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Geomagnetic field measurements from the past few centuries show heightened secular variation activity
in the southern hemisphere associated with the south Atlantic anomaly (SAA). It is uncertain whether
geomagnetic anomalies at a similar scale have existed in the past owing to limited coverage and
uncertainties in the paleomagnetic database. Here we provide new evidence from archaeological sources
in the Levant suggesting a large positive northern hemisphere anomaly, similar in magnitude to the SAA
during the 9th-8th centuries BCE, called “Levantine Iron Age anomaly”. We also report an additional
geomagnetic spike in the 8th century. The new dataset comprises 73 high precision paleointensity
estimates from ca. 3000 BCE to 732 BCE, and five directional measurements between the 14th and
the 9th centuries BCE. Well-dated pottery and cooking ovens were collected from twenty archaeological
strata in two large contemporaneous stratigraphical mounds (tells) in Israel: Tel Megiddo and Tel Hazor.
The new data are combined with previously published data and interpreted automatically using the
PmagPy Thellier GUI program. The Tel Megiddo and Tel Hazor data sets demonstrate excellent internal
consistency and remarkable agreement with published data from Mesopotamia (Syria). The data illustrate
the evolution of an extreme geomagnetic high that culminated in at least two spikes between the 11th
and the 8th centuries BCE (Iron Age in the Levant). The paleomagnetic directional data of the 9th century
BCE show positive inclination anomalies, and deviations of up to 22° from the averaged geocentric axial
dipole (GAD) direction. From comparison of the Levantine archaeomagnetic data with IGRF model for
2015 we infer the “Levantine Iron Age anomaly” between the 10th and the 8th centuries BCE is a local
positive anomaly. The eastward extent of the anomaly is currently unknown.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

SV is used to decipher the role that geomagnetism may play
in controlling climate (Gallet et al., 2005, 2006; Courtillot et

The geomagnetic field has changed constantly throughout
Earth’s history, from large-scale global events such as reversals
and excursions to short temporal and spatial scale changes known
as secular variation (SV). SV is among the least well constrained
of the geomagnetic phenomena. Yet, it is of key interest for a
number of research fields: In geophysical research SV is used to
study geodynamo processes, outer core properties, and lower man-
tle heterogeneities (Jackson et al., 2000; Jackson and Finlay, 2007;
Korte and Holme, 2010); in climatic and environmental research

* Corresponding author at: The Institute of Earth Sciences, The Hebrew University
of Jerusalem, Jerusalem 91904, Israel. Tel.: +972 2 6584248.
E-mail address: ron.shaar@mail.huji.ac.il (R. Shaar).

http://dx.doi.org/10.1016/j.epsl.2016.02.038
0012-821X/© 2016 Elsevier B.V. All rights reserved.

al., 2007; Wanner et al., 2008; Knudsen and Riisager, 2009;
Ertepinar et al, 2012); in geochronology, SV helps constrain
chronologies for archaeological dating (Ben-Yosef et al., 2008b;
Lodge and Holme, 2009; Ben-Yosef et al., 2010; Pavon-Carrasco
et al., 2011).

Recent SV data from the first two millennia BCE from Euro-
Asian archaeological sources have revealed intriguing anomalies.
Ben-Yosef et al. (2009) and Shaar et al. (2011) reported high field
intensity fluctuations in the southern Levant (Israel and Jordan)
during the 10th and the 9th century BCE that they referred to
as “geomagnetic spikes”. The “spikes” are the extreme climax of
a high field maximum (>160 ZAm?) in the Levant that appears
in close approximation to other unusually high paleointensity val-
ues seen in Turkey (Ertepinar et al., 2012) and Georgia (Shaar et

Israel. Earth Planet. Sci. Lett. (2016), http://dx.doi.org/10.1016/j.eps1.2016.02.038
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al., 2013), and to other local maxima with lower values seen, for
example, in France (Herve et al,, 2013), and SE Asia (Hong et al.,
2013). Thus, at least at a continental scale, the high-field episode
is likely associated with a complicated field structure (Genevey
et al., 2008; Kovacheva et al., 2009; Korte and Constable, 2011;
Tema and Kondopoulou, 2011; Tema et al., 2012; Kovacheva et al.,
2014), suggesting a complex global deviation from a simple dipole
configuration (de Groot et al., 2013, 2015) that calls for further in-
vestigation.

After establishing the observation of a high field maximum in
the Levant during the 10th to 9th centuries, it is now paramount
to investigate its evolution through time. Also, it is of particular
interest to investigate whether the Levant high field episode is a
local anomaly (e.g. de Groot et al., 2015) or a global dipole feature
(e.g. Hong et al,, 2013). Addressing these issues is the main target
of this research.

To accomplish the abovementioned objectives we investigate
two key archaeological mounds (tells) in Israel: Tel Megiddo (also
known as Armageddon of Revelations) and Tel Hazor. These two
contemporaneous sites were of the most important settlements
during the Bronze and Iron Age in the Levant, well known in
biblical, Egyptian, and Mesopotamian texts. Owing to intense ar-
chaeological explorations of the sites over the past decades their
chronologies are precisely dated, and hence, the sites provide in-
valuable well-dated archaeological material for high-resolution ar-
chaeomagnetic investigation.

The rationale for this work is as follows. First, we explore and
test the robustness of our absolute paleointensity methodology by:
a) deploying a recently published automatic interpretation tech-
nique (Shaar an Tauxe, 2013; Shaar et al., 2015), and b) cross-
checking the two independent contemporaneous archaeomagnetic
datasets. Second, we aim to deliver a comprehensive, and the most
complete to date, description of paleointensity variations during
the Bronze and Iron Age in the Levant by combining the overall
published data. Finally, we compare the anomalies observed in the
archaeomagnetic data with today’s IGRF field in order to seek sim-
ilar patterns between the SAA and the local Levantine high.

2. Methods
2.1. Archaeological sites

Both sites of this study hosted central cities during the Bronze
and Iron Age, and were two of the most important Bronze and
Iron Age settlements in the Levant. The sites controlled the in-
ternational traffic route leading from Egypt to Mesopotamia and
Anatolia, and witnessed the development of urbanization, religion,
and technology. Both sites were continuously settled through ma-
jor parts of the Bronze Age and the Iron Age until their destruction
in 732 BCE in the military campaign of Tiglath Pileser III, the Asyr-
ian ruler.

1. Tel Megiddo

Tel Megiddo (32.585N, 35.184E, Fig. 1; Armageddon of Revela-
tions) was excavated in the beginning of the 20th century by a
German team and again by the Oriental Institute of the University
of Chicago. In the 1960s the Late Yigael Yadin from the Hebrew
University of Jerusalem conducted further excavations. Since 1994
an extensive excavation campaign has been carried out at the site
by Israel Finkelstein and David Ussishkin from Tel Aviv University,
[srael.

The site was inhabited almost continuously, with no substan-
tial occupational gaps, and succeeding settlements were built one
top of the other, creating a typical multi-layered mound (tell).
The absolute chronology of Tel Megiddo is well established by
ceramic typology, dozens of radiocarbon samples, and historical

| Masaik
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Fig. 1. Location map. Tel-Megiddo and Tel-Hazor (this study) are marked with stars.
Sites with measurement data uploaded to the MagIC database (colored symbols in
Fig. 5) are shown in colored squares. Other sites from Syria are shown in gray circles
(open squares in Fig. 5). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

records (Finkelstein and Piasetzky, 2010; Regev et al., 2014; Toffolo
et al., 2014). Most significant are several destruction layers, dated
by a large number of radiocarbon ages, which make the back-
bone of the Megiddo chronology (Finkelstein and Piasetzky, 2009;
Regev et al., 2014). At least one destruction layer is also securely
dated historically - the one caused by the Assyrian king Tiglath-
Pileser III in 732 BCE. The Early Bronze Age settlement was excep-
tionally large and monumental in the beginning of the 3rd mil-
lennium BCE, but experienced a decline until ca. 2000 BCE when
the city started to flourish again. The Middle Bronze to Iron Age
Megiddo was an important regional center - first as a Canaanite
city-state and later as an administrative center of the Northern
Kingdom of Israel. It is represented by a complete sequence of oc-
cupation until its destruction in 732 BCE.

For this study we collected pottery material from ten well-
dated strata in four different Areas of the Tel Aviv Expedition,
labeled J, F, K, and H. In addition, we sampled five in situ
cooking ovens (tabuns) during the 2010-2011 excavation seasons
from Areas K, Q, and H. Complete information on the areas,
strata, and samples (listed in the Supplementary Material) can be
found in the published excavation reports (available online from
megiddo.ittau.ac.il/).

2.1.2. Tel Hazor

Tel Hazor (33.017N, 35.568E, Fig. 1) was first excavated in the
1950s and 1960s under the direction of Late Yigael Yadin from
the Hebrew University of Jerusalem. Excavations were re-initiated
in 1990 under the direction of Amnon Ben-Tor from the Hebrew
University, and continue annually to the present.

The extensive excavations revealed over 20 superimposed
stages in two distinct sections: the upper city that includes
an acropolis, and a lower city with a fortified enclosure. The

Israel. Earth Planet. Sci. Lett. (2016), http://dx.doi.org/10.1016/j.eps1.2016.02.038
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Early Bronze settlement of Hazor was confined to the upper city
(Zuckerman, 2013b) and the settlement expanded to the lower
city during the Middle Bronze Age (Zuckerman, 2013a). The Late
Bronze Hazor featured an impressive massive palace in the acrop-
olis, which was destroyed during the 13th century in an intense
fire (Zuckerman, 2010). In the 11th century BCE, the settlement
was rebuilt (Ben-Ami, 2013) and was settled continuously through
the Iron age (Ben-Tor, 2013) until its destruction at 732 BCE by the
Assyrian Tiglath-Pileser III.

For this study we collected pottery from eight strata spanning
the second half of the 3rd millennium BCE to the 732 BCE destruc-
tion. Complete information on the strata and samples (listed in the
Supplementary Material) can be found in Tel Hazor published ex-
cavation reports (available online from http://hazor.huji.ac.il/).

2.2. Sampling

From each stratum we collected at least four pottery vessels
(i.e. “samples”) for paleointensity analysis. When possible, we pre-
ferred thin, fine-grained, well burnt pottery vessels from whole, or
restored vessels. Preference was given to domestic cheap vessels,
as it is more likely that these objects were manufactured near the
site, and best fit the chronological context of the archaeological
stratum from which they were found. The pottery samples were
collected from storehouses located at the Institute of the Archae-
ology, Tel Aviv University, the Institute of Archaeology, the Hebrew
University of Jerusalem, and from the Israel Antiquities Authority.
An Excel file in the Supplementary Material lists the excavation
details of the samples (Locus, Basket, Date, and additional archaeo-
logical information). A total of 111 pottery samples were analyzed:
66 from Tel Megiddo, and 45 from Tel Hazor.

In addition to the pottery collections (which are by nature
unoriented), we sampled five in situ cooking ovens (tabuns) for
full-vector paleomagnetic analyses. These are round installations
made of clay, each about 1 m in diameter. Two ovens (mgq04t1
and mgq05t1) were sampled by carving horizontally leveled cubes
on the oven’s wall, and gluing them inside standard paleomag-
netic sampling cubes. The other three were sampled by marking
azimuth and inclination in as many locations as possible on the
oven’s surface using a Brunton compass, and carefully removing
the oriented pieces. Each oriented piece was cut into one or two
smaller cube-shaped specimens. The specimens were glued inside
standard plastic paleomagnetic sampling cubes keeping the infor-
mation of field orientation. The exposure of three ovens (c6-q4,
5-q5, H12) allowed sampling from the entire periphery of the
round-shaped oven. The other two ovens (G5-q5, K9) comprised
of only a sector of the installation.

2.3. Paleointensity

2.3.1. Laboratory procedures

From each potsherd (“sample”) we subsampled 4-10 smaller
fragments (“specimens”). Each specimen was wrapped in fiberglass
filter paper and glued inside a glass vial, ]2 mm in diameter, using
Potassium Silicate (KASIL) glue. Paleointensity experiments were
carried out at the paleomagnetic laboratory of Scripps Institution
of Oceanography (SIO), University of California San Diego, using
laboratory built paleointensity ovens, and at the paleomagnetic
laboratory of the Institute of Earth Sciences, the Hebrew Univer-
sity of Jerusalem (HU]JI), using a modified ASC TD-48 oven (Shaar
et al,, 2010). The experimental procedure followed the IZZI pro-
tocol of Tauxe and Staudigel (2004) with routine pTRM checks at
every second temperature step (Coe et al., 1978). Different batches
used different values of oven field: 40 uT, 60 uT, 70 uT, and 80 uT,
to detect and, if necessary, compensate for non-linearity of TRM
acquisition, if detected.

Anisotropy of thermoremanent magnetization (ATRM) tensors
were calculated for all paleointensity specimens. The ATRM pro-
cedure consists of eight heating steps carried out at the highest
temperature that the specimens reached during the Thellier ex-
periment: a baseline step in a zero field (subtracted from the
subsequent infield measurements), six infield steps at orthogonal
directions (+x, +y, +z, —x, —y, —z), and an additional infield
alteration check at the end of the experiment. As the high tem-
perature procedures can cause alteration, we calculated an alter-
ation statistic from the vector differences of four pairs of mea-
surements: [(—x, +xX), (—y, +y), (—z, +z), and (first measurement
with alteration-check measurement)]. If the difference exceeded
5% for any one of these pairs, we rejected the ATRM results,
and measured the anisotropy of anhysteretic remanent magneti-
zation (AARM). AARM was determined in 9 of the 15 position
measurement scheme of Jelinek (1978) (see also Tauxe, 2010) us-
ing 180 mT AC field and 100 uT DC field. Before each ARM step,
the specimen was AF demagnetized at 180 mT and this base-
line magnetization was subtracted from the subsequent infield
ARM measurements. Anisotropy tensors were calculated using the
method of Hext (1963) (see also Tauxe, 2010) via PmagPy soft-
ware (http://earthRef.org/PmagPy/cookbook) using the Thellier GUI
program (Shaar and Tauxe, 2013) incorporated into the Pmag GUI
(formerly QuickMagIC.py) program.

The effect of cooling rate was measured on all paleointensity
specimens, unless severe alteration occurred during the preced-
ing measurements. The procedure is similar to that described in
Chauvin et al. (2000) and Genevey and Gallet (2002), and con-
sists of four steps cooling from 590°C: a baseline zero-field step,
an in-field step in a fast (regular) cooling rate, an in-field step
in a slow cooling rate, and finally, an in-field alteration check
step in a fast cooling rate. A cooling rate correction was calcu-
lated assuming a logarithmic relation between TRM overestima-
tion and the ratio between cooling rates (Halgedahl et al., 1980;
Genevey and Gallet, 2002). The cooling rate correction was rejected
if alteration exceeded 5%. If the cooling rate correction could not be
calculated for a given specimen, we used the averaged correction
factor from the sister specimens from the same potsherd sample.
In our calculation we assumed an averaged ancient cooling rate of
6 h from 500°C to 200°C for all the archaeological samples. For
more explanation see Supplementary Material Figures S1, S2.

The possibility of nonlinear TRM acquisition behavior (NLT)
(Selkin et al., 2007) was checked for 31 specimens using 5 infield
steps at 570°C: 20, 40, 50, 80, 110 pT. The results demonstrated
that the NLT effect is insignificant for the pottery material, and
therefore, the rest of the specimens were not subjected to the NLT
procedure.

2.3.2. Automatic data analyses

In this work we apply the PmagPy program Thellier GUI (Shaar
and Tauxe, 2013) for interpretation of the paleointensity data. We
adopted the automatic interpretation approach over the conven-
tional manual interpretation technique because the large amount
of data from the Levant (see section 4.1) necessitates a fast, re-
producible, and objective interpretation method with robust and
realistic error estimation.

In the automatic interpretation the Thellier GUI user first has
to choose acceptance criteria, from the list given in Paterson et
al. (2014); http://www.paleomag.net/SPD. Using these criteria the
Thellier GUI program performs the following tasks:

1. Line fitting to the Arai plot: The program analyzes all the pos-
sible best-fit lines of each Arai plot separately and filters out
the interpretations (best-fit lines) that fail the specimen accep-
tance criteria.

Israel. Earth Planet. Sci. Lett. (2016), http://dx.doi.org/10.1016/j.eps1.2016.02.038
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Table 1
Acceptance criteria
Criteria group Statistic Threshold value Description Reference®
Specimen paleointensity® FRAC 0.79 Fraction parameter [1]
B 0.1 Scatter parameter [2], [3]
SCAT True Scatter parameter [1]
NprRM 2 Number of pTRM checks
n 4 Number of data points
MAD 5 Maximum Angular Deviation of the [4]
zero field steps
DANG 10 Deviation Angle [5]
Alteration check (correction) 5% Alteration check in Non-Linear-TRM,
TRM anisotropy, and cooling rate
ments
Sample paleointensity Nmin 3
N min_aniso_corr At least half of the specimens Minimum number of specimens with
anisotropy correction
Nmin_cr_corr 1 Minimum number of specimens with
cooling rate correction
o o <3 uTOR 0% <8% Standard deviation of the sample
mean
Anisotropy sample test 1% If the mean anisotropy correction of
all the specimens from the same
sample is higher than 5% then
specimens without anisotropy
correction are discarded
Specimen direction MAD 5 Maximum Angular Deviation [4]
Sample direction N 8 Minimum number of specimens for
mean calculation
K 50 Fisher precision parameter [6]

@ For a complete description and definitions see Paterson et al. (2014) (http://www.paleomag.net/SPD/).

b [1]: Shaar and Tauxe (2013); [2]: Coe et al. (1978); [3]: Selkin and T@ﬂ) [4]: Kirschvink (1980); [5] Tauxe and Staudigel (2004); [6] Fisher (1953).

2. Applying corrections: each interpretation that passes step #1
above is corrected for the effect of anisotropy, cooling rate, and
nonlinear-TRM (NLT).

3. Sample/site mean calculation: the program calculates all the
possible sample/site means permutations from the acceptable
specimen interpretations and isolates all the means that pass
the sample/site acceptance criteria.

4. STDEV-OPT sample/site mean calculation: from all the sam-
ple/site means that pass the criteria, the STDEV-OPT mean
(“most likely”) is the one that has the lowest coefficient of
variation statistic [0y = 100* (o /mean)], the best index for
agreement within a cooling unit or site. This mean and its as-
sociated standard deviation is called hereafter the “STDEV-OPT
mean” (i.e., “standard deviation optimization”).

5. Calculating extended error bounds: uncertainty bounds are
calculated by taking from all the possible means calculated
in step #3 above the two end case interpretations with the
lowest and the highest paleointensity, including the standard
deviation error [these end case values are: (Bpmjn — o) and
(Bmax +0)] The interval bounded by these values is referred to
hereafter as the “extended error bounds”. The extended error
bound is significantly larger than what is typically used as er-
ror estimation (standard deviation of the mean). Nevertheless,
this calculation is more robust as it takes into consideration
all the possible interpretations at the specimen level that pass
the criteria, and not just one set of “acceptable” interpretations
chosen by the analyst.

2.4. Paleomagnetic directions

From each oven eight to twelve specimens were AF demagne-
tized in increments of 5 mT or 10 mT up to a peak field of 60, 70,
80, or 100 mT. Best-fit paleomagnetic directions were calculated
using principle component analysis (Kirschvink, 1980). Paleomag-
netic means were calculated using Fisher statistics (Fisher, 1953).

Data were analyzed using the Demag GUI program, a recent con-
tribution to the open code PmagPy software (http://earthRef.org/
PmagPy/).

2.5. Acceptance criteria

Table 1 lists the acceptance criteria we used. For paleointen-
sity these include a set of eight statistics at the specimen level
checking the fraction of remanence, scatter, linearity, and alteration
effects of the Arai plots, and the linearity and the convergence to
the origin of the vector end-point plots. Representative examples
of specimens failing different paleointensity statistics are shown in
Figs. 2b-f. At the sample level acceptance criteria include threshold
values for the number of specimens needed for sample mean cal-
culation, an upper limit for the standard deviation, and criteria for
the anisotropy and cooling rate corrections. For paleomagnetic di-
rections we used upper bounds for the MAD statistic (Kirschvink,
1980) and the precision parameter (Fisher, 1953). For a detailed
explanation of paleomagnetic statistics see Paterson et al. (2014)
(http://www.paleomag.net/SPD/).

We consider the criteria listed in Table 1 as the optimal choice
for screening out unreliable data. Yet, this is a subjective user-
defined choice. Therefore, if one wishes to reanalyze the data
published here using different criteria or different interpretation
guidelines we make it possible. All the measurement data are
accessible from the MagIC database (http://earthRef.org/MagIC/
11028/). The PmagPy programs used to analyze the data (Pmag
GUI, Demag GUI, and Thellier GUI) are available from the PmagPy
Cookbook page (http://earthRef.org/PmagPy/).

3. Results
3.1. Paleointensity

We analyzed a total of 592 specimens (388 from Megiddo and
204 from Hazor) collected from 111 pottery samples (66 from
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Fig. 2. Representative Arai plots showing different behaviors and interpretations. Red/blue circles and triangles are ZI, 1Z steps, and pTRM checks, respectively. Blue (red)
squares in the Zijderveld plots (insets) are x-y (x-z) projections of the NRMs in specimen coordinate system, where x-axis is rotated to the direction of the NRM. Best-fit
lines and temperature bounds are marked in green. (a) Ideal behavior passing all criteria. (b)-(f) Interpretations passing all criteria except FRAC (b), SCAT (c), GAP-MAX (d),
MAD (e), and DANG (f). See text for details. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Megiddo and 45 from Hazor) and 5 ovens. A total of 416 speci-
mens (success rate of 70%) and 73 samples (success rate of 66%)
passed the acceptance criteria. We consider these acceptance rates
high given the strict criteria we choose (Table 1). Fig. 2a shows a
representative case of a specimen passing the criteria. Figs. 2b-f
show examples of rejected interpretations. Fig. S3, Supplementary
Material shows histograms summarizing the specimens paleoin-
tensity statistics. One significant observation is that the anisotropy
correction is typically in the range of several percent, but a consid-
erable number of specimens have much higher corrections of more
than 10%. The cooling rate correction factor is typically smaller
than 10%.

Sample level paleointensity data are listed in Table 2 and shown
in Fig. 3, where Tel Megiddo and Tel Hazor are shown in fed, and
blue, respectively. Solid symbols in Fig. 3 represent the STDEV-
OPT means and the y-axis error bars represent the “extended
error bounds” (see section 2.3.2 for explanation). Seventeen dif-
ferent strata with pottery samples are displayed, sixteen of which
include 3 or more samples. There is an excellent agreement be-
tween the two independent datasets, supporting two of our work-
ing hypotheses: A) Consistency of the independent archaeologi-
cal chronologies of Tel-Megiddo and Tel-Hazor, and B) Reliability
of the paleointensity procedures and the automatjc interpretation
technique. The four ovens that passed the criteria agree within er-

ror with the pottery data [stratum K-09 (ca. 1350 BCE), H-12 (ca.
1125 BCE), and Q-05 (ca. 900 BCE)]. This provides another valida-
tion for the paleointensity procedures.

We note some interesting features in the data shown in Fig. 3.
The field intensity before ca. 1800 BCE was 30-50 pT, that is, of
the order of today’s field (44 uT). After a minimum at the 18th
century BCE (F-13), the field gradually increased, and from the
13th century BCE onward the field reached very high values of
between 50-95 uT (Fig. 3b). The climax of this high field episode
has a double peak shape: a maximum at ca. 1000 BCE (stratum
H-09 in Megiddo), a minimum during the 9th century BCE (stra-
tum H-07 in Megiddo) and a second maximum at ca. 740 BCE
(just before the destruction layers H-03 in Megiddo and Hazor
V/VI). The latter is characterized with a large scatter of the data
at both sites and overlapping error bars suggesting that the field
changed rapidly during the time interval represented by the lay-
ers.

3.2. Paleomagnetic directions

Fig. 4a shows two representative Zijderveld plots showing
straight demagnetization behavior converging to the origin. As
shown, some specimens have coercivity spectra of a few tens
of militesla, while others exceed 120 mT (the maximum field

Israel. Earth Planet. Sci. Lett. (2016), http://dx.doi.org/10.1016/j.eps1.2016.02.038
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Stratum Age (BCE) Sample N Bto VADM + o B extended errorbar VADM extended errorbar
Hazor V 740 (800-732) hz05a 3 88.15+0.27 165.8 +£0.5 83.4-93.8 156.8-176.4
hz05b 7 75.69 + 4.49 142.3+8.5 69.9-83.8 131.5-157.6
hz05¢ 6 83.15+0.34 156.4 £ 0.7 79.1-86.2 148.8-162.1
hz05e 5 67.60 +0.39 127.1+£0.8 65.6-72.5 123.4-136.3
hz05f 5 81.52+1.90 153.3+3.6 75.5-86.2 142.0-162.1
hz05g 6 73.26 £1.73 137.8+3.2 70.2-76.4 132.0-143.7
Hazor VI hz06a 7 67.81 +£3.12 127.5+5.9 63.1-73.0 118.7-137.3
hz06b 5 70.66 +0.76 1329+1.4 63.9-74.5 120.2-140.1
hz06¢ 3 77.69 +0.03 146.1 £0.0 75.1-81.5 141.2-153.3
Hazor VII 850 (900-800) hz07a 4 64.37+0.21 121.1+04 58.7-71.6 110.4-134.7
hz07b 5 72.03 +0.50 135.5+1.0 68.5-78.0 128.8-146.7
hz07¢ 5 57.08 +3.26 107.3 £6.1 51.5-63.6 96.9-119.6
hz07d 6 68.62 +2.80 129.1+£5.3 64.1-73.7 120.6-138.6
hz07e 3 75.79 £ 1.54 142.5+2.9 71.4-80.8 134.3-152.0
Hazor 1X 950 (1000-900) hz09a 4 66.24 +1.63 124.6 £3.0 62.2-70.1 117.0-131.8
Hazor X hz10b 3 77.27 £0.05 1453+ 0.1 67.0-80.8 126.0-152.0
hz10c 4 64.79 +2.90 121.8£5.4 58.7-70.6 110.4-132.8
hz10d 3 65.91 +1.25 124.0+2.4 62.1-69.4 116.8-130.5
Hazor XI 1050 (1100-1000) hzlla 3 68.39 +0.03 128.6 +£0.0 62.8-71.1 118.1-133.7
hz11b 3 61.14£0.08 115.0+0.1 57.8-67.3 108.7-126.6
hz1l1c 4 59.44 +3.08 111.8+£5.8 54.9-64.3 103.2-120.9
Hazor XIII 1250 (1350-1250) hz13a 7 60.22 +1.72 113.3+3.2 54.7-69.0 102.9-129.8
hz13b 5 55.12+1.00 103.7+1.9 52.9-62.3 99.5-117.2
hz13e 6 59.96 +0.28 112.8£0.5 55.0-65.3 103.4-122.8
hz13f 3 56.66 & 0.20 106.6 + 0.4 55.5-61.4 104.4-115.5
Hazor XV 1550 (1650-1450) hz15a 3 50.11+£0.04 94.2+0.0 48.2-54.4 90.6-102.3
hz15b 3 48.79 +1.57 91.8+3.0 46.1-51.5 86.7-96.9
Hazor XVIII 2200 (2300-2000) hz18a 4 45.00 +0.57 84.6+1.1 42.0-48.0 79.0-90.3
hz18d 4 47.83 +0.45 90.0+0.9 45.8-51.2 86.1-96.3
hz18e 3 46.29 +0.03 87.1+0.0 44.4-49.8 83.5-93.7
Hazor XX 2700 (2800-2500) hz20b 4 42.03+1.17 79.0+2.2 39.6-43.6 74.5-82.0
hz20c 6 42.53+0.97 80.0+1.8 37.5-46.0 70.5-86.5
hz20e 3 31.40+1.08 59.1+2.1 30.3-32.9 57.0-61.9
hz20f 3 36.33+0.84 68.3+1.6 34.8-39.2 65.4-73.7
Megiddo F-10 1450 (1500-1400) mgf10a 4 49.72 +0.59 94.0+1.1 47.0-53.4 88.9-101.0
mgf10b 5 49.99 +2.83 94.5+54 46.0-54.5 87.0-103.1
mgf10d 4 52.16 +£2.26 98.6 +4.2 474-57.5 89.6-108.7
Megiddo F-13 1800 (1900-1700) mgf13b 7 38.38+1.77 72.6+3.4 34.2-421 64.7-79.6
mgf13d 6 42.66 +0.89 80.7+1.7 40.5-46.1 76.6-87.2
mgf13e 6 43.24 +2.47 81.8+4.7 38.7-47.5 73.2-89.8
mgf13f 4 42.84+0.20 81.0+0.4 39.3-46.9 74.3-88.7
Megiddo H-03 740 (800-732) mgh03b 5 75.12 +2.64 142.1+5.0 66.7-83.5 126.1-157.9
mghO03f 5 80.46 +2.58 152.1+4.8 71.4-89.3 135.0-168.9
mgh03g 8 93.44 +4.60 176.7 £ 8.7 83.3-105.0 157.5-198.6
mgh03h 7 75.86 +3.13 143.5+6.0 68.6-83.8 129.7-158.5
mghO03i 6 79.86 +1.20 151.0+2.3 69.2-86.3 130.9-163.2
mgh03j 3 89.74 +0.40 169.7 £0.8 80.4-91.8 152.0-173.6
Megiddo H-07 900 (950-850) mgh07b 3 74.66 £+ 2.53 141.2+4.38 70.4-82.3 133.1-155.6
mgh07d 5 67.81 +£2.41 128.2+4.6 59.2-774 111.9-146.4
Megiddo H-09 1000 (1050-950) mgh09h 5 66.44 +0.31 125.6 £0.6 65.4-69.8 123.7-132.0
mgh09j 4 73.71+0.03 139.4+0.0 71.7-76.2 135.6-144.1
mgh09k 5 82.93 +0.06 156.8 +0.1 70.8-85.9 133.9-162.4
mgh09l 4 83.58 +0.46 158.0£0.9 75.4-89.5 142.6-169.2
mgh09m 6 67.13+£2.71 126.9+5.1 61.2-70.6 115.7-133.5
Megiddo H-12 1125 (1150-1100) mgh12t1PI 3 60.73 +0.64 114.8+1.2 55.3-65.6 104.6-124.0
Megiddo J-04 3000 (3100-2900) mgjo4a 4 30.92+1.48 58.5+2.8 28.6-33.4 54.1-63.2
mgjo4b 4 41.56 +2.32 78.6 +4.4 37.5-45.7 70.9-86.4
mgjo4d 8 35.30+2.30 66.8 +4.3 31.7-39.0 59.9-73.7
Megiddo J-06 2700 (2600-2800) mgjo6a 4 38.42+2.98 72.7+5.6 35.4-41.7 66.9-78.9
mgjo6b 3 40.06 +0.41 75.8+0.8 34.7-42.2 65.6-79.8
mgjo6c 4 40.25 +1.27 76.1+2.4 37.9-46.4 71.7-87.7
mgjo6d 4 38.27+0.78 724+1.4 34.9-41.2 66.0-77.9

(continued on next page)
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Stratum Age (BCE) Sample N B+o VADM + o B extended errorbar VADM extended errorbar
Megiddo K-06 1130 (1130-1180) mgk06a 5 66.60 +0.83 1259+1.5 63.2-75.3 119.5-142.4
mgk06b 3 62.36 +3.03 117.9+5.8 56.2-69.1 106.3-130.7
mgk06¢ 4 62.37 £2.45 117.9+4.6 56.6-66.6 107.0-125.9
mgk06d 5 60.69 + 0.46 114.8+0.8 55.1-64.4 104.2-121.8
Megiddo K-08 1250 (1300-1200) mgk08a 3 58.77£0.77 111.1+£14 56.8-63.5 107.4-120.1
mgk08b 4 59.07 +3.43 111.7+6.5 54.0-66.0 102.1-124.8
mgk08c 4 62.92+0.25 119.0£0.5 56.7-67.7 107.2-128.0
mgk08e 5 55.62+0.83 105.2+1.6 51.0-60.5 96.4-114.4
Megiddo K-09 1350 (1400-1300) mgk09t1PI 3 52.38 +3.99 99.1+7.5 48.1-56.4 91.0-106.7
Megiddo Q-05 900 (950-850) mgqOo5t1PI 3 68.67 +0.69 1299+13 62.4-81.2 118.0-153.5
mgqO05t2PI 6 64.17 £1.25 121.3+24 61.4-72.6 116.1-137.3

2 o is the standard deviation of the STDEV-OPT mean, and the extended error bar is the error envelope calculated by the Thellier GUI (shown in Figs. 3, 5). See section 2.3.2

for details.
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Fig. 3. New paleointensity results from ca. 3000 BCE to ca. 732 BCE. There is excellent agreement between two independent datasets of Tel Megiddo (red, green) and Tel
Hazor (blue). (b) is a magnification marked as rectangle in (a), showing the evolution of the Iron Age Levantine Anomaly with the double-peak maximum at ca. 1000 BCE

and ea—7#40-BCE, (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

currently available in the HUJI lab). Fig. 4b shows equal area

projections of the five ovens (i.e. sites). Paleomagnetic statis-
tics are given in Table 3. All sites have a precision parameter
k (Fisher, 1953) larger than 50. Four ovens have k > 130 and
g5 < 4, while oven mgq04t1 have marginal statistics (k = 54 and

g5 =6.2).

A considerable angular deviation from the averaged GAD (geo-

further discussed in the following.

centric axial dipole) inclination in Megiddo (52.0, Table 3) is ob-
served in the two ovens collected from stratum Q-5 (ca. 900 BCE).
This deviation of 17°-23° is associated with a period when the
field strength was very high (Fig. 4). This consequential result is
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Fig. 4. Demagnetization experiments on five ovens from Megiddo. (a) Representative Zijderveld plots showing straight demagnetization curves. (b) Equal area projections
showing specimens best-fit directions (gray) and Fisher means (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 3
Tel-Megiddo ovens paleomagnetic mean directions.
Oven Stratum Age (BCE) Declination Inclination N k o5 Deviation from GAD?
mgk09t1 Megiddo K-09 1350 (1400-1300) 351.5 53.0 8 395 2.8 53
mgh12t1 Megiddo H-12 1125 (1150-1100) 4.8 56.9 10 131 4.2 5.7
mgq05t1 . - 900 (950-850) 18.4 66.1 11 140 3.9 16.9
mgqo5t2 Megiddo Q-05 900 (950-850) 13 745 11 565 19 22.5
mgqo4tl Megiddo Q-04 850 (900-800) 357.7 618 1 54 6.3 9.9

4 The averaged GAD inclination in Megiddo is 52.0
4. Discussion
4.1. Levant paleointensity compilation

The Levant region, including Israel, Egypt, Jordan, Cyprus, Syria,
and Southern Turkey has been subject to a number archaeoin-
tensity studies over the past decades (see list of 24 references
in the Supplementary material). These published data are avail-
able online from the GEOMAGIA database (Korhonen et al., 2008;
Brown et al., 2015) and from published data compilations such as
Genevey et al. (2008). Fig. S4, Supplementary Material, displays all
the Levantine paleointensity data published to date. The resulting
picture is complicated, noisy, and shows some significant inter-
nal discrepancies. This is not surprising as these different datasets
were obtained using different experimental methods, laboratory
protocols, interpretation and error estimation approaches, selection
criteria, averaging schemes, and assessment of anisotropy and cool-
ing rate corrections. In addition, some legacy data employ different
and sometime contradicting and irreproducible dating methodolo-
gies, and in cases, outdated chronologies.

Settling all data discrepancies shown in Fig. S4 is beyond the
scope of the present study. Instead, we wish to provide the most
consistent regional dataset that can be used in interrelated stud-
ies, such as archaeomagnetic dating and geodynamo research. To
achieve this aim we seek to minimize as many sources of uncer-
tainty as possible. We argue that the optimal approach to minimize
paleointensity uncertainties is the automatic interpretation tech-
nique used here and in Shaar et al. (2015) (see Section 2.3.2 for
details). The rationale for this approach is supported by the in-
ternal consistency shown in Fig. 3. The automatic interpretation

technique can be applied only on studies that published the en-
tire measurement data (Ben-Yosef et al,, 2008a, 2008b; Ben-Yosef
et al,, 2009; Shaar et al., 2011; Shaar et al., 2015). We therefore
have downloaded these data from the MagIC database and re-
interpreted them (along with those of the current study) using the
criteria given in Table 1 to guarantee a consistent interpretation.
We also apply a dating criterion following the “Age Quality” index
of Ben-Yosef et al. (2008a, 2008b), whereby only “grade 1” (“Excel-
lent”) are included. The combined measurement data file consists
of 97,219 measurement lines, 2331 specimens, and 532 samples.
This large dataset is expected to grow with future studies but is
easily interpreted using the automatic interpretation technique in-
corporated in Thellier GUL

Fig. 5 displays the Levant MagIC-based interpretations, con-
verted to Virtual Axial Dipole Moments (VADM, see Fauxe—et=ak;
2) in colored symbols, where the symbols and the error bars show
the STDEV-OPT means and the “extended” error bounds (see Sec-
tion 2.3.2 for details). The data used to generate Fig. 5 are provided
in the Supplementary Material. We note, that some samples pre-
viously reported in results tables of published articles do not pass
the stricter criteria we used here, and therefore do not appear in
Fig. 5 (also Supplementary Material). Legacy data that do pass our
new criteria show very similar values to the already published re-
sults, however. We also plot in open black symbols other data from
Syria published by two research groups: IPGP, Paris (e.g. Genevey
et al, 2003; Gallet et al., 2005, 2006, 2008, 2014, 2015; Gallet
and Butterlin, 2015), and the Institute for Rock Magnetism (IRM),
University of Minnesota (Stillinger et al., 2015). These Syrian data
were published without the measurement data and cannot be re-
interpreted via Thellier GUI using our criteria. The main reasons for
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Fig. 5. Geomagnetic field intensity in the Levant from 3500 BCE to 400 BCE. Colored filled symbols show sites with measurement data in the MagIC database (Ben-Yosef et
al.,, 2008a, 2008b, 2009; Shaar et al., 2011, 2015), interpreted using the automatic interpretation technique described in text and the acceptance criteria listed in Table 1.
Open gray symbols are other published data from Syria (Genevey et al., 2003; Gallet et al., 2005, 2006, 2008, 2014, 2015; Gallet and Le Goff, % Gallet and Butterlin, 2015;
Stillinger et al., 2015). Locations map is shown in Fig. 1. Solid curves show prediction of global geomagnetic models (Korte et al, 2009, 2011; Korte and Constable, 2011;
Nilsson et al., 2014) for Jerusalem. There is an excellent agreement between the different datasets. The data show a steady increase in field intensity from a minimum
value at ca. 1800 BCE to a geomagnetic maximum (Iron Age Levantine Anomaly) between the 10th and the 8th centuries with two spikes events. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

not including the non-Syrian published datasets shown in Fig. S4,
Supplementary material, are problematic correlation between the
Mesopotamian, Israeli, and the Egyptian chronologies, and insuffi-
cient (or problematic) experimental and chronological information.

Fig. 5 presents a coherent and consistent picture of the geo-
magnetic field behavior in the first three millennia BCE, where
the Mesopotamian and the Israeli datasets show excellent agree-
ment in periods where they overlap, and mutually complement
each other where they do not. In the first half of the 3rd mil-
lennium BCE the field was relatively low; in the second half of
the 3rd millennium BCE the field reached VADM values of up to
110 ZAm? and then gradually decreased to a local minimum at
ca. 1800 BCE. From ca. 1800 BCE the field intensity increased until
the double-peak maximum shown in Fig. 5b, and discussed below.
The interpretations shown in Fig. 5 are given in the Supplementary
Material.

4.2. A new geomagnetic intensity “spike” in the 8th century BCE

Ben-Yosef et al. (2009) and Shaar et al. (2011) found “geomag-
netic spikes” in two radiocarbon dated slag mounds in Southern
[srael (Shaar et al., 2011) and Jordan (Ben-Yosef et al., 2009). Spikes

are defined as sub-centennial short-term episodes with extreme
high paleointensity values (here defined as exceeding twice the
present dipole field value, or ~160 ZAm?). Two spikes were re-
ported in previous publications: one around 980 BCE, and another
around 890 BCE. In addition, Ertepinar et al. (2012) reported very
high spike-like values corresponding to a VADM of 177 ZAm? in
burnt bricks dated to the 11th-10th centuries BCE in Arslantepe,
Southern Turkey. Our revised analysis, shown in Fig. 5b shows two
samples from the earlier spikes (ca. 980 BCE). The revised field
values are slightly different from the ones published in Shaar et al.
(2011) owing to the difference in the interpretation process, but
still show high fields in excess of 170 ZAm?2. The published sam-
ples with the 890 BCE spike did not pass the stricter criteria we
use here suggesting that further research is necessary to establish
its reliability. Based on the data shown in Fig. 5 the Arslantepe
high field is probably associated with the ca. 980 BCE spike.

One of the most striking results from the new data is a new
spike that occurred at the beginning of the 8th century BCE, just
before the 732 BCE destruction of Megiddo and Hazor. This spike is
seen in the destruction layers Megiddo-H3 and Hazor-V/VI (Fig. 3b)
that are dated to Tiglath-Pileser III's attack on Israel (732 BCE). The
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Fig. 6. Paleomagnetic directions from five ovens in Megiddo. (a) Declination, (b) Inclination. Curves show prediction of global geomagnetic models (Korte et al., 2009, 2011;
Korte and Constable, 2011; Nilsson et al., 2014) for the location of Megiddo. Geocentric Axial Dipole (GAD) averaged direction is shown as dashed line. The two ovens from

the 9th century show deviation from GAD of up to 20°,

samples from these strata were collected from domestic pottery
found in the living layers associated with the destruction. Thus,
the pottery was manufactured a few decades at the most before
the destruction. Owing to the excellent archaeological context, we
would expect to obtain a relatively small scatter in the data. Yet,
we observe paleointensity data spanning a relatively large interval
(75-94 T in Megiddo and 68-88 pT in Hazor). We interpret this
behavior as a new geomagnetic spike event associated with ex-
tremely rapid changes in the geomagnetic field. This may be the
same feature hinted by the data of Odah (2004) from Egypt in
Fig. S4, Supplementary Material.

4.3. Intense local geomagnetic anomaly 10th to 8th century BCE

4.3.1. The Iron Age Levantine anomaly

The paleomagnetic directions in Fig. 6 show high inclina-
tion values and substantial deviations of up to 22° (Table 3)
from the averaged GAD direction in Tel-Megiddo (declination = 0,
inclination = 52.0) around 900 BCE. This observation suggests that
the geomagnetic high field period between the 10th and the 8th
centuries BCE is a local anomaly rather than a dipole feature.
Figs. 5-6 show in solid curves the prediction of some global ge-
omagnetic models for the studies area (Korte et al., 2009, 2011;
Korte and Constable, 2011; Nilsson et al.,, 2014). To first order,
models based on global compilations predict the general trend

observed in the Levant. Yet, owing to limited coverage and pa-
leomagnetic uncertainties the models underestimate the very high
field values seen there.

4.3.2. Comparing the Iron Age Levantine anomaly with SAA

To address the context of the Levantine anomaly we compare
the new archaeomagnetic data with the presently active South At-
lantic Anomaly (SAA) using the 2015 IGRF geomagnetic field model
(Thebault et al., 2015). Fig. 7a shows the ratio between the to-
tal field and the axial dipole component in 2015. Large deviations
from axial dipole moment are observed only in the southern hemi-
sphere, in areas affected by the SAA, and they range from 50% to
150%. The Iron Age Levantine anomaly shows a similar pattern (al-
though of an opposite sign): If we assume that the ancient axial
dipole moment was less than 100 ZAm? (Nilsson et al., 2014) we
find that the Levantine spikes exceeded the axial dipole compo-
nent in factor of about two. Fig. 7b shows the angular deviation
of the field vector from the axial dipole field in 2015. Large devi-
ations of more than 20°, such as those observed in the Iron Age
Levantine anomaly, occur only near the SAA. Based on these com-
parisons we infer that the Levantine geomagnetic high was a local
geomagnetic feature similar in magnitude to SAA.

In summary, we suggest that the high field episode in the Lev-
ant, 11th to the 8th centuries BCE, was a local anomaly similar to
the SAA. The Levant Iron Age anomaly is different than SAA in two
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important aspects: A) the Iron Age Levantine anomaly is a north-
ern hemisphere feature, and B) the Iron Age Levantine anomaly is
a positive anomaly. The limits of geographical expression of the
anomaly are poorly constrained with the currently available data,
however.

5. Summary

We report here 73 new high-precision paleointensity estimates,
and 5 new paleomagnetic directions from two key contempora-
neous archaeological sites in Israel, Tel Megiddo and Tel-Hazor,
covering the period from ca. 3000 BCE to 732 BCE. The new paleo-
intensity data are combined with previously published data from
the southern Levant, and analyzed as a whole using an automatic
interpretation technique (part of the open code PmagPy software
package) and a set of exceptionally strict selection criteria. The
new MagIC based compilation of the Levant demonstrates remark-
able internal consistency between different sites and source mate-
rials (pottery, ovens, slag) and excellent agreement with other data
from Syria.

The new data illustrate a steady increase in field intensity from
a local minimum at ca. 1800 BCE to a period with exceptionally
high field values and fast variations between the 10th and the
8th centuries BCE. This period was accompanied by at least two
geomagnetic spikes: one at ca. 980 BCE (Ben-Yosef et al., 2009;
Shaar et al., 2011), and another at the beginning of the 8th cen-

tury BCE (new spike reported here). A possibly third, previously
published spike, at ca. 890 BCE need further research to establish
its reliability.

The Levant Iron Age anomaly is characterized with maximum
field values reaching about twice the ancient axial dipole field
(following model of Nilsson et al., 2014) and maximal angular de-
viation from geocentric axial dipole (GAD) of up to 22°. Using the
2015 IGRF model, we see similar deviations from GAD (intensity
and direction) only in the southern hemisphere in areas affected
by the South Atlantic Anomaly (SAA). This leads us to propose that
the Iron Age geomagnetic high in the Levant was a local geomag-
netic anomaly similar in scale to SAA, perhaps even larger. Further
data are required to establish its geographical extent.
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