dip 6.14 1.11 7.10 1.19 3.70 1.06 5.35 1.09
Mh 3.70 1.07 3.92 1.06 2.85 1.07 3.88 1.08
Mhww 4.74 1.34 4.36 1.21 4.81 1.37 5.51 1.41

RMS is the weighted root mean square misfit to all normally weighted input data, a,v for archeomagnetic and volcanic data, sed for sediment data.
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FIGURE 4 | Comparison of VADM from several models to regional data. The solid lines show predictions from models (A) C, green; A, blue; AS, brown; M, red; and
(B) Cww, green; Mh, blue, Mww, brown; Mhww, red; see Table 6. Black dots with data and age error bars are recently published spike data sets, gray dots with data
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TABLE 8 | Weighted root mean square (rms) misfit of the global models to the
three modified regional archeomagnetic and volcanic data sets and to the rest of
these data types.

Model RMS D RMS | RMS F
Levant

C 1.45 7.19 4.39
Cww 1.58 7.44 4.45
M 1.33 4.35 3.92
Mh 1.32 2.45 3.12
Mww 1.33 4.75 4.04
Mhww 3.94 5.14 3.19
China

] - - 4.02
Cww - - 4.07
M - - 3.36
Mh - - 3.19
Mww - - 3.40
Mhww - - 3.58
Canary lIs.

C 3.13 2.48 2.70
Cww 3.23 2.59 2.77
M 2.91 2.06 2.70
Mh 2.33 1.66 1.84
Mww 3.01 2.14 2.83
Mhww 4.59 3.10 2.89
No spike

C 2.81 3.92 3.73
Cww 2.84 3.99 3.80
M 2.98 418 4.21
Mh 2.84 3.92 3.80
Mww 3.01 4.23 4.28
Mhww 4.72 5.53 4.37

Models from the ensemble representing the best compromise
fit to the spike data from the Levant, China and the Canary
Islands were chosen as realizations with smallest misfit to both
the Chinese and Canary Island data from the 50 models with
minimum misfit to the Levantine data (Figure S1). These provide
better fits to the Levantine and Chinese data than the comparable
original models, except for the ww2 version (Table 8 and model
versions 4 in Table S2).

Considering the spectral power distribution the standard
models show a lack of main field resolution starting from SH
degree 6 (Figures 6A,C). Models built on westward drifting
background models show similar spatial complexity to present-
day models. All models indicate that the dipole moment was
clearly higher than over the past 115 years, and probably played
a role for the observed features by varying more strongly than
at present (Figures 6B,D). Interestingly, this applies more to the
younger of the two Levantine spikes in several of the models
(Figure 5A). The two higher resolution models display a much
stronger secular variation in large scales than all other models
(Figure 6D). Models with double the rate of axial dipole change
observed since 1,840 show indications of the Levantine spikes
(Figure 5A) without fitting the maximum values. This can be

achieved with comparable axial dipole acceleration as seen in the
historical field (see gufm variability in the Figure 5), although
large values would have to persist on somewhat longer time-
scales. The minimum misfit bootstrap ensemble models give
similar results (Figure S3). A very close (visual) fit of the
Levantine spikes is only obtained with higher temporal resolution
models, which display more than five times larger rates of axial
dipole change and require nearly three times higher acceleration
of the axial dipole than the maximum found in the historical field.

Time-longitude plots of the radial field component at the
CMB for 32°N are shown in Figure?7. None of the models
suggests that westward drift of a strong flux patch connects
the spike observations from Asia and the Levant. Only when
fit to the global data is compromised for a closer agreement
with the westward drifting background model (model Mhww)
is this movement largely preserved. All other models suggest
that a strong flux patch related to the Levantine spikes grows
and weakens mostly in place, perhaps moving slightly west
during a weakening phase around 600 BCE. Similarly, time-
latitude plots for the Levant area (35°E) do not indicate any
clear latitudinal drifts of flux patches (Figure 8). Some of the
models (C,A,AS,Cww) suggest that some slight northward drift
and extension of the patch might have occurred. Again the best fit
bootstrap ensemble models show similar results (Figures S4, S5).

5. DISCUSSION

Our modeling results indicate that the dipole moment,
particularly the axial dipole strength is more closely correlated
with spike features than previously thought, by being both
higher and more variable than predicted by previous models.
Geomagnetic field models gufm (Jackson et al., 2000) and the
International Geomagnetic Reference Field IGRF (Thébault et al.,
2015) indicate that the power in dipole variation has changed
notably over the past 115 years and was lower by about 75% in
1900 than 2015 (Figure 6). Having no good reason to believe
that maximum possible field variation occurs today it seems quite
conceivable that the dipole variability was higher by 53% at times
in the past, which is enough to find global field models that
account for more than 80% of the observed overall spike intensity
(model M in Figures 4, 5).

Note that the models and in particular their power spectra
depend strongly on the applied regularizations in space and
time, which were chosen such that main field power of degrees
two and higher appears close to a white spectrum dropping off
for higher degrees at the CMB and that low secular variation
degrees (high degrees for the two higher resolution models) are
of similar magnitude to the present-day field. We considered
these assumptions reasonable to obtain physically realistic fields.
Our models do not include the option that the geodynamo
process was drastically different from what it is today. The
shape of the secular variation spectrum is strongly determined
by the regularization norm, which essentially damps short-term
variations more strongly than longer term variations by some
function of spherical harmonic degree. We used the Ohmic
heating norm in space and second derivative of the radial field
in time, and did not find any norm that provided a closer
resemblance of the spectral shape to the present-day field among
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a range from simple power laws to other field quantities like
horizontal gradients. Using global basis functions and a global
regularization it is not possible to obtain arbitrarily detailed
structure in certain regions that are much better constrained by
dense data with low uncertainties than others. The main field
and secular variation spectra (Figure 6) show that all models
that are not artificially constrained by westward drift lack small
scale (~SH degree 5 and higher) spatial and temporal resolution.
Considering that in the present-day field SH degrees of 5 and
higher contribute to the field intensity at the Earth’s surface by up
to 3.7 uT regionally this can explain part of the missing amplitude
fit to the spikes without having to invoke drastic differences in
geodynamo processes.

This conclusion is supported by the fact that models with
strongly westward drifting patches do nearly fit the amplitudes
and rates of change of the spikes. The spatially and temporally
localized small-scale structure of these models might represent

the field morphology producing the spikes. The fact that these
models show much higher secular variation power combined
with worse fit to other globally distributed data might again
be a consequence of the global nature of basis functions
and regularization. Nevertheless, the fact that a full westward
drift of a strong flux patch from China all the way to the
Levant is not preserved in a model with comparatively weak
regularization toward a westward drifting background suggests
that this field behavior is not compatible with some other
data.

Results from an ensemble of 9,000 models with underlying
data varied within their magnetic and age uncertainties mainly
confirm these findings. The highest intensity values and
perceived rapid changes are fit less well by the minimum misfit
models out of the ensemble than by some individual realizations
(Figure S6 and Figure 4). Interestingly, the minimum misfit
ensemble models suggest a slightly different interpretation of the
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FIGURE 8 | Time-latitude plots of the radial field component By at the CMB for the models discussed in the main text at 35E.

Chinese high intensity data around 1,200 BCE. In contrast to the
individual models that in general show one maximum around
that time most of the ensemble realizations displayed in Figure S6
show two maxima between 1,600 and 1,000 BCE. Nine thousand
realizations do not sample every possible combination of data
points and the coeval data will tend to be distributed to both sides
within the large age uncertainties (Figure S7), so this result should
be considered with caution. For other regions the individual
and ensemble models shown give broadly similar predictions
(Figure S5 and Figure 4). The maximum in the south American
data of the same age as the Chinese high intensity values is not
reflected by any of the models. An inspection of how the data
underlying the minimum misfit ensemble models were shifted

(Figure S7) does not reveal any clear patterns, except that the
best fit to the Chinese data is obtained when the highest intensity
occurred at the somewhat younger age of about 1,100 BCE
instead of 1,300 BCE.

6. CONCLUSIONS

We have compared observations of so-called archeomagnetic
intensity spikes reported from several regions around the world
and investigated potential causes. Age differences between spike
observations in Asia, the Canary Islands and the Levant are
compatible with a westward drifting intense flux patch as a
common cause, but global field models constrained specifically
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to test this hypothesis indicate that this explanation is not
compatible with other field observations. On the contrary, these
and additional test models suggest that the observed spikes are
linked to individual flux patches, more or less growing and
decaying in situ with only slight westward drift.

The spikes are clearly not global phenomena, but higher dipole
moment than shown by previous models in particular around the
times of the two Levantine spikes (980 and 740 BCE) facilitates
explaining the spikes as normal non-dipole, regional intensity
variation on top of a higher background field. Our test models
suggest that this can be reconciled with other available data.
However, this would require rather high dipole variability, with
rates of change greater by more than 50% than directly observed
in the last 180 years. This might still be within the normal range
of geodynamo processes.

The recently published archeomagnetic and volcanic data
reporting on spikes have been obtained following extremely strict
quality criteria and, in particular in the case of the Levantine
data could be confined to very low uncertainties in both data
and age. The full available global data compilation contains other
high intensity values at different ages and locations that might
reflect similar geomagnetic field features, which are not as well
constrained. Future re-assessments of previously published data
in combination with new high quality data will indicate how rare
or common archeointensity spike occurrences were in the past.
It will then be interesting to test whether high dipole strength
and variability are as relevant in other cases as they seem to be
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