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1Dipartimento di Scienze della Terra, Università degli Studi di Torino, via Valperga Caluso 35, 10125 Torino, Italy. E-mail: evdokia.tema@unito.it
2ALP-CIMaN Alpine Palaeomagnetic Laboratory, via Luigi Massa 6, 12016 Peveragno, Italy
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S U M M A R Y
We present new absolute archaeointensity data from six archaeological sites situated in the
Okayama Prefecture, Japan. The materials studied are well-dated fragments from pottery, ce-
ramic coffins and haniwa artefacts. Their ages range from 160 AD to 675 AD, covering the
Late Yayoi and Kofun periods. Rock magnetic experiments suggest the presence of magnetite
and/or Ti-magnetite as the main carrier of the remanence, with a possible minor contribution
of higher coercivity minerals. After thermal demagnetization experiments, the most mag-
netically stable samples were selected for archaeointensity analysis performed following the
double-heating method proposed by Thellier and modified by Coe. Partial thermoremanent
magnetization (pTRM) checks and pTRM tail-checks were performed for monitoring possible
chemical alterations during heating. All measurements were corrected for both anisotropy and
cooling-rate effects. Successful archaeointensity determinations, following rigorous selection
criteria, were obtained for samples from all the investigated archaeological sites. Compared
with literature data from Japan, the new high-quality data show significantly lower intensity
values. They also reveal possible fast secular variation changes during the Late Yayoi period
and very weak geomagnetic intensity field around 630 AD. Such values offer evidence of
a possible recurrence of weak intensity field in East Asia, suggesting an ancient recurrence
of the West Pacific Anomaly. The new data might change the archaeomagnetic field models
interpretations in the area, even though more data are still necessary to better understand the
secular variation in Japan and the temporal evolution of the geomagnetic field’s behaviour in
East Asia.

Key words: Japan; Archaeomagnetism; Palaeointensity; Palaeomagnetic secular variation.

1 I N T RO D U C T I O N

The Earth’s magnetic field of internal origin is continuously chang-
ing in time, undergoing both long- and short-term variations. Such
variations are of great interest since they represent the main source
of observational information about the past behaviour of the ge-
omagnetic field and about the outer’s core flow magnitude and
pattern. Several studies based on archaeomagnetic data showed that
the geomagnetic field has been characterized by untypical episodes

of very fast- and short-lived local changes in both direction and
intensity (e.g. Shaar et al. 2016; Cai et al. 2017; Osete et al. 2020),
which are not observed in the present field (Alken et al. 2021).
The origin, duration and geographical occurrence of such extreme
geomagnetic field variations are subject of open discussion (Liv-
ermore et al. 2014; Davies & Constable 2018; Korte & Constable
2018; 2020; 2021) and their behaviour, feasibility and interpretation
in terms of core dynamics, remain very challenging. To better un-
derstand and constrain the ancient geomagnetic field behavior, the
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study of very well-dated archaeological clays and volcanic eruptions
is necessary. Such archaeomagnetic records offer important infor-
mation and are essential for the construction of global geomagnetic
field models and for core dynamics assessments.

Nowadays, several geomagnetic models are available but their
reliability and capacity to detect past geomagnetic field changes
and to reliable reconstruct the fine characteristics of the geomag-
netic field behaviour, highly depend on the quality and the tempo-
ral and spatial distribution of the reference data (Constable et al.
2016; Campuzano et al. 2019; Pavón-Carrasco et al. 2021). Un-
fortunately, obtaining a uniform geographical distribution of the
archaeomagnetic data is a very difficult (if not impossible) task.
Presently, several areas are poorly covered by data either due to
the limited availability of suitable materials (e.g. inhabited areas
such as deserts, isolated islands and high mountains and/or difficult
accessible areas such as war and conflict zones) or to the lack of
scientific and/or economical resources for palaeomagnetic analy-
ses (Di Chiara et al. 2020). The quality of the reference data is
also an important issue. Even though many quality criteria have
been proposed to select the most reliable palaeomagnetic records,
the quality of the data, both in terms of dating and experimen-
tal determination, is still one of the main challenges faced by the
palaeomagnetic community. Such problem is particularly impor-
tant when dealing with palaeointensity records which are obtained
through complex laboratory procedures. Palaeointensity data are
thus often characterized by low success level in respect to the di-
rectional determinations, significantly influencing the reliability of
the geomagnetic field models and their ability to detect short and
abrupt intensity variations (Pavón-Carrasco et al. 2014; Livermore
et al. 2021).

Some of the very first archaeomagnetic studies in Japan were pub-
lished by Watanabe (1958, 1959) who reported directional data from
a very large number of baked clay archaeological structures and pro-
posed the first secular variation curve for chronological dating in
Japan. Following, Nagata et al. (1963) published data from basaltic
lavas and baked-clay potteries covering the last 5000 yr. Since then,
several other studies enriched the directional and archaeointensity
records in Japan, based on both archaeological material and vol-
canic rocks (e.g. Sasajima 1965; Kitazawa 1970; Sakai & Hirooka
1986; Yu 2012; Yamamoto et al. 2015). Among them, some of
the most known and widespread archaeodirection studies were pub-
lished by Hirooka (1971, 1983), who measured the archaeodirection
of over 220 well-dated baked kilns, calculating a directional sec-
ular variation curve which is even now used for dating in Japan.
However, even though the directional experimental protocols have
only slightly changed over time, continuous research on archaeoin-
tensity has introduced substantial advances, demonstrating the need
of strict and rigorous protocols to obtain reliable absolute intensity
data. In Japan, the majority of the available up to now archaeoin-
tensity data come from studies carried out more than 20 yr ago,
and thus important advances on the archaeointensity determina-
tion protocols, such as cooling rate (CR) and anisotropy correc-
tions, were not considered. According to the GEOMAGIA50.v3.4
database (Brown et al. 2021), since 2000 only two studies from
archaeological material (Kitahara et al. 2018; 2021) and four stud-
ies from volcanic rocks (Yoshihara et al. 2003; Mochizuki et al.
2004; Yamamoto & Hoshi 2008; Yu 2012) have been published.
Kitahara et al. (2021) recently presented new archaeointensity re-
sults from archaeological relics in Osaka Prefecture, obtained with
the Tsunakawa–Shaw method (Yamamoto et al. 2015). The com-
parison of these new data with previous data from Japan showed
a significant discrepancy with the much higher archaeointensities

published before 1986. Such older data were mainly obtained with
the conventional Thellier method and its variants, but they missed
experimental corrections currently used. This underlines the need
of obtaining new high-quality archaeointensity data for Japan in
order to reconstruct a reliable geomagnetic field intensity curve in
the past and contribute to the improvement of the geomagnetic field
models prediction in the area.

In this perspective, we present here new archaeointensity data
from six archaeological sites, situated in the Okayama Prefecture,
Japan. The material studied come from well-dated pottery sherds,
haniwa figures (ceremonial earthenware made to be placed on the
Kofun burial mounds) and coffin ceramic fragments, with ages rang-
ing from 160 CE to 675 CE. The new data, together with previously
published archaeomagnetic records and global geomagnetic field
models are used to better understand the Earth’s magnetic field
variation in Japan during the last 2000 yr. Evidence of sharp in-
tensity variations during the Late Yayoi period and implications on
weak field recurrence in East Asia are also discussed.

2 M AT E R I A L S A N D M E T H O D S

Samples come from the archaeological sites of Tatezaka (TATEZ),
Tatetsuki (TATET), Tenguyama (TEN), Nima Ohtsuka (NIMA),
Sada Higashizuka (SADA1) and Sada Nishizuka (SADA2 and
SADA4), all of them situated at the Okayama Prefecture, Japan
(Fig. 1). From the Sada Nishizuka site, samples from two ce-
ramic coffins were collected, coffin no 2 (SADA2) and coffin no
4 (SADA4). From each site (or collection), 7–10 samples were
selected belonging to fragments from pottery, baked clay coffins
and haniwa artefacts. All samples are very well-dated based on ar-
chaeological evidence such as stratigraphy, pottery style and coffin
production (Table 1). Their ages vary from the Late Yayoi to the Ko-
fun periods, covering almost six centuries from 160 CE to 675 CE.
This period is of great cultural relevance in Japan, characterized by
increasing social stratification. Such social differentiation into hier-
archically superposed classes is reflected in the monumental burial
mounds constructed for persons of the upper social layers. Infor-
mation about the archaeological sites, the studied samples and their
dating is given in the Supporting Information and is summarized in
Table 1.

For each independent fragment and depending on its dimensions,
3 to 7 small cubes of about 1 cm edge were prepared and used
for rock magnetic and archaeointensity experiments. Measurements
were carried out at the palaeomagnetic laboratories of ALP-CIMaN
Alpine Palaeomagnetic Laboratory (Peveragno, Italy), Okayama
University of Science (Okayama, Japan) and University of São
Paulo (São Paulo, Brazil).

The magnetic mineralogy of the samples was investigated
through isothermal remanent magnetization (IRM) acquisition
curves and thermal demagnetization of a composite three-axis IRM
component (Lowrie 1990). The IRM curves were stepwise obtained
up to 5 T with a Quantum Design MPMS XL-5 SQUID Magne-
tometer, in the Research Instruments Center, Okayama University
of Science. Lowrie experiments were obtained by imparting a 1.2
T direct field along the z-axes of the samples, a 0.6 T field along
the y-axes and a 0.16 T along the x-axes with an ASC Scientific
pulse magnetizer; then, samples were thermally stepwise demagne-
tized up to 540 ◦C with a TD-48 SC (ASC Scientific) furnace and
their remanent magnetization was measured with a JR6 Spinner
magnetometer (Agico).
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Figure 1. (a) Map of Japan with the location of the Okayama prefecture; (b) photo of the samples collected from the Tenguyama (TEN) site and (c) details of
two fragments from the Tatetsuki site (TATET).

Table 1. Information about the studied archaeological sites and their dating. Columns: Archaeological site; Code;
Latitude (◦); Longitude (◦); Number of independent fragments; Type of ceramic samples; Archaeological age based
on stratigraphic evidence and pottery typology.

Archaeological Site Code Lat (◦) Long (◦) N Type Archaeological age

Tatetsuki TATET 34.66 133.82 8 Pottery 160–190 AD
Tatezaka TATEZ 34.66 133.67 7 Pottery 160–190 AD
Tenguyama TEN 34.62 133.72 10 Haniwa 470–500 AD
Nima Ohtsuka NIMA 34.62 133.71 8 Haniwa 550–600 AD
Sada Higashizuka SADA1 34.94 133.63 9 Coffin 630 AD
Sada Nishizuka, coffin no 2 SADA2 34.94 133.63 7 Coffin 630–650 AD
Sada Nishizuka, coffin no 4 SADA4 34.94 133.63 7 Coffin 650–675 AD

The sample’s magnetic stability was analyzed by both stepwise
thermal (THD) and alternating field (AFD) demagnetization. Two
fragments per site (a total of 14 specimens) were AF demagnetized
up to 180 mT with an automated AF demagnetizer and spinner
magnetometer (Natsuhara-Giken Dspin). Then, one specimen from
all fragments (a total of 54 specimens) was stepwise thermally de-
magnetized with a TD-48 SC (ASC Scientific) furnace while the
magnetic remanence was measured with a JR6 Spinner magnetome-
ter (Agico). After each demagnetization step, the bulk magnetic
susceptibility was measured with a KLY3 Kappabridge (Agico) to
monitor possible magnetic mineralogy changes during heating.

Archaeointensity experiments were performed using the classi-
cal Thellier & Thellier (1959, TT) double-heating palaeointensity
method, as modified by Coe (1967), with first zero field (Z) and
then in-field (I) heating-cooling steps (TT-ZI protocol). At least
three specimens per fragment were used for archaeointensity de-
terminations, while one more fresh specimen was used for the CR
experiments. All archaeointensity analysis were performed at the
Palaeomagnetic Laboratory of the University of São Paulo (USP-
Mag). Experiments were carried out in stepwise increasing temper-
ature steps between 100 and 575 ◦C, using an ASC Scientific single-
chamber oven with an inducing field coil. A laboratory field of 60 μT
was applied parallel to the z-axis of the specimen. Heating-cooling
cycles were performed in air during 30 min each for both zero-field
and in-field steps. Thermochemical alteration was monitored with
additional partial thermoremanent magnetization (pTRM) checks
carried out every two experimental temperature steps (Coe et al.
1978). Five additional checks were performed at 200, 300, 350,

400 and 500 ◦C (pTRM-tail checks; Riisager & Riisager 2001) to
monitor multidomain effects. The anisotropy of thermoremanent
magnetization (ATRM) was investigated at both 350 and 500 ◦C
through pTRM acquisition along six positions (X, −X, Y, −Y, Z,
−Z), following the procedure described by Hartmann et al. (2011)
and Poletti et al. (2016). The anisotropy correction factor was cal-
culated according to Veitch et al. (1984). The CR effect was also
investigated using an additional fresh specimen. For the CR cor-
rection factor calculation, specimens were heated and cooled in an
applied field of 60 μT for three times: once following a rapid cool-
ing of around 30 min, then following a slow cooling of around 12
hr and finally repeating one more rapid cooling (of 30 min). The
slow cooling step was performed introducing thermal insulators
into the oven and turning off the cooling fan. Further details on the
experimental procedures can be found in Hartmann et al. (2019).

3 R E S U LT S

3.1 Magnetic mineralogy

IRM acquisition curves obtained for one sample per site indicate the
dominance of a low-coercivity magnetic mineral, often accompa-
nied by a minor high-coercivity magnetic component (Fig. 2). The
low-coercivity component is saturated at applied fields of around
0.2–0.4 T while application of a direct field up to 5 T clearly shows
that in some samples, mainly from the NIMA and TATET sites, a
high-coercivity component is also present (Figs 2c and d).
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Figure 2. Stepwise IRM acquisition curves up to 5 T for representative samples from (a) TEN; (b) SADA1; (c) NIMA and (d) TATET sites.

The thermal demagnetization of a composite three-axes IRM fur-
ther confirms the presence of a low-coercivity mineral as the main
magnetization carrier. In all cases, the curves show the dominance of
the magnetically soft fraction (<0.16 T) while the medium and hard
components are very minor (Fig. 3). All samples are completely de-
magnetized at 540 ◦C, suggesting the presence of magnetite or/and
Ti-magnetite as the main magnetic mineral. In the samples from
TATET and NIMA sites the presence of a hard magnetic compo-
nent is also observed. This high-coercivity component is charac-
terized by low Curie temperature of around 300 ◦C, and could be
identified as the High Coercivity, magnetically Stable, Low Tem-
perature (HCSLT) magnetic phase previously recognized in several
archaeomagnetic samples as a product of heating of (iron-rich)
clays (McIntosh et al. 2007; Hartmann et al. 2011; 2011; Kosterov
et al. 2021). This phase could partially contribute to the remanent
magnetization together with the dominant magnetite/Ti-magnetite
magnetic signal.

3.2 Magnetic stability

The magnetic stability of the samples was controlled by both AFD
and THD experiments. The results, reported as equal area projec-
tions, Zijderveld diagrams and intensity decay plots generally show
a stable, single component of magnetization that passes through the
origin of the Zijderveld plots (Fig. S1a, Supporting Information).

All samples are completely demagnetized at 540 ◦C, further con-
firming the presence of magnetite and/or Ti-magnetite, almost ex-
cluding the contribution of hematite as high-coercivity component.
Magnetic susceptibility monitoring after each thermal demagnetiza-
tion step generally shows very small variations, suggesting that most
of the samples are thermally stable and suitable for archaeointen-
sity experiments. AFD plots also show very good magnetic stability.
Some samples are not completely AF demagnetized at peak field
of 180 mT, confirming the presence of the HCSLT magnetic phase,
which however generally shows very good magnetic stability. Some
samples show a clear secondary magnetic component or disturbed
Zijdelveld diagrams and were therefore excluded from any fur-
ther consideration (Fig. S1b, Supporting Information). Moreover,
all samples from the SADA2 coffin show significant magnetic sus-
ceptibility increase at temperatures around 300–360 ◦C suggesting
insufficient heating in the past and poor thermal stability. The THD
and AFD experiments results were used as a pre-selection criterion,
rejecting all samples with magnetically unstable behaviour, multi-
magnetization components and magnetochemical changes during
heating.

3.3 Archaeointensity results

A total of 145 specimens from at least four independent ceramic
fragments from each studied samples group were measured and
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Figure 3. Thermal demagnetization of orthogonal three-axes IRMs for representative fragments: (a) NIMA-6; (b) TATET-5; (c) TATEZ-2; (d) SADA1-3; (e)
SADA4-1 and (f) TEN-2.

analysed: TATET (8 fragments, 29 specimens), TATEZ (9 frag-
ments, 35 specimens), TEN (5 fragments, 14 specimens), NIMA (5
fragments, 24 specimens), SADA1 (7 fragments, 28 specimens) and
SADA4 (4 fragments, 15 specimens). Results were elaborated with
the Thellier Tool software (Leonhardt et al. 2004) and the quality of
the archaeointensity determination at specimen level was estimated
following rigorous acceptance criteria. Such criteria are similar to
those proposed by Hartmann et al. (2019) and are based on a quality
selection at both specimen and fragment levels.

At specimen level, the intensity value was computed involving the
same temperature interval used for isolating the main magnetic com-
ponent in the orthogonal diagram and at least four temperature steps
(N ≥ 4) [comprising at least 40 per cent of NRM (f ≥ 0.4)] were used
for line slope fitting. Moreover, standard error should be less than
15 per cent (β ≤ 0.15), quality index (q) above 5 (q ≥ 5), anchored
and unanchored maximum angular deviation (MAD) below 10◦,
angular difference between anchored and free-floating best-fitting
directions below 5◦ (α ≤ 5◦), maximum difference of normalized
pTRM checks (δCK) smaller than 10 per cent (δCK ≤ 10 per cent),
the normalized ratio of alteration-corrected to non-corrected esti-
mates (δpal) smaller than 15 per cent (δpal ≤ 15 per cent), and
maximum difference of normalized pTRM-tail (δTR) checks below
10 per cent (δTR ≤ 10 per cent). At fragment level, a minimum of
two successful specimens was necessary for computing an intensity
value with an error below 10 per cent after anisotropy correction.

From the 145 studied specimens, 99 (coming from 30 indepen-
dent fragments) passed the selection criteria reported above, result-
ing to a success rate of 68 per cent (Fig. 4). Most of the rejected
specimens failed the quality selection due to magnetic alteration
during the archaeointensity experiments or to unsuccessful mag-
netic anisotropy determinations. Results at fragment and site level
are summarized in Table 2 and analytically presented in Supporting
Information (Table S1).

4 D I S C U S S I O N

4.1 New data and secular variation path in Japan during
the last three millennia

The archaeointensity signal is recorded during the last firing of the
archaeological baked clay artefacts and thus represents a unique
instantaneous picture of the geomagnetic field in the past. When
reliable evidence exists to confirm that the different fragments col-
lected from an archaeological site were contemporaneously fired
(e.g. baked clay pieces from a kiln), a mean archaeointensity value
per site can be calculated, representing a consistent estimation of
the geomagnetic field’s intensity at the time of their last firing. Nev-
ertheless, it is often difficult (if not impossible) to certify that a set
of ceramic fragments found in an archaeological site were fired ex-
actly at the same time and place. For this reason, the calculation of a
mean value per site based on independent ceramic fragments should
be cautiously performed, as it can hamper the identification of fast
geomagnetic field variations (Livermore et al. 2021). In fact, pot-
tery fragments collected from well-dated and short-chronologically
constrained archaeological contexts can offer valuable information
about rapid changes in the geomagnetic field intensity in a certain
geographical area (Shaar et al. 2016; Hervé et al. 2017).

The new high-quality archaeointensity data at fragment level ob-
tained in this study are plotted in Fig. 5(a), together with the mean
archaeointensity value calculated for each site. This plot clearly
shows that for all samples, the intensity records obtained at frag-
ment level are very well defined. Site mean values for the samples
from TEN, NIMA and SADA1 are also well constrained confirming
the high-quality of the new data. For site SADA4, the results are
divided in two groups, with two fragments showing intensity values
of around 40 μT and two fragments showing values of around 50
μT. The samples studied from this site are baked clay pieces from
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Archaeointensity record of weak field recurrence 955

Figure 4. Representative Arai plots with the corresponding Zijderveld diagrams for (a)–(f) successful samples and (g)–(j) for rejected samples from the
different studied sites. In the Arai plots, the empty circles represent NRM remaining against pTRM gained and triangles show pTRM checks performed every
two temperature steps.
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Table 2. New archaeointensity results from Japan. Columns: Frag ID; n: number of specimens per fragment; Fm and σFm: mean and error of uncorrected
intensity for each fragment (in μT); FATRM: archaeointensity corrected for the effect of the thermoremanent anisotropy; Fm ATRM and σFm ATRM: mean and
error of anisotropy corrected intensity for each fragment (in μT); Fm ATRM+CR and σFm ATRM+CR: mean and error of both anisotropy and CR corrected
intensity for each fragment (in μT); F Mean (site) and σF Mean (site): mean archaeointensity value and associated error after all corrections, computed
considering at least three fragments per site (in μT).

Frag ID n Fm σFm FATRM Fm- ATRM σFm-ATRM Fm-ATRM+CR σFm-ATRM+CR F Mean (site) σ f Mean (site)

Tatetsuki (TATET): 160–190 AD [fragments: 5/8; specimens: 14/29]

TATET-2 2 50.86 3.56 31.90 32.77 1.22 30.64 1.22 39.78 13.03
TATET-3 3 62.09 0.54 66.40 63.10 4.38 60.71 4.38
TATET-6 5 37.83 1.81 34.07 32.73 1.96 29.46 1.96
TATET-9 2 39.97 2.82 37.59 38.73 1.61 34.08 1.61
TATET-10 2 67.15 0.35 47.85 46.33 2.14 44.02 2.14
Tatezaka (TATEZ): 160–190 AD [fragments: 5/9; specimens: 19/35]

TATEZ-2 3 55.24 0.14 46.47 46.95 1.02 42.99 1.02 47.99 9.77
TATEZ-3 4 58.55 4.17 34.59 36.91 1.59 35.07 1.59
TATEZ-7 4 66.10 9.11 60.95 58.51 2.36 54.97 2.36
TATEZ-8 4 74.87 0.58 64.15 63.64 1.18 59.82 1.18
TATEZ-10 4 59.55 1.30 44.68 50.10 3.77 47.09 3.77
Tenguyama (TEN): 470–500 AD [fragments: 5/5; specimens: 14/14]
TEN-4 3 62.61 1.50 54.46 52.17 2.49 49.06 2.49 43.45 3.43
TEN-6 3 51.52 1.24 43.75 42.75 0.86 40.33 0.86
TEN-7 3 58.04 1.48 47.20 45.28 1.69 42.31 1.69
TEN-8 2 56.51 2.23 45.59 46.61 1.44 44.10 1.44
TEN-9 3 50.05 1.58 44.68 44.88 1.14 41.42 1.14
Nima Ohtsuka (NIMA): 550–600 AD [fragments: 4/5; specimens: 16/24]

NIMA -2 3 48.20 2.10 51.83 47.78 3.79 44.31 3.79 44.40 1.60
NIMA-4 5 47.20 4.30 46.90 45.60 2.30 46.20 2.30
NIMA-7 3 55.48 2.01 42.91 43.24 0.45 42.29 0.45
NIMA-8 5 53.10 3.00 51.53 49.90 2.40 44.80 2.40
Sada Higashizuka (SADA1): 630 AD [fragments: 7/7; specimens: 26/28]

SADA1-1 4 39.42 3.89 37.89 36.33 1.80 33.78 1.80 31.97 2.21
SADA1-2 4 36.19 0.65 30.01 32.58 2.37 29.98 2.37
SADA1-3 3 37.76 3.37 33.96 34.20 1.43 32.14 1.43
SADA1-4 4 38.18 2.36 33.19 31.30 1.82 29.42 1.82
SADA1-5 4 41.60 3.52 38.89 35.52 2.61 33.39 2.61
SADA1-6 3 46.99 2.54 39.25 39.41 1.98 35.07 1.98
SADA1-9 4 35.32 3.84 34.81 31.23 3.05 29.98 3.05
Sada Nishizuka—Coffin no. 4 (SADA4): 650–675 AD [fragments: 4/4; specimens: 10/15]

SADA4-1 3 45.67 1.77 37.26 41.50 3.94 37.77 3.94 45.60 7.83
SADA4-2 2 59.44 4.37 63.16 60.60 3.62 53.33 3.62
SADA4-4 3 53.71 4.55 58.17 53.96 3.70 51.26 3.70
SADA4-7 2 48.46 0.98 45.38 46.04 0.93 40.05 0.93

the same ceramic coffin and it would be thus expected to give similar
archaeointensity values, representative of the Earth’s magnetic field
intensity at the time of the coffin’s production. A difference of ∼10
μT is unexpectedly high (taking into consideration the very rigorous
experimental protocol applied in this study), but it is however com-
parable with the often highly scattered archaeointensity values at
site level reported in the literature. Data from SADA1 coffin are well
concentrated around the mean value and suggest the presence of an
intensity low at the beginning of the 7th century AD. However, what
is particularly interesting in the new results is the large variability
of the intensity values observed for the contemporaneous sites of
TATET and TATEZ (Fig. 5a). Fragments from these two sites show
very similar behaviour, with some of them being characterized by
high intensity values of around 60 μT and others by low values of
around 30–35 μT. These sites are both very well dated at 160–190
AD, representing a well constrained and short-time period. Careful
typological examination of the fragments collected from both sites
excludes possible contamination from different stratigraphic lev-
els, confirming that all samples were produced in the same period

(160–190 AD). The high quality of the new intensity data, accom-
panied by the very reliable and precise dating of these two sites
may offer, for the first time, evidence of very fast geomagnetic field
variations in Japan during the Late Yayoi period, even though more
high-quality contemporaneous data are still necessary to better con-
strain such event.

Comparison of the new data with literature data for Japan (GE-
OMAGIA50.v3.4 database, Brown et al. 2021) shows that the new
data are characterized by systematically lower intensity values with
respect to the previously published data (Fig. 5b). Such important
difference could be explained by the almost complete lack of CR
and anisotropy corrections in the literature data. Nowadays, it is
well known that the fast-cooling time used during the archaeointen-
sity laboratory experiments overestimates the intensity results and
thus the correction of the intensity data for this effect is very im-
portant (Genevey et al. 2008). Moreover, archaeological artefacts
such as pottery, bricks and tiles may be highly anisotropic (Tema
2009), significantly influencing the archaeointensity determination
that needs to be corrected (Chauvin et a. 2000). As previously
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Figure 5. (a) New archaeointensity results at fragment level (dot) plotted together with the mean archaeointensity value calculated for each sample collection
(star); (b) new data plotted together with the intensity values from Kitahara et al. (2021), literature data from Japan (GEOMAGIA50.v3.4 database) and data
from South Korea (Hong et al. 2013), as well with the most recent global geomagnetic field models. All data are relocated to the latitude of Tokyo (35.65◦N).

discussed, most of the literature data from Japan mainly come from
studies carried out more than 20-30 yr ago, when such corrections
were not so well established yet, most probably resulting to higher-
than-expected intensity values. Re-evaluating such old data is an
extremely difficult, if not impossible task, as in most cases the orig-
inal data are not available, and it is not possible to have access
to the raw measurements for evaluating their quality. Even if we
could apply an arbitrary CR correction of 5 per cent decrease for
the data which were not originally corrected for the CR effect (fol-
lowing Genevey et al. 2008), it would be impossible to correct them

a posteriori for the anisotropy effect or to estimate their thermal
stability (and thus reliability) without the performance of pTRM
checks.

Nevertheless, comparison of our new data with the results ob-
tained from the most recent archaeointensity study in Japan pub-
lished by Kitahara et al. (2021) shows very good agreement
(Fig. 5b). Kitahara et al. (2021) studied archaeological baked clays
from the Suemura old kiln complex (located in the Senboku hills,
Osaka Prefecture), dated from 400 to 700 AD, by applying the
Tsunakawa–Shaw archaeointensity method and they also found
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much lower intensity values in respect to the previously published
Japanese data. Unfortunately, no contemporaneous data from nearby
to Japan countries are available for comparison with our new data.
However, data from South Korea (Hong et al. 2013), if compared
with the literature data for Japan, generally show lower intensity
values, too (Fig. 5b). The data from South Korea are corrected for
the anisotropy effect through the investigation of the anisotropy
of the anhysteretic remanent magnetization, but they still miss CR
correction (Hong et al. 2013).

Comparison with geomagnetic field models shows that the new
intensities are lower than the model’s predictions for the Late Yayoi
and Kofun periods (Fig. 5b). Among the models used for compari-
son, ARCH3k.1 (Korte et al. 2009), pfm9k.1a (Nilsson et al. 2014),
HFM.OL.A1 (Constable et al. 2016) and SHAWQ2k (Campuzano
et al. 2019), clearly follow a much higher intensity trend in respect
to the Kitahara’s et al. (2021) and our new data values. This is
expected for ARCH3k.1 and SHAWQ2k models as they are only
based on data from archaeological artefacts and volcanic rocks, be-
ing strongly influenced by the higher intensity values of the older
reference data for Japan. The new data are in better agreement with
the lower values given by the CALS3k.4 model (Korte & Consta-
ble 2011) which shows low intensities, being based on sedimentary
records too. Such comparison underlines the importance of the new
high-quality data presented in this study for the improvement of the
geomagnetic field models’ predictions in the area.

4.2 Sharp intensity variations in contemporaneous
fragments

The new absolute intensity data from TATET and TATEZ sites
show significant differences in intensities which could be inter-
preted as fast geomagnetic field variations when values at fragment
level are considered. In fact, these two data sets show differences
in intensities among contemporaneous fragments that vary from
29.46 ± 1.96 up to 60.71 ± 4.38 μT over an interval of around 30
yr, as constrained by chronological and archaeological evidence. In
both sites, intensity rates suggest faster variations than those ob-
served in the current field (Alken et al. 2021) and the upper bound
value from purely advection scenarios of the field generated within
the Earth’s outer core (Livermore et al. 2014). The fast intensity
changes depicted from the new data can reach values compara-
ble to extreme intensity field variations, the so-called geomagnetic
spikes (Ben-Yosef et al. 2009; Shaar et al. 2011; Livermore et al.
2014; Shaar et al. 2016; Ben-Yosef et al. 2017), even though with
much milder maximum values than those seen in the Levantine Iron
Age Anomaly (LIAA). However, when the site mean intensities
of these two sites are considered, the intensity variation rates are
much smoother pointing that only a strict fragment level interpre-
tation of our data sustains very sharp intensity variations. Indeed,
Livermore et al. (2021) showed that data sets interpreted as geo-
magnetic spikes can have much lower rates of intensity variation
when data are considered only at the level of a group of fragments
from the same archaeological site. They also showed that defining
and detecting fast geomagnetic field variations strongly depends
on the approach imposed to the selection and interpretation of the
reference data (both in terms of experimental robustness and well-
constrained dating). Even though our new data from TATET and
TATEZ archaeological sites encourage the possibility of likewise
Levantine sharp intensity magnetic field variations in Japan during
the Late Yayoi period, which might be crucial for further consider-
ations on the spatial and temporal occurrence of such geomagnetic

field phenomena, inconsistency in the interpretation of the results
at fragment level cannot be excluded. Undoubtedly, more data from
this period are still needed to assert the puzzling contemporaneous
intensity values found in the TATET and TATEZ sites and to better
constrain the evidence of such sharp geomagnetic field variations
in Japan.

4.3 Evidence for recurrence of the West Pacific Anomaly

The new absolute intensity data from TEN, NIMA and SADA1
sites are very well constrained at both fragment and site mean lev-
els, showing a clear drop in intensity from the late 5th to early 7th
century AD, with a well-defined intensity low at 630 AD. Such weak
intensity values, clearly lower than those depicted in the previous
archaeomagnetic data available for the Late Kofun period in Japan
(Brown et al. 2021), are further supported by the recent data from
Kitahara et al. (2021), which also show weak intensity values for
the same period, including the intensity drop at the beginning of
the 7th century AD, even though less sharp (Fig. 5). The minimum
intensity value obtained from the SADA1 site is lower than the in-
tensity minima observed in South Korea at 700 AD, and 1600 AD
(Hong et al. 2013, see Fig. 5b). To further investigate the occur-
rence of such weak geomagnetic field intensity field in Japan, we
have used the SHAWQ2k global model (Campuzano et al. 2019),
to create snapshots of the surface intensity field at 500, 600, 700,
1500, 1600 and 1700 AD, identifying local minima centres as ex-
treme low intensity values (Fig. 6). All snapshots clearly show the
global intensity minimum located at Africa, while two other min-
ima are observed at the west of South America and at the east of
East Asia. The East Asia minimum is not evident at the 500 and
600 AD snapshots while it only weakly appears at 700 AD (Fig. 6,
left-hand side). On the contrary, such intensity minimum is much
more evident in the 1500–1700 AD period (Fig. 6, right-hand side).
This is in contrast with our new data which depict lower values
in Japan during the 500–700 AD period than those seen in South
Korea for the 1500–1700 AD (Hong et al. 2013). The 1600 AD
minimum has been attributed to the influence of a weak surface
field anomaly centered in the equatorial position at East Asia, the
so-called West Pacific Anomaly (WPA, e.g. He et al. 2021). He
et al. (2021) showed that this anomaly prompts equatorial aurorae
at South Korea between 1590 and 1720 AD. Furthermore, archaeo-
magnetic results in Cambodia show an intensity dip between 1100
and 1300 AD, accompanied by fast directional change between
1200 and 1300 AD (Cai et al. 2021). Our new data from Middle to
Late Kofun period, give evidence of an ancient occurrence of the
WPA influence over East Asia, being also supported by the recent
archaeomagnetic records from Japan and China (Cai et al. 2021;
Kitahara et al. 2021). All these recent data are not included in the
SHAWQ2k model’s calculations, preventing it from depicting the
possible recurrence of weak ancient surface geomagnetic field in
East Asia suggested here.

The persistent location of recurrence of surface intensity minima
(Terra-Nova et al. 2019; Nilsson et al. 2022), which might include
the West Pacific as supported by our data, is related to core–mantle
dynamics. Archaeomagnetic field models reveal that lateral mantle
heterogeneities can localize core–mantle boundary (CMB) reversed
flux patches (Terra-Nova et al. 2016). The expansion of reversed flux
patches below South Atlantic during the historical period prompts a
large region of weak surface field (e.g Jackson et al. 2000), known
as South Atlantic anomaly (SAA), for which mantle driven anomaly
has been proposed (Tarduno et al. 2015; Terra-Nova et al. 2019).
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Figure 6. Surface intensity field as predicted by the SHAWQ2k global geomagnetic field model (Campuzano et al. 2019) at (a) 500 AD, (b) 600 AD, (c) 700
AD, (d) 1500 AD, (e) 1600 AD and (f) 1700 AD. White diamonds indicate the local minima centres.

Based on archaeomagnetic data from Africa which reveal sharp
directional changes and an intensity drop, Tarduno et al. (2015)
proposed that the radial length scale of the field might be reduced
by the presence of the Africa large low-shear-velocity province
(LLSVP), thus prompting the emergence of reversed flux patches.
Using numerical dynamo simulations that account for lateral lower
mantle heterogeneities, Terra-Nova et al. (2019) showed that the
recurrent position of surface minima can be associated to localized
fluid upwelling at the top of the core maintained by regions where
less heat extraction occurs across the CMB, at LLSVPs. Using core
flow models, He et al. (2021) showed that the wax and wane on inten-
sity requires localized horizontally diverging structures, suggesting
that upwelling flows are key to intensity drops and downwelling to
the restrengthening of local field. Similar results were obtained by
Trindade et al. (2018). They used synthetic CMB magnetic field
kinematic scenarios to show that a reversed flux patch, expanding
and drifting west and southward below the measure point, could
represent an optimal scenario for sharp local intensity changes.
Additionally, the centres of the ancient WPA and the present-day
SAA are located relatively close, at the edges of the Pacific and
Africa LLSVPs, respectively (Terra-Nova et al. 2019; He et al.
2021). The WPA might, thus, be a mantle-driven anomaly similar to
the SAA.

Fig. 7 shows the time dependence of field intensity minima in
longitude identified for a set of archaeomagnetic field models (Korte
et al. 2009; Nilsson et al. 2014; Constable et al. 2016; Campuzano
et al. 2019), and the longitudinal stack (the sum of all values for each
latitude, illustrated with the blue line in Fig. 7) of seismic shear wave

velocity anomalies from the tomography model of Masters et al.
(2000) at the lower mantle, truncated at spherical harmonic degree
6. We assume that the seismic shear wave velocity anomalies reflect
the lateral heterogeneities of the heat extraction from the outer core
by the mantle (e.g. Gubbins et al. 2007). At locations where there
is more heat extraction, the fluid is colder than sinks, while below
regions of less heat extraction fluid upwelling occurs (e.g. Olson
& Christensen 2002). Upwelling plumes carry toroidal field lines
upwards accumulating magnetic flux at the top of the core which is
then expelled by magnetic diffusion and creates pairs of normal and
reversed flux patches on the CMB (Bloxham 1986). Several minima
located at the edges of the LLSVP can be identified (Fig. 7), as well
as at its centre (e.g around longitude 0◦). It is worth noting that
surface intensity minima between 2000–6000 BC tend to be less
scatter, being recurrent around the position of the SAA and WPA,
thus possibly reflecting the location of upwelling plumes at the top
of the core. The drifting patterns of these anomalies depend on the
accuracy of their identification (Amit et al. 2021). Here, surface
minima drift both west and eastward. Edges of LLSVP might act
as anchors where surface minima anomalies present slower drifting
velocities and therefore are seen for longer time intervals. This could
explain why the SAA present-day westward drift is getting slower
(Terra-Nova et al. 2017) as it passes through the edges of the African
LLSVP. Evidence for recurrent weak surface field anomalies in the
Holocene due to the emergence of reversed flux patches, similar to
the present-day SAA are supported not only by the intensity field
drop but also by sharp changes in the field’s direction as observed by
archaeomagnetic studies in South America (Trindade et al. 2018),
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Figure 7. Identification of intensity minima longitudes for up to the last 10 000 yr for some of the most used global geomagnetic field models. Blue line
denotes the non-dimensional sectorial average of the shear seismic wave anomaly for the lower mantle calculated based on the tomographic model of Masters
et al. (2000), truncated at spherical harmonic degree 6. Dashed lines indicate the position of surface weak intensity field anomalies: red for the present-day
SAA (Terra-Nova et al. 2017) and black for an ancient position of the WPA (He et al. 2021).

Africa (Tarduno et al. 2015; Hare et al. 2018) and West Pacific (Cai
et al. 2021).

All archaeomagnetic field models fail to reproduce the intensity
drop seen in our data around the beginning of the 7th century AD
(Fig. 5b), most probably due to the models’ spatial and temporal
resolution limitation caused both by the poor data coverage as well
as by the often low archaeomagnetic data quality (Brown et al.
2021). Actually, only the CALS3k.4 model (Korte & Constable
2011) shows intensity values close or lower than 30μT, similar to our
new data. The most recently published models show clearly stronger
intensity field in Japan during the 500–700 AD period, being clearly
influenced by the older Japanese archaeointensity data. Fig. 8 shows
snapshots of the radial field at CMB below Japan at 500, 600 and 700
AD as calculated from the archaeomagnetic field models CALS3k.4
(Korte & Constable 2011), HFM.10k.1A (Constable et al. 2016) and
SHAWQ2k (Campuzano et al. 2019). Intense normal flux patches
are located below Japan for both HFM.10k.1A and SHAWQ2k
models. In the HFM.10k.1A model, an extensive patch dominates
the field while in the SHAWQ2k model patches drift, merge and
concentrate below Japan (Fig. 8). Oppositely, the CALS3k.4 model
resolves weak normal radial field below Japan. These differences
between the predictions of the radial field below Japan based on the
different models used, clearly evidence that more high-quality data
are still needed and improvements on the treatment of the data’s
uncertainties are still necessary to reliably constrain the radial field
below Japan and thus investigate the source of the intensity decrease
observed in our data. We hope that the incorporation of our new data
in the calculations of the future archaeomagnetic field models could
contribute to improve our current knowledge of the geomagnetic
field variation in East Asia during the first millennium AD and help
in the prediction of the WPA temporal evolution.

5 C O N C LU S I O N S

This study reports 30 new archaeointensity results from six archaeo-
logical sites located at the Okayama Prefecture, Japan, belonging to
the Late Yayoi and Kofun periods. The new data, which are corrected
for both anisotropy and CR effects and are carefully selected, clearly
show that most of the previous archaeointensity determinations from
Japan are overestimated, most probably due to the lack of neces-
sary corrections. The new data show a decrease in the geomagnetic
field intensity from 5th to 7th centuries AD, with a well constraint
intensity low around 630 AD. Significant differences in intensity
values obtained from well chronologically constrained, contempo-
raneous ceramic fragments from the Late Yayoi period (around 200
AD) may give evidence of high intensity variation rates, reach-
ing values similar to those calculated during the LIAA, but with
much lower absolute intensity values. The new high-quality data,
together with data from South Korea and China, support a possible
ancient recurrence of the WPA. Our assessment using archaeomag-
netic field models and topographic shear wave seismic anomalies at
the lowermost mantle supports mantle driven WPA. The new data
offer a significant contribution to improve the global geomagnetic
field models predictions in Japan, even if more data are still nec-
essary to better understand the Earth’s magnetic field evolution in
East Asia.
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Figure 8. Radial field at the CMB calculated from the archaeomagnetic field models (a)–(c) SHAWQ2k (Campuzano et al. 2019); (d)–(f) HFM.OL1.A1
(Constable et al. 2016) and (g)–(i) CALS3k.4 (Korte & Constable 2011) at 500, 600 and 700 AD. White diamonds indicate the centre of intense
patches.

archaeology and Interactive Museum Experiences’, project grant
agreement no. 823826. The European Commission’s support for
the production of this publication does not constitute an endorse-
ment of the contents, which reflect the views only of the authors, and
the Commission cannot be held responsible for any use which may
be made of the information contained therein. GH acknowledges the
National Scientific and Technological Development Council-CNPq
(grants nos 425728/2018–8 and 312737/2020–3). TH is supported
by JSPS Kakenhi grant (no. 20H00028). FTN was supported by
the Centre national d’etudes spatiales (CNES). The authors ac-
knowledge the editor Andrew Biggin for the attention given to the
manuscript. Ron Shaar and an anonymous reviewer are sincerely
acknowledged for their constructive reviews.

DATA AVA I L A B I L I T Y

The data produced in this study can be downloaded from https:
//earthref .org/ERDA/2547/and are available under request.

C O N F L I C T O F I N T E R E S T

The authors declare that they have no conflict of interests.

R E F E R E N C E S
Alken, P. et al. 2021. International Geomagnetic Reference Field: the thir-

teenth generation, Earth Planets Space, 73, 49, doi:10.1186/s40623-020-
01288-x.

Amit, H., Terra-Nova, F., Lezin, M. & Trindade, R. I., 2021. Non-monotonic
growth and motion of the South Atlantic Anomaly, Earth Planets Space,
73, doi: 10.1186/s40623-021-01356-w.

Ben-Yosef, E., Tauxe, L., Levy, T.E., Shaar, R., Ron, H. & Najjar, M., 2009.
Geomagnetic intensity spike recorded in high resolution slag deposit in
southern Jordan, Earth planet. Sci. Lett., 287, 529–539.

Ben-Yosef, E., Millman, M., Shaar, R., Tauxe, L. & Lipschits, O., 2017. Six
centuries of geomagnetic intensity variations recorded by royal Judean
stamped jar handles, Proc. Natl. Acad. Sci. U.S.A., 114, 2160–2165.

Bloxham, J., 1986. The expulsion of magnetic flux from the Earth’s core,
Geophys. J. R. astr. Soc., 87, 669–678.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/233/2/950/6918823 by FM

R
P/BIBLIO

TEC
A C

EN
TR

AL user on 14 M
arch 2023

https://earthref.org/ERDA/2547/
http://dx.doi.org/10.1186/s40623-020-01288-x
http://dx.doi.org/10.1186/s40623-021-01356-w
http://dx.doi.org/10.1016/j.epsl.2009.09.001
http://dx.doi.org/10.1073/pnas.1615797114
http://dx.doi.org/10.1111/j.1365-246X.1986.tb06643.x


962 E. Tema et al.

Brown, M. C., Hervé, G., Korte, M. & Genevey, A., 2021. Global archaeo-
magnetic data: The state of the art and future challenges, Phys. Earth
planet. Inter., 318, 106766, doi:10.1016/j.pepi.2021.106766.

Cai, S., Jin, G., Tauxe, L., Deng, C., Qin, H., Pan, Y. & Zhu, R., 2017.
Archaeointensity results spanning the past 6 kiloyears from eastern China
and implications for extreme behaviors of the geomagnetic field, Proc.
Natl. Acad. Sci., 114, 39–44.

Cai, S., Doctor, R., Tauxe, L., Hendrickson, M., Hua, Q., Leroy, S. & Phon,
K., 2021. Archaeomagnetic results from Cambodia in Southeast Asia:
evidence for possible low-latitude flux expulsion, Proc. Nat. Acad. of
Sci., 118(11), e2022490118, doi:10.1073/pnas.2022490118.
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Fig. S1. Representative thermal demagnetization results. (a) Repre-
sentative samples that showed stable magnetic behaviour and were
selected for archaeointensity experiments; (b) samples character-
ized by important magnetic susceptibility enhancement, secondary
magnetic components and/or nonlinear Zijderveld diagrams. These
samples were excluded from further archaeointensity investigations.
Left: intensity decay curves; middle: Zijderveld diagrams and right:
monitoring of bulk magnetic susceptibility at room temperature af-
ter each heating/cooling step.
Table S1. Archeointensity results.
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