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Abstract

Recent archacomagnetic data from ancient Israel revealed the existence of a so-called
“Levantine Iron Age geomagnetic anomaly” (LIAA) which spanned the first 350 years of the
first millennium BCE and was characterized by a high averaged geomagnetic field (Virtual
Axial Moment, VADM > 140 ZAm?, nearly twice of today’s field), short decadal-scale
geomagnetic spikes (VADM of 160-185 ZAm?), fast field variations, and substantial
deviation from dipole field direction. The geographic constraints of the LIAA have remained
elusive due to limited high quality paleointensity data in surrounding locations. Here, we
report archacointensity data from Georgia showing high field values (VADM > 150 ZAm?) in
the 10™ or 9™ century BCE, low field values (VADM < 60 ZAm?) in the 12" century BCE,
and fast field variation in the 5™ and 4™ centuries BCE. High field values in the timeframe of
LIAA have been observed so far only in three localities near the Levant: Eastern Anatolia,
Turkmenistan, and now Georgia, all located east of longitude 30E. West of this, in the
Balkans; field values in the same time are moderate to low. These constraints put geographic
limits on the extent of the LIAA, and support the hypothesis of an unusually intense regional
geomagnetic anomaly during the beginning of the first half of the first millennium BCE,
comparable in area and magnitude (but of opposite sign) to the presently active South

Atlantic Anomaly.
1. Introduction

Detailed mapping of secular (short-term) variation of the geomagnetic field provides an
essential indirect view into the geodynamics and thermal structure of Earth’s core [Jackson
and Finlay, 2007]. Thus, a substantial effort has been made over the last several decades to
reconstruct past secular variations, with particular focus on the recent several centuries
[Finlay et al., 2010; Finlay et al., 2016; Jackson et al., 2000] and more broadly, the Holocene
[Constable et al., 2016; Korte et al., 2011]. Perhaps the most remarkable secular variation
feature in this time window is the presently active regional negative geomagnetic anomaly
over the southern Atlantic presumably driven by a reversed core flux patch [Jackson et al.,
2000; Tarduno et al., 2015]. Until recently, there was no evidence for other historical
geomagnetic anomalies of this scale. Recently, Shaar et al. [2016] proposed the existence of
an intense positive geomagnetic anomaly over the Levant in the beginning of the first
millennium BCE. This so-called “Levantine Iron Age Anomaly” (LIAA) is characterized by
350 years (ca. 1050 BCE — ca. 700 BCE) with high time-averaged field corresponding to



Virtual Axial Dipole Moment (VADM, [Barbetti et al., 1977; Tauxe et al., 2016a]) of about
140 ZAm? (nearly twice today’s axial dipole moment, 76 ZAm?). During this period of
generally high field, at least two geomagnetic “spikes” (defined by Cai et al. [2014] as a short
lived feature with a VADM of >160 ZAm?) occurred in the 10" and the 8" centuries BCE
reaching VADMs of 160-187 ZAm? ZAm? [Ben-Yosef et al., 2017; Shaar et al., 2011; Shaar
etal., 2016] and perhaps even higher [Ben-Yosef et al., 2009]. The maximum directional
deviations from axial dipole field direction in the LIAA period was at least 22° [Shaar et al.,
2016]. The dataset supporting the LIAA hypothesis include 70 high-precision paleointensity
estimates from well-dated pottery, burnt structures, and radiocarbon-dated slag [ Ben-Yosef et
al;2009; Ertepinar et al., 2012; Shaar et al., 2011; Shaar et al., 2016] and directional data
from in-situ cooking ovens [Hassul et al., 2016; Shaar et al., 2016]. To uncover the
geographic extent of this anomaly, similarly dense high quality data from the narrow time

window of LIAA are required from nearby locations.

Accurate recovery of ancient geomagnetic field intensity (paleointensity) is not a
straightforward task. It requires well-dated materials carrying a stable thermoremenent
magnetization (TRM) held by sub-micrometer scale single-domain (SD) or small (flower
state) pseudo single domain (PSD) ferromagnetic particles, which are chemically resistant to
repeated heating lab treatments [Tauxe and Yamazaki, 2007]. In the so-called ‘Thellier’
procedure, the ancient TRM acquired in an unknown field is gradually replaced with
laboratory TRM acquired in a known field through multiple heating steps at progressively
elevated temperatures [Aitken et al., 1988; Coe, 1967; Thellier and Thellier, 1959; Yu et al.,
2004]. It is a laborious, time consuming, experimental procedure with a relatively low rate of
success [Tauxe and Yamazaki, 2007; Valet, 2003] resulting from non-SD materials and
experimental complexities. The interpretations of the experimental results, expressed as Arai
plots [Nagata et al., 1963] and Zijderveld plots [Zijderveld, 1967] (Figure 1) can be non-
unique and ambiguous. Thus, acceptance criteria based on paleointensity statistics [Paterson
et al.,2014] are commonly applied to screen out unreliable interpretations. Additional
uncertainties arise from remanence anisotropy [Rogers et al., 1979] and cooling-rate
dependency of TRM [Fox and Aitken, 1980], which result in a typical bias of non-corrected
paleointensity calculation of 5-25% [Genevey and Gallet, 2002; Genevey et al., 2008; Shaar

etal., 2016], and in many cases even more than that.



Considering the above methodological complexities, it may not be surprising that some
regional paleointensity datasets derived using different experimental methods, data
interpretation guidelines, averaging schemes, and dating techniques can show considerable
inconsistency and internal discrepancies [Genevey et al., 2008; Pavon-Carrasco et al., 2014].
If the raw measurements are in hand, then this problem can be partly addressed by carefully
assembling regional compilations using identical laboratory and data analysis procedures.
Two examples from the near east adopting such approach are the Levantine compilation
[Shaar et al., 2016] that applies an automatic consistent interpretation routine [Shaar and
Tauxe, 2013; Shaar et al., 2015] using strict acceptance criteria on the entire raw
measurement data, and the Bulgarian compilation [Kovacheva et al., 2009; Kovacheva et al.,
2014], which is based on the same lab treatments throughout the dataset. When the raw
measurement data are unavailable, it is critical to screen out less reliable data using
paleointensity statistics [Genevey et al., 2008; Paterson et al., 2014; Pavon-Carrasco et al.,
2014}.or other methods. This approach has been recently used by Pavon-Carrasco et al.
[2014] who demonstrated the strong effect of quality criteria on regional geomagnetic

modelling in Europe.

In this study we focus on the paleointensity behavior in Georgia in an effort to explore
differences between the Levant and Georgia, located approximately 3000 km apart. The
Caucasus was extensively studied in the 1970s and 1980s. The raw data from these
publications are unavailable, but the published interpretations are available from the
geomagiaS0 [Brown et al., 2015; Korhonen et al., 2008] and the MagIC (https://earthref.org/)
databases. Adequate analysis of the published data should take into consideration possible
bias caused by data quality. Thus, following Pavon-Carrasco et al. [2014] we show in gray
circles in Figure 2, data derived using some form of the Thellier method. Data points in blue
are derived using the Thellier method with pTRM checks and at least 4 specimens. The latter
criterion is necessary to average anisotropy effects. The high values in Georgian dataset in
the beginning of the first half of the first millennium BCE, with field values corresponding to
geomagnetic spikes (VADM ~ 160 Z Am?) are the main focus of this study. As these data
were not obtained using the strict standards of modern studies, we provide here new
paleointensity data from archaeologically dated potsherds and baked-clays in order to test the

trend seen in the old data, and compare the behavior in the Caucasus and the Levant.



2. Methods

Forty eight potsherds and fired clay samples from different archaeological contexts, mostly
dated using archaeological correlations [Djibladze., 2002; Heinch and Kuntner., 2016;
Licheli, 2011; Licheli and Rusishvili, 2008; Muskhelishvili, 1978; Narimanishvili, 1991;
Pitskhelauri, 1976] were analyzed in the paleomagnetic laboratory of Scripps Institution of
Oceanography, University of California San Diego. A detailed information of the
archaeological contexts can be found in the supporting information (Supporting Information,
Appendix I). The samples were cut into 3-9 specimens, which were subjected to Thellier-type
paleointensity experiment using the IZZI protocol of Tauxe and Staudigel [2004] including
routine pTRM checks [Coe et al., 1978] at every second temperature step. Anisotropy of
TRM was measured in six positions in 600° with additional baseline zerofield and alteration-
check steps at the beginning and the end of the experiment, respectively. Cooling rate
dependency was measured from three acquisitions of TRM in 600° cooled in fast air cooling
(43 °/min), slow spontaneous cooling (1.3°/min), and fast cooling as alteration check (43
°/min), respectively. Following Shaar et al. [2016] we assumed an averaged ancient cooling
time of 6 hours from 500° to 200° for all the archaeological samples (0.83 °/min). Data
analysis was done using the Thellier GUI program [Shaar and Tauxe, 2013], part of the
PmagPy software [Tauxe et al., 2016b]. We use the automatic interpretation technique [Shaar
and Tauxe, 2013; Shaar et al., 2015] using the acceptance criteria listed in Table 1. The error
bounds of the paleointensity estimates were calculated from two parameters: the standard
deviation of the mean (o) and the “extended error” [Shaar et al., 2016]. The latter takes into
consideration all possible interpretations passing the criteria. Additional details regarding

procedures and analyses can be found in Shaar et al. [2016].
3. Results

Figure 1 shows representative behaviors in the paleointensity experiments. Figures 1a-c show
different examples of specimens with behaviors failing one or more of the acceptance criteria
in Table 1. Figure 1d shows the behavior of a nearly ideal specimen with a straight Arai plot,
no evidence of alteration and a straight Zijderveld plot converging to the origin (insets); this
specimen passed all criteria. The effect of cooling rate is illustrated in Figure le, following
Figure 4 in Halgedahl et al. [1980], where the TRM overestimation is plotted versus the

logarithm of the ratio of cooling rates.



Overall, 91 specimens out of 210 specimens passed the specimen level criteria (43% success
rate), and 17 samples out of 48 passed the sample criteria (35% success rate). The samples’
paleointensities are listed in Table 2 and shown in Figure 2 as red squares. Histograms
showing distributions of statistics, and cooling rate and anisotropy corrections are given in
the Supporting Information. Interpretations in the specimens and sample level with the
corresponding statistical data, and the entire set of raw measurements are available in the

MaglC database (http://earthref.org/MaglC/11631).

Four locations yielded 2-3 samples per age interval: Khovle, and Atskuri that show good
internal consistency, and Graklinai Gora and Tsminda Pchani that show more scattered
results. We note the relatively large uncertainty in the archaeological context of the samples
from Graklinai Gora (Supporting Information, Appendix I). We suggest that the source of the
scatterin Graklinai Gora is fast variation rate between the 5™ and the 3™ centuries BCE. This
hypothesis is supported by the previous data that show a wide range of values in the 500 BCE
to 200 BCE interval (Figure 2). Some of the locations yielded single samples per time
interval; although passing our strict selection criteria, these time intervals should be further

confirmed by more data.

The new data shown in Figure 2 corroborate the main trends seen in the old data. Most

importantly, they show the following features:

e High geomagnetic field (VADM of 145 - 154 Z Am?) in the 9" or 10" century BCE,
supported by three samples from Khovle.

e Geomagnetic low in the 14" or 13" century BCE with VADMs < 60 Z Am?, supported by

two samples from Tsminda Pchani and Ortsheni necropolis.

e Large scatter in the data in the 5™ and 4™ century BCE with 8 samples from Tsminda
Pchani, Grakliani Gora and Grakliani Hill showing VADMs ranging between 80 — 140 Z
Am’-Also, one sample from Grakliani Hill yielded anomalously low value (50 Z Am?)
that needs to be confirmed by more samples. This could be explained by fast field
variations or age uncertainty. As age uncertainty of few hundred years in these sites is

unlikely, we interpret the scatter as a period with fast field variations.


http://earthref.org/MagIC/11631

4. Discussion

Three samples from the Iron Age site of Khovle showed high VADM values of 145 — 154
ZAm? around 900 BCE. Considering the extended error bounds (Table 2), these values are
slightly lower than the Levantine geomagnetic spikes values (> 160 ZAm?), but comparable
in magnitude. Some of the published Caucasus data also show high field values in this period
(Figure 2), with three samples showing VADMs of about 160 ZAm?” around 800 BCE and a
few quite high values (>160 ZAm?”) coming from pottery from the second millennium BCE;
however these do not meet the criteria of Pavon-Carrasco et al. [2014]. Our new high values
thus confirm the existence of a paleointensity high around 900 BCE in Georgia. The picture
is not so simple, however. There is a large dispersion of data in the 1000 BCE - 800 BCE
interval with field values ranging from 50 Z Am? to 150 ZAm®. Evidently, more-high quality
well-dated data are required to fully characterize field variations in this period. The 900 BCE
high in Georgia is contemporaneous with the Levantine geomagnetic spikes, suggesting a
link between the Levant and Caucasus. Both locations show fast field variations and
exceptionally high field values. We conclude, therefore, that the LIAA extended at least to
Georgia. Yet, still, more data is required to understand the details of the LIAA evolution in

the Caucasus.

With the new data in hand it is now possible to inspect the overall evidences for the
geographic extent of the LIAA using the available paleointensity data from nearby localities
(Figure 3). We display regional compilations outside the Levant using two sets of criteria:
data obtained using the Thellier method in gray symbols, and data passing Pavon-Carrasco et
al:[2014] criteria (Thellier-type methods with pTRM check and at least four specimens) in
colored symbols. The Levantine paleointensity behavior, to which we compare the Georgian
data, is shown in the south west corner of the map in Figure 3, consisting of the Central
Levant data in red [Ben-Yosef et al., 2017; Ben-Yosef et al., 2009; Shaar et al., 2011; Shaar et
al., 2015; Shaar et al., 2016] (analyzed and interpreted using identical methods and selection
criteria), and from Syria and Turkey in cyan [Ertepinar et al., 2012; Gallet and Butterlin,
2015; Gallet et al., 2006; Gallet et al., 2008; Gallet et al., 2014; Gallet et al., 2015; Genevey
et al., 2003; Stillinger et al., 2015]. The LIAA period with the two spikes is highlighted by a
shaded orange stripe. The Bulgarian dataset, compiled by Kovacheva et al. [2009] and
Kovacheva et al. [2014], provides a detailed paleointensity picture, but has only a few

samples covering the first half of the first millennium BCE; this data set shows low to



moderate values during the LIAA. The Greek dataset, available from the GEOMAGIAS50 and
MaglC databases, with the revisions of Tema and Kondopoulou [2011] and Tema et al.
[2012], also shows a paleointensity low during LIAA. From these data it seems that there was
no paleointensity high in the Balkan during the LIAA, and thus, the Balkans mark its western
limit. East of the Caucasus, the Turkmenistan dataset assembled using data available from the
GEOMAGIAS0 and MaglIC databases, show a coherent paleointensity behavior with similar
trends as the Levant and Georgia, and high field values corresponding to VADM of at least
150 ZAm?®, Yet, we note that these data do not meet Pavon-Carrasco et al. [2014] criteria,
and thus shown in gray. We conclude that the LIAA extended from the Levant toward

western Asia.

Inspection of the regional data in Figure 3 shows two prominent peaks. The first of which is
the LIAA east of the Balkans shown with orange stripe and discussed above. The second
peak appears to be contemporaneous in all locations of the near east, and is highlighted with
green stripe. It reached values of 150 — 160 ZAm” in Georgia, Bulgaria and Greece, 140
Zam” in the Levant, and possibly more than 160 Zam? in Turkmenistan (need to be confirmed
by higher quality data). This peak has been observed and discussed in Tema and
Kondopoulou [2011] and Pavon-Carrasco et al. [2014], and is associated with period of
relatively fast secular variation in Europe. Also here, further data is needed to adequately

describe the spatial and temporal characteristics of this second peak.
5. Conclusions

From comparison of paleointensity datasets from the Balkan, Caucasus, Levabt, and
Turkmenistan we conclude that a non-dipole feature is required to explain the paleointensity
difference in the interval between 1050 BCE to 700 BCE between Caucasus-Levant and the
Balkans. We suggest that this non-dipole feature is the regional positive geomagnetic
anomaly suggested by Shaar et al. [2016]. Given the new high Georgian paleointensity data
in the 10™ or 9™ century BCE we conclude that the western limit of the Levantine Iron-Age

Anomaly (LIAA) is along longitude lines of about 30E — 35E.
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Table 1: Acceptance criteria

Referenc
Criteria group Statistic Threshold value Description b
e
FRAC 0.79 Fraction parameter )
B 0.1 Scatter parameter 2)
SCAT True Scatter parameter )
Nprrm 2 Number of pTRM checks
Specimen Maximum Angular Deviation of the zero
. o MAD 5 “
paleointensity’ field steps
DANG 10 Deviation Angle 5)
. . Alteration check in Non-Linear-TRM,
Alteration check in ) .
) 5% TRM anisotropy, and cooling rate (6)
correction protocols )
experiments
Nuin 3 Minimum number of specimens
c 6% < 10% Standard deviation of the sample mean
N at least half of Minimum number of specimens with ©
mmsesen the specimens anisotropy correction
Sample
. . Minimum number of specimens with
palcointensity Ninin_er_corr 1 6
o cooling rate correction
Minimum averaged anisotropy
sample anisotropy 1% correction factor for excluding (6)
specimens with no anisotropy data

* 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 Tauxe, 2000]; (4):[Kirschvink, 1980] ; (5)
[Tauxe and Staudigel, 2004] ; (6) [Shaar et al., 2016]



http://www.paleomag.net/SPD/

Table 2: Sample paleointensiy

Location Lat/Lon Sample Type Age range N| Bzxo VADM+ ¢ B extended | VADM
D (CE) (nT) (ZAm?) error error
bounds bounds
@) (ZAm’)
Sachkhere 42.302,43.383 gsalOl Pot Sherd -3000,-2500 6 | 47.0+1.4 79.1£2.3 40.9-45.6 68.8 -86.4
Tsminda Pchani | 41.632,45.450 gtp202 Pot Sherd -1400,-1200 4 | 35.1£3.5 59.545.9 31.6-31.6 53.6-65.3
gtp108 Pot Sherd -500,-400 3| 51.7+13 87.7+2.1 45.7-49.2 77.5-97.9
gtpl107 Pot Sherd -500,-400 5 | 59.9+2.5 102.0+4.3 54.7-57.4 92.8-106.0
Ortsheni 42.010,44.785 gon102 Pot Sherd -1300,-1200 3 | 30.7£2.5 51.944.2 27.3-28.2 46.2-57.8
necropolis
Khovle 41.910,44.247 gkv102 Pot Sherd -1000,-800 6 | 89.6+0.1 152.0+0.1 87.1-90.9 147.3-160.4
gkv103 Pot Sherd -1000,-800 5 | 86.0+0.7 145.0£1.1 82.7-85.2 139.8-150.2
gkv101 Brick -1000,-800 4 | 91.140.1 154.0+0.1 86.8-94.1 146.7-164.1
Grakliani gora 41.997,44.404 222301 Pot Sherd -400,-500 5| 76.9+7.3 130.0+12.4 69.6-69.6 117.6-142.3
222202 Pot Sherd -400,-350 5 | 85.3+0.2 144.0+0.3 82.3-85.8 139.1-150.6
2gg102 Brick -400,-350 4 | 62.6£1.6 106.0+2.6 56.1-61.9 94.8-117.3
gggl01 Brick -400,-350 5 | 79.6£5.1 134.0+8.6 67.5-73.8 114.0-147.9
Grakliani Hill 41.998,44.403 2gh201 Pot Sherd -500,-350 4 | 31.5¢1.2 53.242.1 28.8-30.7 48.6-59.5
ggh401 Pot Sherd -450,-350 6 | 71.4+0.1 121.0£0.1 66.8-73.3 112.9-129.9
ggh501 Pot Sherd -350,-250 6 | 55.0+£2.6 92.9+4.4 50.6-52.9 85.4-99.7
Atskuri 41.728,43.166 gat104 Oven 1400,1500 3 | 48.6+0.2 82.4+0.4 47.5-48.4 80.5-83.6
gat102 Oven 1400,1500 7 | 50.7£2.2 85.9+3.7 47.0-48.9 79.6-94.5

@ Ages in brackets are inferred archaeological date range.

® Error bounds calculated using all interpretations passing criteria (see Shaar et al. [2016] for details

)
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Figure 1: Representative behavior in paleointensity experiments. a-d) Arai plots where red circles,
blue circles and triangles are ZI, IZ steps, and pTRM checks, respectively. Best-fit lines and SCAT
boundaries are shown in green and dahed lines. Insets show Zijderveld plots where blue (red) squares
are x—y (x=z) projections of the NRMs in specimens coordinate system (x-axis is rotated to the
direction of the NRM). Interpretations failing criteria are shown in (a)-(c). Interpretation passing all

criteria is shown in (d). e) cooling rate correction data plotted following Halgedahl et al. (1980).
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Figure 2: Paleointensity of the past 5000 years in the Caucasus displayed as VADM (Virtual Axial
Dipole Moment). Red: This study; Gray: Thellier method data from GEOMAGIASO0 database [ Brown
et al.,; 2015]; Blue: Thellier method with alteration check data from GEOMAGIASO0 calculated using

at least 4 specimens.



Bulgaria Georgla

180 [ & Kovachava ot al (2014] (Thelliar) 180 [ Goomagia (Trellien
® Kovachova et al (2014) (Thellier + AR n > 4) ® Goomagia (Thelller + AL n > 4)

. -
. @  This study =g
140 . o ® 120 | . .

VAD)fZAm
g 3
g..
2
,“'-,u
o
VAD)jZAm’
g =
b3
L)
% &
-* u-“

| ¢ Geomagia (Theller)
© Goomagia (Thellor = Ak, n >4}

VADM Z Am?

®  Geamagia (Thellier)
Geamagia (Thelllar + Ak, n >

Figure 3: Regional compilations of paleointensity data from the Near East shown as Virtual Axial
Diople moment (VADM). In the timeframe of the Levantine Iron Age Anomaly (LIAA, ca. 1050
BCE to ca. 700 BCE, highlighted in orange) there are prominent high VADM values in the Levant
(160-185 ZAm?), Caucasus (150 ZAm?), and possibly Turkmenistan (~150 ZAm?), but much lower
values in Greece (<110 ZAm?) and Bulgaria (<130 ZAm?). In the period between 550 BCE and 250
BCE (highlighted in green), a second paleointensity high with VADM of 140-160 ZAm® (possibly

higher in Turkmenistan) is observed in all regions.





