N

N

Synchronizing Geomagnetic Field Intensity Records in
the Levant Between the 23rd and 15th Centuries BCE:
Chronological and Methodological Implications
Ron Shaar, Shlomit Bechar, Israel Finkelstein, Yves Gallet, Mario A. S.
Martin, Yael Ebert, Jonathan Keinan, Lilach Gonen

» To cite this version:

Ron Shaar, Shlomit Bechar, Israel Finkelstein, Yves Gallet, Mario A. S. Martin, et al.. Synchroniz-
ing Geomagnetic Field Intensity Records in the Levant Between the 23rd and 15th Centuries BCE:
Chronological and Methodological Implications. Geochemistry, Geophysics, Geosystems, 2020, 21,
10.1029/2020GC009251 . insu-03748794

HAL Id: insu-03748794
https://insu.hal.science/insu-03748794
Submitted on 10 Aug 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://insu.hal.science/insu-03748794
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

'.) Check for updates

A ’ l l ADVANCING

EARTHAND

ﬂvu SPACE SCIENCE

Geochemistry, Geophysics,

Geosystems

RESEARCH ARTICLE
10.1029/2020GC009251

Key Points:

« Archeointensity compilation of
the Levant and western Upper
Mesopotamia based on synchronized
datasets from Mari, Ebla, Hazor, and
Megiddo

« Compatibility of paleointensity data
was verified through a blind test of
the Triaxe versus the Thellier-1ZZI-
MagIC methods

« Synchronization of the archeological
timescale was achieved by linking
the data to radiocarbon ages from
Megiddo

Supporting Information:

« Supporting Information S1
« Table S1

« Table S2

« Table S3

Correspondence to:

R. Shaar,
ron.shaar@mail.huji.ac.il

Citation:

Shaar, R., Bechar, S., Finkelstein, L.,
Gallet, Y., Martin, M. A. S., Ebert,

Y., et al. (2020). Synchronizing
geomagnetic field intensity records

in the Levant between the 23rd and
15th centuries BCE: Chronological
and methodological implications.
Geochemistry, Geophysics, Geosystems,
21, €2020GC009251. https://doi.
0rg/10.1029/2020GC009251

Received 16 JUN 2020
Accepted 31 OCT 2020

© 2020. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

ok

Synchronizing Geomagnetic Field Intensity Records in
the Levant Between the 23rd and 15th Centuries BCE:
Chronological and Methodological Implications

Ron Shaar*
Yael Ebert!

, Shlomit Bechar®?, Israel Finkelstein*, Yves Gallet® (), Mario A. S. Martin®,

, Jonathan Keinan’, and Lilach Gonen'

'The Institute of Earth Sciences, The Hebrew University of Jerusalem, Jerusalem, Israel, *The Institute of Archaeology,
The Hebrew University of Jerusalem, Jerusalem, Israel, *The Haifa Center for Mediterranean History, University

of Haifa, Haifa, Israel, “The Sonia and Marco Nadler Institute of Archaeology, Tel Aviv University, Tel Aviv, Israel,
Université de Paris, Institut de Physique du Globe de Paris, CNRS, Paris, France

Abstract Archeomagnetic records are an important source of information on the past behavior of the
geomagnetic field. Frequently, however, coeval archeomagnetic intensity (archeointensity) datasets from
nearby locations display significant discrepancies, hampering precise reconstruction of high-resolution
secular variation curve. This is the case for the time interval between the later phase of the Early Bronze
and the early phase of the Late Bronze Ages (23rd-15th centuries BCE) in the Levant and Mesopotamia.
‘We address the problem by cross-correlating archeointensity datasets from four major multilayered
archeological sites in the southern Levant (Hazor and Megiddo), northern Levant (Ebla), and western
Upper Mesopotamia (Mari). We report new archeointensity data, obtained using the Thellier-IZZI-MagIC
and the Triaxe methods, from six strata at Hazor and four radiocarbon-dated strata at Megiddo. From

39 pottery fragments, 199 specimens passed our selection criteria, from which we calculated the mean
archeointensity for each stratum. To strengthen the comparison of these data with previously published
data from Mari and Ebla, obtained using the Triaxe method, we conducted a blind test of the methods
that resulted in indistinguishable results or a difference of less than 1 uT. The synchronized compilation,
constrained by radiocarbon data from Megiddo, displays a V-shaped pattern with a prominent minimum
of at least 200 years centered around the 18th century BCE. The study highlights the importance of
stacking archeomagnetic data obtained by different archeointensity methods only after cross-testing the
methods and ensuring that archeological samples were dated in a consistent manner.

Plain Language Summary Archeological materials heated to high temperatures, such as
pottery, can act as recorders of the ancient geomagnetic field and may provide invaluable information

on its behavior through time. With the advance of paleomagnetic techniques, geophysicists can recover,
with greater precision than ever, the absolute intensity of the geomagnetic field at the time when an
archeological artifact was heated. However, archeological uncertainty often hampers the possibility of
precisely dating these materials. This poses a challenge to both archeologists and paleomagnetists. In this
paper, we demonstrate a cross-disciplinary collaboration which sheds light on fundamental problems
regarding the Ancient Near East in the Bronze Age. The underlying principle of the method is that
contemporaneous ceramics from nearby archeological sites must have recorded the same field intensity.
‘We use this approach to synchronize archeomagnetic intensity records of four major Bronze Age sites in
the Levant and Mesopotamia: Hazor, Megiddo, Ebla, and Mari. We tie the combined record to radiocarbon
ages from five strata at Megiddo. The intensity-synchronized compilation depicts fast changes in the
ancient field intensity, which illuminates some long-standing chronological disputes regarding the history
of the Ancient Near East.

1. Introduction

Regional and global geomagnetic models of the Holocene, which describe the time evolution of the geo-
magnetic field vector, are of interest to a number of research fields, including exploration of the geodynamo
(Davies & Constable, 2017; Korte et al., 2011; Livermore et al., 2014) and archeomagnetic dating (Gallet
et al., 2014b, 2020; Hervé & Lanos, 2018; Peters et al., 2018; Stillinger et al., 2016). As a result, considerable
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effort has been invested over the past decades in improving the resolution, accuracy, and coverage of ge-
omagnetic models (Arneitz et al., 2019; Campuzano et al., 2019; Hellio & Gillet, 2018; Korte et al., 2011;
Nilsson et al., 2014; Osete et al., 2020; Pavon-Carrasco et al., 2014), leading to a growing need for high-qual-
ity Holocene paleomagnetic records. Archeomagnetic data of the past several millennia, derived from the
analysis of well-dated baked clay artifacts, are significant in this effort because they enable recovery of the
absolute intensity of the ancient field (archeointensity). One of the main challenges in this respect is syn-
chronizing archeomagnetic datasets obtained from different archeological sites, because frequently, coeval
records from the nearby locations display significant discrepancies. This is a result of biases both in age
scales and archeointensity determinations. Age biases can, for example, result from stratigraphic uncertain-
ties, usage of different terminologies for archeological periods, and limited quantity of radiocarbon data.
Archeointensity biases can be caused by inconsistency in paleointensity methods and laboratory protocols,
selection criteria, and averaging schemes.

The archeointensity data from Turkey, Syria, Jordan, Cyprus, and Israel, published over the past decades
(Ben-Yosef et al., 2017; Ben-Yosef et al., 2008, 2009; Ertepinar et al., 2012, 2016, 2020; Gallet et al., 2006,
2008, 2014a, 2015, 2020; Gallet & Al-Maqdissi, 2010; Gallet & Butterlin, 2015; Gallet & Le Goff, 2006; Gen-
evey et al., 2003; Shaar et al., 2011, 2015, 2016; Stillinger et al., 2015) potentially provide sufficient infor-
mation to inspect the behavior of the field in this region with an improved resolution and accuracy. Yet,
when these recent data are plotted together with all other data published since the 1980s, substantial dis-
crepancies arise (Figure S1). The noise in this compilation can be attributed to large variabilities in dating
approaches, laboratory methods, and interpretation techniques.

As part of our efforts to construct a detailed and consistent archeointensity database for the Levant, we fo-
cus in this study on the time interval between 2300 and 1400 BCE. Gallet et al. (2014a) suggested that field
behavior during this period is characterized by a V-shaped pattern, with a minimum during the 19th and
18th centuries BCE, which marks the lowest field in the Levant during the past 4,500 years. This unique
trend falls with several key historical events that make the archeointensity curve important for both archeo-
magnetic dating and geomagnetic secular variation research. Figure 1 shows archeointensity data with-
in this time interval obtained using only modern paleointensity standards (Ertepinar et al., 2016, 2020;
Gallet & Le Goff, 2006; Gallet et al., 2006, 2008, 2014a; Genevey et al., 2003; Shaar et al., 2016; Stillinger
et al., 2015). Older datasets, which do not include corrections for both anisotropy and cooling rate effects
(Athavale, 1969; Games, 1980; Hussain, 1983; Odah, 1999, 2004; Odah et al., 1995), are not shown. The sig-
nificance of these corrections has been well known for decades (Fox & Aitken, 1980; Rogers et al., 1979) and
we further demonstrate it in Section 3. In addition, Figure 1 ignores a dataset published without details on
quality criteria (Aitken et al., 1984), which prevents comparison with modern data. The compilation shown
in Figure 1 displays significant inconsistencies hindering attempts to construct precise high-resolution
secular variation curve. Distinguishing between discrepancies resulting from archeological uncertainties
or age biases and those resulting from archeointensity methodological issues is not trivial. From a dating
viewpoint, only few sites are radiocarbon dated (Kiiltepe, Kinet Hoyiik, Tel Atchana, and Tel Megiddo [Fig-
ure 1la]); archeological dating of the other sites relies on different, and sometime contradicting, archeo-
chronological frameworks (e.g., Figure S2). From an archeointensity perspective, the different datasets were
obtained using a range of methods (several variants of the Thellier method applied using different selection
criteria, Triaxe, and microwave) and different averaging and error estimation schemes. Thus, compatibility
between the archeointensity values in the compilation shown in Figure 1 may be questionable without
rigorous testing.

The purpose of this study is to minimize the noise in the archeointensity picture displayed in Figure 1.
Our approach is as follows: first, we establish compatibility between data obtained using the Triaxe and
the Thellier-IZZI-MagIC methods (see Section 2.2 for methods) in a “blind test.” This is done because, for
this paper, the majority of the data was obtained using these two methods. Then, we report new data for
pottery collected from four radiocarbon-dated strata in Tel Megiddo and six archeologically dated strata in
Tel Hazor (Israel, Figure 1a). Under a working assumption that contemporaneous ceramics from nearby
archeological sites must have recorded the same field intensity, we assemble a reduced synchronized da-
taset, constrained by Tel Megiddo radiocarbon ages. The synchronized dataset is based on data from four
major multilayered archeological sites studied using paleointensity methods that were tested against each
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Figure 1. Published archeointensity data from the Levant and western Upper Mesopotamia. (a) Location map. (b)
Archeointensity expressed as virtual axial dipole moment (VADM). Symbols denote for archeointensity methods and
selection criteria. See text for the difference between the protocols. Squares: Thellier-IZZI-MagIC (Shaar et al., 2016);
circles: Triaxe and/or Thellier-Coe tested against Triaxe (Gallet et al., 2006, 2008, 2014a; Gallet & Al-Maqdissi, 2010;
Gallet & Le Goff, 2006; Genevey et al., 2003); triangles: microwave (Ertepinar et al., 2020) or microwave combined with
Thellier-Type and multispecimen (Ertepinar et al., 2016); pentagons: Thellier-IZZI (Stillinger et al., 2015).

other: Tel Hazor and Tel Megiddo (Israel), Ebla (Tell Mardikh, Syria, in the northern Levant), and Mari (Tell
Hariri, Syria, in western Upper Mesopotamia) (Figure 1a). Finally, we compare the reduced synchronized
compilation with other sites, which were analyzed using methods that were not tested against Thellier-1Z-
Z1-MagIC and/or Triaxe.

2. Materials and Methods
2.1. Archeological Sampling
2.1.1. Tel Hazor

Tel Hazor (33.017°N, 35.568°E) is one of the largest tel sites in the southern Levant. It was the most impor-
tant Canaanite urban center in the region in the second millennium BCE and continued to be a significant
city in the Iron Age. The first excavations of Tel Hazor were conducted in the 1950s and 1960s by the late
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Yigael Yadin. Excavations were renewed by Amnon Ben-Tor in 1990. Both excavations were carried out
under the auspices of the Hebrew University of Jerusalem. Directors of the current dig are Amnon Ben-Tor
and Shlomit Bechar. Tel Hazor is composed of a sequence of more than 20 strata that span from the Early
Bronze to the Persian period (ca. 30th-4th centuries BCE), representing a nearly continuous occupation.
Hazor was first established as a large urban center in the Middle Bronze (Figure S2). The Middle Bronze city
encompassed an area of approximately 84 hectares - in both the acropolis and lower city — with temples, res-
idential quarters, workshops, a palace, and open cultic places (for an extensive description of the site and its
monuments, see Ben-Tor [2015] and Yadin [1972]). Two strata are attributed to the Middle Bronze: XVII and
XVIin the acropolis and 4 and 3 in the lower city. In this study, we also consider Stratum XV, which begins
at the end of the Middle Bronze III and continues to the Late Bronze I, and Stratum XVIII, which represents
a rural settlement of the Early Bronze IV (ca. 2350-2000 BCE) (this period is termed Intermediate Bronze
Age by many of the scholars studying the southern Levant). For archeointensity analysis, we collected pot-
tery vessels, with emphasis on local domestic material, from a succession of six stages in Strata XVII-XVI in
the acropolis, based on architectural and ceramic considerations (Ben-Tor et al., 2017). These stages, labeled
from top to bottom — XVI-A, XVI-B, XVI-C, XVII-D, XVII-E, and XVII-F - were exposed in an open cultic
area near the entrance to the palace. Their initial ages are assigned following Ben-Tor (2004), who dated
the establishment of MB Hazor (i.e., the beginning of Stratum XVII) to 1720-1710 BCE, the beginning of
its peak (Stratum XVTI) to around 1680 BCE, and its end to 1550 BCE. The ages assigned by Ben-Tor (2004)
follow the Mesopotamian “Ultra Low Chronology” (Figure S2). Archeological information on each of the
investigated artifacts is provided in the supporting information.

2.1.2. Tel Megiddo

Megiddo (32.585°N, 35.185°E) is the type site for the Bronze and Iron Ages in the southern Levant. It was
the hub of a city-state in the Bronze Age and an important administration center of the Northern Kingdom
(Israel) in the Iron Age. The site was excavated by a German expedition in the early 20th century and a Uni-
versity of Chicago team in the 1920s and 1930s. Yigael Yadin of the Hebrew University of Jerusalem carried
out soundings at Megiddo in the 1960s and early 1970s. The site has been excavated by a team from Tel Aviv
University since 1994; the directors of the current dig are Israel Finkelstein, Mario A.S. Martin, and Mat-
thew J. Adams. Megiddo was continuously inhabited from the PrePottery Neolithic to the Persian period
(ca. 10,000-333 BCE). Excavations revealed a dense stratigraphic sequence of over 30 settlements. Bronze
Age Megiddo features impressive remains of fortifications (including gates), palaces, and temples (for the
site, history of excavations, and main monuments, see Ussishkin [2018]). The current excavation focuses on
tight control over stratigraphy and ceramic typology and on a rigorous program of radiocarbon dating. The
latter, with an unprecedented number of samples, encompasses almost the entire stratigraphic sequence;
special attention was taken to process only samples that originate from secure stratigraphic contexts: Regev
et al. (2014) for the Early Bronze; Martin et al. (2020) for the later phases of the Middle Bronze and the Late
Bronze; Toffolo et al. (2014) for the Iron Age. For the present study, we collected pottery samples from four
layers: (1) Level S-2 - a destruction level from the early days of the Middle Bronze I unearthed on the north-
ern slope of the mound, near its gate; preliminary analysis of radiocarbon ages of burnt material suggests
an age range of ca. 1950-1900 BCE. (2, 3) Levels K-11 and K-10 of the Middle Bronze III in the southeastern
sector of the site. (4) Level H-15 of the Late Bronze I in the northwestern sector of the site. The age spans
of K-11 (ca. 1650-1600), K-10 (ca. 1600-1550), and H-15 (ca. 1550-1475) were calculated according to the
Bayesian age model of Martin et al. (2020). Collection of the pottery samples was done with emphasis on
local domestic material securely associated with stratigraphic and ceramic context and thus with radiocar-
bon dates.

2.2. Archeointensity Methods

Our reduced dataset is based on three methods, which were tested against each other and show com-
patibility: (1) the Thellier method (Thellier & Thellier, 1959) applied using the IZZI protocol (Tauxe &
Staudigel, 2004; Yu et al., 2004) and analyzed using the automatic interpretation technique of Shaar and
Tauxe (2013) with criteria defined in Shaar et al. (2016), hereafter called Thellier-IZZI-MagIC (squares in
Figure 1) (Shaar et al., 2016); (2) the Thellier method applied using the Coe protocol (Coe, 1967), hereafter
termed Thellier-Coe (circles in Figure 1) with the criteria of Genevey et al. (2003); and (3) the Triaxe method
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Figure 2. Archeointensity methods. (a)

Representative Arai diagram and Zijderveld plot (inset) displaying ideal linear behaviors in the Thellier-1ZZI

experiments. (b) Cooling rate experiment, where circles show four laboratory thermoremanent magnetization (TRMs) acquired under different cooling rates,

solid line shows best fit line through poi
from a Triaxe experiment.

nts, and red square shows the projection of the ancient cooling rate on the best fit line. (c and d) Representative results

(Le Goff & Gallet, 2004) (circles in Figure 1) (Gallet et al., 2006, 2008, 2014a; Gallet & Le Goff, 2006). In
the following, we review the main concepts of each method and assess the differences between them. In
Section 3.1, we provide the experimental evidence for compatibility.

2.2.1. Thellier-1ZZI-MagIC

Thellier-1ZZ1-MagIC archeointensity experiments of samples collected for this study were carried out in
the shielded paleomagnetic laboratory at the Institute of Earth Sciences, The Hebrew University of Je-
rusalem (HUJI), using modified ASC TD-48 ovens, 2G-750 superconducting rock magnetometer (SRM),
and 2G-RAPID SRM. We cut several specimens from each pottery fragment (sample) and glued them
inside nonmagnetic glass vials of 12 mm in diameter (Hazor samples), or in 22 mm X 22 mm X 20 mm
square alumina crucibles (Megiddo samples). Archeointensity experiments followed the IZZI protocol
(Tauxe & Staudigel, 2004; Yu et al., 2004) with routine pTRM checks at every second temperature step (Coe
et al., 1978), using an oven field of 40 or 50 uT. Heating time ranged from 40 to 65 min depending on the
target temperature. Figure 3a shows typical successful data from these experiments, with Arai plot (Nagata
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acceptance criteria in Table 2 are shown.

et al., 1963) displaying a linear behavior, successful pTRM check (graphically displayed as triangles over-
lapping the IZZI datapoints), and a stable straight single-component Zijderveld diagram (Zijderveld, 1967)
converging to the origin.

Anisotropy of thermoremanent magnetization (ATRM) experiments consisted of eight heating steps car-
ried out at the highest temperature that the specimens reached during the Thellier experiment: 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) in 40 or 50 uT, and an additional infield alteration check at the end of the
experiment. As the long, repeated high-temperature procedures can cause alteration of the magnetic miner-
als, we calculated an alteration parameter from the vector differences of four pairs of measurements: ([—x,
+x], [y, +Vy], [-2, +z], and [first measurement, alteration-check measurement]). ATRM data of specimens
with alteration check >6% were rejected. For these specimens, anisotropy was measured using anhysteretic
remanent magnetization (ARM) acquired at 100-mT AC field and 0.1-mT DC bias field at six orthogonal
directions, similar to the ATRM experiment, where AF demagnetization step at 110 mT was applied before
each ARM step. AARM experiments were carried out after thermal demagnetization of the specimens.
Anisotropy tensors were calculated following Hext (1963), using the PmagPy Thellier GUI program (Shaar
& Tauxe, 2013; Tauxe et al., 2016).

Cooling rate correction experiments consisted of 4-5 cooling steps from 590°C or 600°C to room temper-
ature: a baseline zero-field step, an in-field step in a fast (regular) cooling rate, one or two in-field steps at
slower cooling rate, and finally, an in-field alteration check step in a fast cooling rate. Cooling rate alteration
parameter was calculated as the percentage of difference between the first and the last cooling steps. Spec-
imens with alteration parameter >6% were rejected, and their cooling rate correction factor was calculated
by averaging the correction factors of sister specimens from the same mother fragment. Cooling rate cor-
rection factors were calculated using the PmagPy Thellier-GUI program, assuming a logarithmic relation
TRM and Cooling rate

oven Cooling ratey,e,
were calculated from the best fit line through the experimental cooling rate data, as illustrated graphically
in Figure 2b. In our calculation, we assumed an averaged ancient cooling rate of 6 h from 500°C to 200°C
for all specimens following Genevey et al. (2003) and Shaar et al. (2016).

between (Genevey & Gallet, 2002; Halgedahl et al., 1980). Correction factors

Archeointensity values were calculated with the Thellier-GUI program (Shaar & Tauxe, 2013), incorporated
into the PmagPy software package (Tauxe et al., 2016), using the Thellier Auto Interpreter algorithm, and the
acceptance criteria listed in Table 1. The Thellier Auto Interpreter performs the following tasks:
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Table 1
Acceptance Criteria Applied to the Thellier-IZZI-MagIC Data
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 [4]
the zero field steps
DANG 10 Deviation angle [5]
Alteration check (correction) 6% Alteration check in TRM
anisotropy and cooling rate
experiments
Sample(fragment)/site (stratum) paleointensity Npin 3 Number of specimens
INExtin gt @ At least half of the specimens Minimum number of
specimens with anisotropy
correction
N 1 Minimum number of
specimens with cooling
rate correction
o 0 <3uT OR % < 8% Standard deviation of the
sample mean
Anisotropy sample test 6% If the mean anisotropy

correction of all the
specimens from the same
sample (fragment) is higher
than this value, specimens
without anisotropy
correction are discarded

Abbreviation: TRM, thermoremanent magnetization.

“For a complete description and definitions, see Paterson et al. (2014) (http://www.paleomag.net/SPD/). °[1] Shaar and Tauxe (2013); [2] Coe et al. (1978); [3]:
Selkin and Tauxe (2000); [4]: Kirschvink (1980); [5] Tauxe and Staudigel (2004).

. Line fitting to the Arai plot: The program analyzes all the possible best fit lines of each Arai plot separate-

ly and filters out the interpretations (best fit lines) that fail the specimen acceptance criteria

. Applying corrections: Each interpretation that passes step 1 is corrected for the effect of anisotropy and

cooling rate

. Sample/site mean calculation: The program calculates all the possible sample/site means (where sample

denotes for a pottery fragment, and site is attributed to archeological stratum, level, or context) using
all the specimens’ acceptable interpretations calculated in steps 1 and 2. Means that fail the sample/site
acceptance criteria in Table 1 are screened out

. STDEV-OPT sample/site mean calculation: From all the acceptable sample/site means calculated in step

3, the STDEV-OPT (standard deviation optimum) mean is the mean that has the lowest coefficient of
variation statistic (o4, = 100 X [c/mean], where o is the standard deviation)

. Calculating error bounds: Uncertainty bounds are defined by taking from all the acceptable means cal-

culated in step 3, the two end-case interpretations with the lowest and the highest values, and adding or
subtracting from them the standard deviation (these end case values are [Bpin — Omax] and [Bmax + Omax])

2.2.2. Triaxe

Triaxe measurements were done at the paleomagnetic laboratory of the Institut de Physique du Globe
de Paris (IPGP) using a Triaxe three-axis vibrating sample magnetometer, which allows magnetization
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Table 2
Selection Criteria Applied to the Triaxe Archeointensity Determinations
Criteria level Criterion group Description
Specimen Thermal demagnetization diagram Univectorial primary TRM
“R(T;) data” versus “Temperature” diagram The R(T;) values must be continuously increasing
or ~constant from T; (or T';) to T,.
“R'(T;) data” versus “Temperature” diagram The R'(T;) values must be sufficiently flat.

The slope in the diagram, expressed in % through the
temperature of analysis must be less than 10% (slope
defined by : (R'(T2)-R'(T; or Ty’))/(mean R'(T;) data).

For mean computation of the R(T;) values: The
magnetization fraction, with unblocking temperatures
larger than T;(or T;’), must be at least 50%.

Fragment Coherence of the intensity values Results obtained from at least two different specimens.

Estimated error <5% of the corresponding mean.

Abbreviation: TRM, thermoremanent magnetization.

measurements at high temperatures. The experimental protocol is illustrated in Figure 2c, and it includes
five heating/cooling steps between two reference temperatures T; (generally 150°C) and T, (around
500°C): the first (heating) step is natural remanent magnetization (NRM) demagnetization up to T>;
the next two demagnetization steps (cooling-heating) are designed to scrutinize the thermal variation
between T; and T, of the magnetization fraction still unblocked at T,; the fourth (cooling) is done in a
laboratory field whose direction is automatically adjusted so that it leads to the acquisition of laborato-
ry TRM (TRM,,) parallel to the NRM; the fifth (heating) step demagnetizes the latter up to T,. The in-
tensity value is estimated for each running temperature T; (every ~5°C) between T; and T, from the ra-

[M(13) = My (1) ] - [ M5(T3) - M3 (T;) ]
[ Ms(1) = Ms(T;) | = [ M3 (1) - M3 (T;)
measurements at the first, third, and fifth steps (i.e., while temperatures are increasing). If the R’(T;) data
display a straight and flat line, B, is calculated at the specimen level by averaging all R’(T;) values, provided
that (1) the TRM,,. exhibits a single directional component, being that acquired during the manufacture
of the artifacts. In case of a secondary magnetization, the pivotal temperature T; can be shifted to a higher
temperature T;’; (2) the magnetization isolated between T;/T;” and T, represents more than 50% of the mag-
netization fraction remaining above T;/T;’. As the direction of TRM,,, is parallel to that of NRM, no anisot-
ropy correction on TRM acquisition is required. Furthermore, it was experimentally shown that the cooling
rate effect is overcome by considering the R’(T;) data (Le Goff & Gallet, 2004). For an in-depth review on
the method and the selection criteria, see Le Goff and Gallet (2004), Genevey et al. (2009), and Hartmann
et al. (2010). Table 2 lists the selection criteria of the Triaxe method (see also Gallet et al., 2020).

tio R'(7;) = By (Figure 2d), where M, M;, and Ms are moment

3. Results
3.1. Blind Test of the Methods

As the motivation for this study is synchronizing archeointensity datasets acquired using different labora-
tory procedures, we performed a “blind test” aimed at assessing the compatibility between the Thellier-1Z-
ZI-MagIC and Triaxe methods. Gallet and Le Goff (2006) already compared archeointensity data from Syria
obtained using the Triaxe and the Thellier-Coe methods (additional comparisons were also carried out by
Genevey et al. [2009], Hartmann et al. [2010], Hartmann et al. [2011], and Hervé et al. [2017]). They con-
cluded that when using the selection criteria in those studies, the two methods yield equivalent data. The
Thellier-1ZZI-MagIC applied here adopts an automatic interpretation procedure with different acceptance
criteria than in Gallet and Le Goff (2006) and Genevey et al. (2003). Hence, we augment their conclusions
with additional testing of the Triaxe with the Thellier-IZZI-MagIC.
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Triaxe Archeointensity Data
H i NRM Ty Slope R' F mean value per

TestID  Fragment Specimen T;'-T,(°C) (uT) (%) (%) F(uT) fragment+ oF (uT)

HZ-TO1 HZl6Aa HZTOla  275-520 50 81 5 39.9 39.6 +0.3
HZ-TOlb  265-520 40 81 6 39.3

HZ-T02 HZ16Ab HZT02a  180-520 50 80 1 42.5 435+1.0
HZ-T02b 220-520 45 78 0 44.4

HZ-T03 HZ16Ac HZ-T03a 200-520 45 93 —4 36.2 36.0 = 0.2
HZ-T03b 225-520 35 89 0 35.8

HZ-T0O5 HZ16Ae HZ-T05a 350-520 50 72 1 49.1 489 +£0.3
HZ-T05b 380-520 50 69 4 48.6

HZ-T07 HZ16Ba HZ-T07a 365-520 50 73 0 36.9 36.8 + 0.2
HZ-T07b 375-520 35 71 1 36.6

HZ-T08 HZ16Bb HZ-T08a 310-520 50 83 2 48.2 48.0 £ 0.2
HZ-T08b 310-520 50 85 2 47.8

HZ-T09 HZ16Bc HZ-T09a 235-520 50 89 5 58.7 58.6 + 0.2
HZ-T09b 240-520 60 89 3 58.4

HZ-T11 HZ16Bf HZ-T1la 320-520 50 88 -1 41.4 41.6 £ 0.2
HZ-T11b 335-520 40 89 =il 41.8

HZ-T14 HZ16Cc HZ-T14a 275-520 50 79 6 42.1 41.8 0.3
HZ-T14b 285-520 45 80 6 41.5

HZ-T15 HZ16Cd HZ-T15a 250-520 50 85 5 38.5 39.0 £ 0.5
HZ-T15b 275-520 40 81 =il 39.5

HZ-T17 HZ16Cf HZ-T17a 295-520 50 73 6 39.5 39.5+0.1
HZ-T17b 280-520 40 75 5 39.4

HZ-T19 HZ17Db HZ-T19a 175-520 50 60 1 43.4 429 + 0.5
HZ-T19b 175-520 45 72 =2) 42.4

HZ-T22 HZ17Ea HZ-T22a 245-520 50 77 5 41.0 40.6 = 0.5
HZ-T22b 260-520 40 76 3 40.1

HZ-T23 HZ17Ee HZ-T23a 275-520 50 89 4 38.1 379 +0.3
HZ-T23b 275-520 40 90 2 37.6

HZ-T24 HZ17Fa HZ-T24a 305-520 50 81 5 41.0 41.1 £ 0.1
HZ-T24b 305-520 40 81 5 41.1

HZ-T25 HZ17Fe HZ-T25a 175-520 50 79 =il 39.1 38.9+0.3
HZ-T25b 175-520 40 75 1 38.6

We split a set of randomly selected Bronze Age pottery fragments from Tel Hazor (Table 3) into two groups.
One group was sent to the IPGP laboratory without the archeological details of the fragments for Triaxe
measurements and the other group was analyzed at the HUJI laboratory using the Thellier-1ZZI-MagIC
method. As the interpretation procedure of Thellier-IZZI-MaglIC is fully automatic, the test is free of any sub-
jective considerations for both methods. Sixteen fragments passed the Triaxe criteria (Table 3 and Figure 3),
15 fragments passed the Thellier-IZZI-MagIC criteria (Table 4), 4 fragments failed criteria in both methods,
and 4 fragments failed criteria in one of the methods. Thirteen fragments that passed the selection criteria
in both methods are shown in Figure 4. The agreement between the two datasets is excellent, displaying
differences of less than 3 uT between the means of each fragment. When considering the error bounds, only
two fragments show distinguishable values in the two methods, but their difference is smaller than 1 uT. We
note that owing to the way the error bounds of the Thellier-IZZI-MagIC are calculated (see Section 2.2.1),

SHAAR ET AL.

9of 22



/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2020GC009251

Table 4
Fragments Archeointensity From This Study
Fragment n STDEV-OPT STDEV- Lower error Higher error
group Fragment specimens Method mean (uT) OPT o (uT) bound (uT) bound (uT)
Megiddo H-15 mghl5a 5 1271 59.9 0.5 56.7 63.2
mghl5e 5 1771 52.9 0.1 51.5 55.9
mgh15f 5 V71 49.2 0.8 42.2 52.8
mgh15i 5 17271 54.5 0.1 49.9 56.9
mgh15k 5 17271 58.3 0.1 54.9 63.2
Megiddo K-10 mgk10b 5 1771 56.0 0.1 52.9 58.5
mgk10c 5 17271 54.6 0.2 50.4 58.6
mgk10h 5 17271 47.3 0.8 43.1 51.8
mgk10j 5 17271 47.1 1.6 43.7 52.2
mgk10k 5 1771 44.8 0.3 42.5 48.0
Megiddo K-11  mgkllc 6 1271 51.8 3.0 47.4 56.3
mgklld 6 17271 57.6 1.5 55.3 60.4
mgklle 5 1271 46.6 0.1 44.6 49.9
mgkllg 4 1271 53.0 0.1 44.5 54.8
Megiddo S-2 mgs2f 3 17271 36.6 0.1 34.0 374
mgs2g 3 1771 39.8 0.1 36.2 41.9
Hazor XVI-A HZ16Aa 7 1ZZ1 + Triaxe 41.2 1.4 39.1 44.2
HZ16Ab 6 1ZZ1 + Triaxe 43.1 1.1 41.2 45.2
HZ16Ac 5 1ZZ1 + Triaxe 35.1 1.2 31.8 37.8
HZ16Af 5 17271 39.1 1.3 35.2 41.7
Hazor XVI-B HZ16Ba 5 1ZZ1 + Triaxe 38.2 1.5 36.5 39.9
HZ16Bc* 6 1ZZ1 + Triaxe 57.9 0.6 53.2 60.6
HZ16Bd 4 1271 38.0 0.9 36.2 40.5
HZ16Be 5 17271 35.6 1.8 334 40.5
HZ16Bf 6 1ZZ1 + Triaxe 42.8 1L 40.8 47.9
Hazor XVI-C HZ16Ca 4 17271 34.8 0.5 30.1 38.5
HZ16Cc 7 1ZZ1 + Triaxe 42.2 0.5 40.4 43.8
HZ16Cd 6 1ZZ1 + Triaxe 38.6 0.7 37.3 40.7
HZ16Cf 5 1Z71 + Triaxe 38.1 1.4 35.2 39.5
Hazor XVII-D HZ17Db 7 1ZZ1 + Triaxe 42.7 0.4 41.9 43.5
HZ17Dd 5 17271 39.6 1.0 37.2 42.2
HZ17De 5 1771 38.0 0.1 35.7 39.7
Hazor XVII-E  HZ17Eb 4 1771 38.4 1.3 34.8 43.9
HZ17Ed 5 17271 35.5 1.1 34.1 39.8
HZ17Ee 6 1ZZ1 + Triaxe 38.3 0.7 35.5 39.8
Hazor XVII-F  HZ17Fa 7 1ZZ1 + Triaxe 39.8 1 38.1 41.5
HZ17Fc 3 17271 38.9 2.6 35.4 42.2
HZ17Fd 3 17271 43.4 3.4 43.4 46.8
HZ17Fe 6 1ZZ1 + Triaxe 38.9 0.3 36.0 39.4
*Outlier fragments.
SHAAR ET AL. 10 of 22
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using Thellier-IZZI-MagIC and Triaxe methods. The gray area shows
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its error bars are larger. From this, we conclude that archeointensity data
calculated using the two methods are indistinguishable.

3.2. Archeointensity Results

Out of 219 specimens, 181 passed the Thellier-IZZI-MagIC acceptance
criteria, representing a success rate of 83%. Table S1 lists their statistics.
Figure S3 displays histograms of the statistics used as selection crite-
ria (Table 1), indicating the high quality of the accepted results. Histo-
grams of the anisotropy and cooling rate correction factors are shown
in Figure 5. The anisotropy correction of 27% of the specimens is high-
er than 10%, and the cooling rate correction of 10% of the specimens is
higher than 10%. This emphasizes the importance of the two corrections.
Also, it highlights the preference of fitting the cooling rate data to a line
using three different cooling rates (e.g., Figure 2b), instead of the typical
procedure of only two rates. All the raw measurement data and interpre-
tations, including the ATRM, AARM, and cooling rate correction experi-
ments, are available in the MagIC database (earthref.org/MagIC/16857).

Out of 52 fragments, 39 passed the Thellier-IZZI-MagIC criteria listed in

Table 1, representing a success rate of 75%. We incorporated specimens
analyzed using the Triaxe method in the fragment paleointensity calcu-
lation by assigning the value listed in Table 3 for each Triaxe specimen.
The fragment results are presented in Table 4. Figure 6a shows fragment
archeointensities plotted versus fragment group—Ilevel at Tel Megiddo
and stratum/stage at Tel Hazor. Overall, there is a good agreement be-
tween fragments collected from the same group (archeological context) with some exceptions: one fragment
from Megiddo H-15 had a lower value than the other four fragments; five fragments from Megiddo K-10
yielded two groups of results: two showing high values (~55 uT) and three indicating much lower values
(near ~46 uT); one fragment from Hazor XVI-A showed a lower value than the other three fragments; one
fragment from Hazor XVI-B showed significantly different values than the other four fragments from this
stage. The latter fragment from Hazor XVI-B that showed values distinguishable from the rest of the frag-
ments in the group, with error bounds distinct from all other fragments, is shown in red in Figure 6a, and
is considered as an outlier. This fragment was not used in the calculation of the group mean. The scatter of
the fragment data within the different groups can be explained by the nature of the potsherds found in the
archeological context. Even after a careful preselection, the potsherds represent a time interval starting from
the time a ceramic vessel was produced to the time it was deposited. Restricting ourselves to non-luxurious
domestic vessels, this interval can last a few decades. Thus, by collecting several potsherds per context, we
get a range of archeointensity values associated with the corresponding time interval. Also, we cannot elim-
inate the possibility of “contamination” of potsherds from other contexts, during the complex process of site
formation. For example, the high outlier archeointensity value in Hazor XVI-B (~57 uT) can be explained

(a) Anisotropy correction (b) Cooling rate correction
40 4 50 1
304 40 4
- - 301
20 4
20
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Figure 5. Histograms of the anisotropy and cooling rate correction values.
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Figure 6. Archeointensity results. (a) Archeointensity data of pottery sherds (Table 4). The red symbol mark an

outlier not used in group mean calculation. Numbers correspond to the number of fragments in each group excluding
outliers. (b) Groups mean archeointensity values calculated by averaging fragments’ means (orange circles and error
bars) and by averaging specimens using the Thellier Auto Interpreter (blue squares, where green and blue error bars
are the Thellier Auto Interpreter bounds and STDEV-OPT standard deviation, respectively). Numbers correspond to the
number of specimens in each group.

by being younger in age, for example, from Hazor XV. For this reason, we took the approach of analyzing
several fragments per group and tested the consistency within the fragment group before averaging them.

A mean value for each group (level, stratum, or stage), representing the time interval associated with the
archeological context, was calculated using two approaches. The first is to average the mean values of the
fragments (STDEV-OPT means in Table 4). This is the simplest and most straightforward approach. Howev-
er, it does not take into account the different uncertainty of each fragment. The second approach is to use all
the specimens from all the fragments passing the criteria (excluding the outlier fragment) and to calculate
their STDEV-OPT mean and error bounds using the Thellier Auto Interpreter algorithm. The mean values
calculated using these two approaches are shown in Figure 6b and listed in Table 5. The two calculation
methods yield similar values of group means, but as expected, the error bounds calculated by the Thellier
Auto Interpreter are larger.
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Table 5
Group Archeointensity From Hazor and Megiddo, from this study and Shaar et al. (2016)
Thellier auto interpreter Mean of fragments
Radiocarbon age 68.2% Archeological STDEV-

Fragment probability interval (95.4% age range N n OPT STDEV-  Lower  Upper

group probability interval)* (BCE) Fragments  specimens mean OPTo  bound bound Mean o

Megiddo 1545-1354 (1561-1313) 1550-1400 3 14 50.5 21l 46.8 55.0 50.6 1.3
F-10

Megiddo 1557-1509 (1572-1463) 1550-1475 5 25 54.9 2.6 47.7 61.4 54.9 4.3
H-15

Megiddo 1581-1545 (1596-1535) 1600-1550 5 25 50.2 289 43.9 56.8 50 5.0
K-10

Megiddo 1626-1579 (1643-1561) 1650-1600 4 21 52.9 3.7 45.1 57.8 52.2 4.5
K-11

Megiddo 1900-1700 4 25 41.7 2.8 36.7 46.6 41.9 2.4
F-13

Megiddo S-2° 1942-1902 (1965-1886) 1950-1900 2 6 36.9 0.2 34.6 40.9 38.2 2.3

Hazor XV 1650-1450 3 9 49.6 0.5 47.6 53.7 49.9 0.5

Hazor 1800-1575 4 23 40.0 2.9 35.5 44.0 39.6 34
XVI-AY (1600)

Hazor 1800-1575 4 20 39.3 2.6 35.5 44.0 38.6 3.0
XVI-B! (1640)

Hazor 1800-1575 4 22 39.1 2.2 34.6 42.3 38.4 3.0
XVI-C* (1680)

Hazor 1800-1600 3 17 40.7 1.7 36.8 43.1 40.1 24
XVII-D¢ (1720)

Hazor 1800-1600 3 15 37.5 1.4 34.7 41.3 37.4 1.6
XVII-E* (1755)

Hazor 1800-1600 4 19 39.8 2.1 35.8 42.7 40.2 2.1
XVII-F (1785)

Hazor XVIII® 2350-2200° 3 11 47.4 0.8 44.5 51.6 47.0 1L

“Radiocarbon calculated using IntCall3 calibration curve following Martin et al. (2020). *Archeological ages for Megiddo reflect the age range of the context
considering radiocarbon ages, historical constraints, material cultures and historical constraints; the above without radiocarbon ages for Hazor. “Destruction
layer. “Age range based on archeomagnetic maximum ages calculated in Section 4.2 and historical constraints listed in Section 4.4. °Age range based on
preliminary radiocarbon data (Lev et al., 2019).

4. Discussion
4.1. A Reduced Archeointensity Dataset

To clarify the sources for some of the noise displayed in the archeointensity compilation shown in Figure 1,
we start by constructing a reduced archeointensity compilation assembled from contexts, which were dated
using consistent archeological chronologies. We restrict ourselves to methods and selection criteria that
were tested against each other: Triaxe (Gallet et al., 2006, 2008, 2014a; Gallet & Al-Maqdissi, 2010; Gallet
& Le Goff, 2006), Thellier-Coe (Genevey et al., 2003), Thellier-1ZZI-MagIC (Shaar et al., 2016), and Thell-
ier-1ZZI-MagIC + Triaxe (this study). Figure 7a shows data from Mari, Ebla, Megiddo, and Hazor. These
are large stratified sites that include most of the data in the time span reported here, ca. 2300-1400 BCE.
Table S2 outlines the archeological context of these data. It is important to note that data from Syrian sites
were reported at both the fragment and the group levels, but they are plotted as group mean. Thus, each
published data point in Figure 1 is an average of several fragments. The data from Megiddo and Hazor,
however, were reported at the fragment level, thus each data point in Figure 1 is a specimen mean from
a single fragment. To account for this difference and enable adequate comparison, we calculated a group
mean for the previously published data from Megiddo and Hazor using the same Thellier Auto Interpreter
technique deployed for the new data reported in the current study. These group means are listed in Table 5.
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Figure 7. A reduced archeomagnetic compilation assembled following the criteria listed in Section 5.1. (a) Mari, Ebla,
Hazor, and Megiddo, (b) same as (a) with additional data from nearby sites and adjustments of Hazor ages following
the Bayesian analysis displayed in Figure 8 (Section 4.2).

The radiocarbon-dated contexts are highlighted with a bold frame in Figure 7a; they include Levels F-10,
K-11,K-10, H-15, and S-2 at Megiddo and Stratum XVIII at Hazor. Stratum XVIII at Hazor has recently been
dated to the interval between the second half of the 24th century and the 23rd century (Lev et al., 2019);
since the analysis of this date is still in progress, we treat it merely as the best estimate. Figure 7b shows
the same subset shown in Figure 7a with additional data from nearby sites — Mishirfeh-Qatna (Gallet &
Al-Maqdissi, 2010), Tel Masaikh (Gallet et al., 2008), Terqa (Gallet et al., 2006, 2008), and Haft Tepe (Gallet
et al., 2006) — obtained using the Triaxe or the Thellier-Coe methods.

Considering the error bounds both in age and archeointensity, the reduced dataset in Figures 7a and 7b
shows agreement between the different data points except one significant discrepancy between Hazor XVI-
A,B and the rest of the data in this time interval. This difference is explained by the different absolute
chronologies adopted by the respective excavation teams. The archeological age range of Hazor XVII-XVI
(MB II-III) was adjusted by the excavators to conform with the “Ultra Low Chronology”, while the age of
Ebla and Mari were adjusted to the “middle chronology” there (Figure S2). The debate in the archeological
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literature regarding the absolute age of the Middle Bronze is long-standing and beyond the scope of this
archeomagnetic article. Yet, in this case, the radiocarbon ages of the stratigraphic sequence at Megiddo
Levels K-11, K-10, H-15, and F-10 provide objective chronological constraints to the archeological age of Ha-
zor XVII-XVI: the high archeointensity data of Megiddo are significantly higher and different than Hazor
XVII-XVI suggesting that the age limit of Hazor XVI-A should be shifted to earlier ages. The extent of this
shift is calculated in Section 4.2 and its archeological implications are discussed in Section 4.4.

Megiddo Level S-2 (ca. 1950-1900 BCE) is a well-dated destruction layer that yielded the lowest archeo-
intensity value in the whole interval, similar to the values of some of the data from Mari end of City 3.
Only two fragments from Level S-2 pass our criteria because of severe secondary burning that resulted in
secondary pTRM acquisition in most of the samples we analyzed. Yet, if confirmed with more fragments,
this layer can constrain the duration of the low archeointensity episode that marks the minimum in the
archeointensity curve. One option is that the minimum extended from the late 20th century to the late
17th century BCE. Another possibility is that there was a local maximum around 1800 BCE associated with
Megiddo Level F-13 and the higher values in Mari. Graphically, the former interpretation would result in
a “V-shaped” archeointensity curve, whereas the latter would make a “W-shaped” curve. We note that the
low archeointensity values (virtual axis dipole moment [VADM] of 70-75 10** Am?*) mark the lowest field
during the past 4,500 years in the Levant and Mesopotamia.

4.2. Bayesian Modeling

To calculate an archeomagnetic age limit of the Middle Bronze levels at Hazor, we constructed a Bayes-
ian archeointensity variation curve with 95% credible envelope using the reduced dataset displayed in
Figure 7b. To minimize divergence of the Bayesian model due to edge effects, we expanded the modeled age
interval and added data from the 25th to 24th centuries BCE and from the 14th to 13th centuries BCE (from
Mari, Tell Gudeda, Chogha Zanbil, Tel Hazor, and Tel Megiddo (Gallet et al., 2006, 2008, 2020; Gallet &
Butterlin, 2015; Gallet & Le Goff, 2006; Genevey et al., 2003; Shaar et al., 2016). For modeling purposes, we
used the fragments’ mean and standard deviation instead of the STDEV-OPT mean to keep consistency with
the published data from the northern Levant and Mesopotamia. All ages of Hazor XVI-XVII were set to
1800-1550 BCE to account for all the possible age ranges within the Middle Bronze II/III (Figure S2) accord-
ing to both the traditional chronology in the southern Levant and the middle chronology in Mesopotamia.
The Bayesian curve was generated using the age hyperparameter reverse-jump Monte Carlo Markov Chain
(AH-RIMCMC) algorithm, which is based on piecewise linear interpolations between randomly drawn
vertices (Livermore et al., 2018) (https://github.com/plivermore/AH-RIMCMC1). Here we follow similar
approach used in Gallet et al. (2020). The prior assumptions regarding the model and data are as follows:
(i) the allowed range of vertices of VADM values is between 60 and 120 Z Am?; (ii) the allowed number of
vertices (K) is between K, = 1 and Ky, = 150; (iii) the archeological ages of the data are uniformly distrib-
uted (archeological age range in Table 5 and Table S2); (iv) normal distribution of the intensity data defined
by the groups mean and standard deviation; (v) ages of stratified layers with overlapping age range must
agree with the stratification order. The likelihood function is calculated for each data point at an age drawn
from its age distribution by the difference between the intensity of the data to the intensity of the model,
where the model is calculated from linear extrapolation between the vertices. The RI-MCMC sampling al-
gorithm represents a random walk through the space of models permitted by the likelihood function. Each
perturbation of a model from its predecessor is done by shifting vertices in age and/or intensity and/or by
adding or deleting a vertex. The perturbation is calculated using the following parameters: oo = 30 years,
Ochange = 10 Z Am?, and Gy, = 10 Z Am? that describe the distributions of a vertex move in age, vertex
change in intensity, and intensity of a new vertex born with respect to the extrapolated intensity at the
vertex age. In our model, each perturbation includes one age resampling of the data in each perturbation
(num_age_changes = 1). The chain length is 10°. These parameters are close to the parameters defined by
Gallet et al. (2020); for more details on the AH-RIMCMC code and algorithm, see Livermore et al. (2018).

Figure 8a displays the median and the 95% credible interval of the Bayesian model, showing that some por-
tion of the prior age range of Hazor Middle Bronze falls outside the model 95% credible interval. Figures 8b
and 8c show the joint posterior probability distribution of the age and the intensity (Livermore et al., 2018)
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Figure 8. Archeomagnetic constraints of Hazor Middle Bronze strata using the method of Livermore et al. (2018). (a)
Bayesian 95% confidence interval, with prior ages of Hazor Middle Bronze shown in red. Errorbars show groups mean
and standard deviation. (b and c) Joint posterior probability distribution of the age and the intensity of fragment groups
HZ VII-F and HZ VI-A. The priors are shown in orange and the posteriors are shown in green.

of fragment groups Hazor XVI-A and Hazor XVII-F. The 95% credible bounds suggest that Hazor XVII-F
started in the beginning of the 18th century and that Hazor XVI-A ended before ca. 1575 BCE. With these
archeomagnetic constraints in hand, we reassign the age range of Hazor XVII-XVI between 1800 BCE (the
beginning of Middle Bronze II according to the middle chronology) and 1575 BCE (new archeomagnetic
constraints) keeping as much as possible the original internal division within the strata provided by the ex-
cavators. We assign wide error age bounds to fit the historical constraints on one hand (see Section 4.4) and
the archeomagnetic constraints on the other hand. The archeomagentcally revised ages of Hazor XVII-XVI
are listed in Table 5 and shown in Figure 7b. The Bayesian archeointensity variation curve with 95% credible
envelope are given in Table S3.

4.3. Comparison With Nearby Data

In Figure 7a, we synchronized the datasets of Mari, Ebla, Hazor, and Megiddo, because these sites are the
source for the majority of the data in Figure 1; each of these sites includes a detailed succession of strata
dated in a consistent manner; data were analyzed by archeointensity methods that were cross-tested with
each other; and six radiocarbon-dated contexts enable partly tying the data to absolute ages. Data from other
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Figure 9. Comparison of the reduced synchronized archeomagnetic compilation (Figure 8b, gray symbols) and other
published data from nearby sites.

nearby sites, which were analyzed using similar archeomagnetic methods and dated following the middle
chronology are shown in Figure 7b and are in agreement with the rest of the data. Both datasets displayed
in Figures 7a and 7b were used to construct the Bayesian model. Figure 9 shows the rest of the data, which
were obtained using methods that were not tested against Thellier-IZZI-MagIC or Triaxe. Tell Mozan (Still-
inger et al., 2015) was analyzed using the Thellier-IZZI protocol with anisotropy and cooling rate correc-
tions, but with different acceptance criteria than Thellier-IZZI-MagIC. Data are reported at the fragment
level, typically with 1-2 fragments per age group, with some apparent internal inconsistency among frag-
ments from the same age. The one group that includes at least two fragments with the same archeointensity
value is dated between 1900 and 1600 BCE. The low value of this group is in agreement with the archeoin-
tensity minimum in the synchronized compilation. Two pottery fragment groups from Cyprus—Bellapais
Vounous and Marki Alonia (Ertepinar et al., 2020)—analyzed using the microwave method—are
in agreement with the synchronized dataset considering their error bars, but are not perfectly aligned
with it.

The radiocarbon-dated data from Turkey can potentially provide critical key chronological tie points
to the archeoinensity compilation. Some of the data from Tell Atchana and Kinet Hoyuk (Ertepinar
et al., 2020) and Kale Hoyiik and Kiiltepe (Ertepinar et al., 2016) are in agreement with the synchronized
dataset, but other data show significantly different values. These data were analyzed using the microwave
method and/or the Coe or the IZZI variants of the Thellier method and/or the multispecimen method.
We note that the acceptance criteria used in these datasets are significantly weaker than the criteria used
in the Thellier-IZZI-MagIC used here (Table 1). For example, most of the Anatolian data use fraction pa-
rameter (f-statistic of Coe et al. [1978]) >0.35, whereas in the reduced compilation, we use fraction param-
eter (FRAC, Table 1) >0.79. As the raw measurement were not published, we could not reprocess these
data using the same interpretation algorithm, selection criteria, and averaging schemes as in this study.

Figures 9 and 1 demonstrate that, when attempting to construct a coherent regional archeointensity com-
pilation from the entire published data by a simple stack of modern data, there is a considerable noise
that masks the true trend of the geomagnetic field behavior. We repeat that the sources of the noise are
uncertainties in the archeological age determinations as well as from difference in the paleointensity inter-
pretation approaches. Therefore, unless each of the discrepancies in Figure 9 are rigorously assessed, we
suggest that future geomagnetic models that include the time interval 2300-1400 BCE use the synchronized
compilation in Figure 7b (Table 5 and Table S2).
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4.4. Implications to Archeological Chronologies of the Middle Bronze

Our results for Strata XVII-XVI at Hazor and Level K-11 at Megiddo touch on two parallel, but related
debates regarding the chronology of the first half of the second millennium BCE in the Ancient Near East.
The first is the dispute over the historical Mesopotamian chronology, which involves vast and complex
textual and archeological data. The focus of the discussion is the dating of the first dynasty in Babylon and
its well-known king, Hammurabi. At least five chronological systems, stemming from astronomical obser-
vations of Venus in the eighth year of the 10th ruler of the dynasty, Ammisaduqa, have been proposed (Cry-
er, 1995; Rochberg-Halton, 1988; Schwartz, 2008). The Middle Chronology (which dates Hamurrabi's reign
to 1792-1750 BCE, and the destruction of Mari to 1760 BCE) is favored in recent years (see summary in
Ben-Tor [2004] and Manning et al. [2016]). The second debate involves the chronology of the Middle Bronze
in the southern Levant; for the current article, the key question is the transition from the Middle Bronze I to
the Middle Bronze II (Figure S2). At least three systems—high, traditional, and low—are discussed. In an
attempt to resolve these disputes, scholars have recently turned to radiocarbon studies (e.g., Manning et al.
[2016] for Mesopotamian chronology; Bietak [2013]; Hoflmayer [2017]; Hoflmayer et al. [2016]; Kutschera
et al. [2012] for the southern Levant).

Hazor is involved in the Mesopotamian chronology debate “by proxy” through its link to the Mari tablets
(see summary in Ben-Tor [2004]). According to the Middle Chronology, Mari was destroyed by Hammurabi
in 1760 BCE; according to the Ultra Low Chronology, it was devastated in 1664 BCE. Hazor is mentioned
in the Mari texts, which belong to the last phase of its history, before its destruction by Hammurabi (Mala-
mat, 1992), and Mari is mentioned in a tablet found at Hazor (Horowitz & Wasserman, 2000); the suggestion
that Hazor of the Mari texts is not the site discussed here (Astour, 1991) has been dismissed (Ben-Tor, 2004).
The excavators of Hazor argued that the Hazor mentioned in the Mari texts must be the prosperous city
which covered both the upper and lower parts of the mound—the largest site in Canaan in the Middle
Bronze Age (Ben-Tor, 2004; Yadin, 1972). This description fits the advanced stage of Hazor XVII and/or the
early stage of Hazor XVI (the latter continued into the Middle Bronze III, meaning that it outlived Mari
[Ben-Tor & Bechar, 2017; Ben-Tor et al., 2017]).

Hazor XVII-XVI as well as the destruction of Mari is not radiocarbon dated, but Megiddo can serve here as
a chronological anchor and proxy. Our magnetic intensity data show that Hazor strata XVII-XVI are earlier
than Megiddo K-11 (Figures 7 and 8), the duration of which is radiocarbon dated to 1626-1579 BCE (68.2%
probability range). The pottery assemblages of Hazor strata XVII-XVI cover the Middle Bronze II and the
Middle Bronze III. Megiddo K-11 could have started in the late Middle Bronze II and continued into the
early days of the Middle Bronze III. Middle Bronze II Megiddo K-12 was probably contemporaneous with
the early days of Hazor XVI and, possibly, the late days of XVII (perhaps also Level K-13, but thorough
work on the ceramic assemblages of both Levels K-12 and K-13 has not yet been carried out). The missing
datum in order to wrap up all this information is the earliest possible date for “Greater Hazor,” sometime
during the life of Stratum XVII. Fixing it depends on the date of transition from the Middle Bronze I to
the Middle Bronze II (ceramic phases), which is also debated, between ca. 1850 and close to 1700 BCE (see
summary in Hoflmayer [2017], Figure S2). Finally, we should note that judging from its material culture,
including the six phases of construction (Ben-Tor et al., 2017), “Greater Hazor” must be given a long-
enough duration.

From the perspective of Hazor and Mari, when put together, all these can be summarized as follows (em-
phasis only on Middle and Ultra Low Mesopotamian chronology):

* Assuming the destruction of Mari at 1664 BCE (Ultra Low Chronology), MB II as the ceramic phase of
Hazor advanced XVII and early XVI, and the traditional chronology for the Middle Bronze I/II transi-
tion in the southern Levant (ca. 1750 BCE), then the overlap between Hazor and Mari can be placed at
1750-1664 BCE

* Assuming the above, with the southern Levantine low chronology replacing the traditional chronology
for the Middle Bronze I/II transition in the southern Levant (ca. 1710-1700 BCE), then the overlap
between Hazor and Mari can be placed at ca. 1710/1700-1664 BCE - a sufficient period of time, consid-
ering that Greater Hazor outlived Mari
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* Assuming the destruction of Mari in 1760 BCE (Middle Chronology) does not work with the tradi-
tional Middle Bronze chronology in the southern Levant, which puts the Middle Bronze I/II tran-
sition ca. 1750 BCE; evidently, in this case, Hazor prospers after Mari is destroyed. It is possible,
though, if one turns to the southern Levantine high chronology for the Middle Bronze I/1I transition
at ca. 1850/1800 (Hoflmayer, 2017). In this case, the Hazor-Mari overlap would fall at ca. 1850/1800-
1760 BCE

In the compilation in Figure 7, we still cannot resolve the chronological debates concerning the absolute
chronology of the destruction of Mari and the Middle Bronze I/II transition in the southern Levant.
Instead, we plot the archeointensity data from Mari as published (Gallet et al., 2006; Gallet et al., 2008;
Gallet & Le Goff, 2006; Genevey et al., 2003), assuming its destruction in 1760 BCE (Middle Chronolo-
gy) and Hazor XVI-XVII between 1800 and 1750 BCE as calculated from the archeomagnetic Bayesian
model.

5. Conclusions

A considerable amount of archaointensity data were published from the northern Levant and Mesopota-
mia for the time interval between the 23rd and the 15th centuries BCE. Yet, a simple stack of the data dis-
plays large inconsistencies that cannot be easily resolved, due to the application of different archeointensity
methods and selection criteria, as well as different historical-archeological chronological schemes. Here we
established a basis for comparison between data derived by the Thellier-IZZI-MagIC and the Triaxe meth-
ods from a blind test that resulted in indistinguishable results or a difference that was less than 1 uT. Based
on the conclusion that the two methods are compatible, we constructed a reduced and synchronized ar-
cheointensity compilation using 37 fragment groups from Mari, Ebla, Hazor, and Megiddo, which includes
new data from 10 groups from Hazor and Megiddo. Additional eight fragment groups from four other near-
by sites are in agreement with the reduced compilation and hence we include them in our compilation. The
reduced compilation is constrained by five radiocarbon-dated levels at Megiddo and one radiocarbon-dated
stratum at Hazor. The compilation illustrates a prominent field intensity minimum centered around the
18th century BCE, which spans over at least 200 years and marks the lowest field intensity in the Levant in
the past 4,500 years.

A comparison of the synchronized-reduced compilation with other data, derived using different archeoin-
tensity methods and/or different acceptance criteria, is more complicated. Discrepancies can be attributed
to archeointensity biases, different archeological chronologies and age terminologies, or problems of ar-
cheological contexts. As these biases can be problematic to address without rigorous comparison between
the methods, we suggest using the reduced compilation presented here (Table 5 and Table S2) for modeling
purposes and archeomagnetic dating rather than using the entire set of published data.

From the perspective of archeological chronology, the new data may provide a new tool for assessing the
chronology of the first half of the second millennium BCE in Mesopotamia and the northern Levant, and
the chronology of the Middle Bronze phases in the southern Levant. In particular, the new archeointensity
data provide constraints to the age of the Middle Bronze II/III strata at Tel Hazor.

Data Availability Statement

The Thellier-1ZZI-MagIC paleointensity measurements data are available in the MagIC database (earthref.
org/MagIC/16857).
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