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RESEARCH ARTICLE | EARTH, ATMOSPHERIC, AND PLANETARY SCIENCES
ANTHROPOLOGY

This study presents 32 high- resolution geomagnetic intensity data points from Mesopotamia, 
spanning the 3rd to the 1st millennia BCE. These data contribute to rectifying geographic 
disparities in the resolution of the global archaeointensity curve that have hampered our 
understanding of geomagnetic field dynamics and the viability of applying archaeomagnetism 
as a method of absolute dating of archaeological objects. A lack of precise and well- dated 
intensity data in the region has also limited our ability to identify short- term fluctuations 
in the geomagnetic field, such as the Levantine Iron Age geomagnetic Anomaly (LIAA), a 
period of high field intensity from ca. 1050 to 550 BCE. This phenomenon has hitherto not 
been well- demonstrated in Mesopotamia, contrary to predictions from regional geomagnetic 
models. To address these issues, this study presents precise archaeomagnetic results from 
32 inscribed baked bricks, tightly dated to the reigns of 12 Mesopotamian kings through 
interpretation of their inscriptions. Results confirm the presence of the high field values of 
the LIAA in Mesopotamia during the first millennium BCE and drastically increase the 
resolution of the archaeointensity curve for the 3rd–1st millennia BCE. This research estab-
lishes a baseline for the use of archaeomagnetic analysis as an absolute dating technique for 
archaeological materials from Mesopotamia.

mesopotamia | archaeomagnetism | archaeology | chronology | archaeomagnetic dating

Paleomagnetic research aims to reconstruct the direction and intensity of the geomagnetic 
field over time, most commonly by the examination of thermoremanent magnetization 
(TRM) recorded in iron oxide minerals within materials when they are heated to high 
temperature and then cooled in a magnetic field (1). The conditions of Earth’s magnetic 
field at the time of cooling can be approximated based on approaches pioneered by Thellier 
(2) and Koenigsberger (3). Generally, examination of the geomagnetic field consists of 
the study of its intensity and direction—the latter measured in angles of inclination and 
declination. Identifying field conditions in the Holocene generally requires examination 
of archaeological materials, allowing for the development of high- resolution models that 
can reconstruct variations in the geomagnetic field occurring over brief time scales (i.e., 
decades to centuries), known as secular variation. Study of archaeological materials can 
provide data allowing for the reconstruction of both the intensity (4) and direction (5) of 
Earth’s magnetic field. Directional studies, however, require that the exact orientation of 
archaeological objects when TRM was acquired at cooling to be preserved through exca-
vation and laboratory analysis. As such, many analyses, including the present study, focus 
solely on the collection of archaeointensity data when the orientation of samples during 
TRM acquisition is unknown. Still, whether leveraging data related to intensity and/or 
direction (and ideally both), paleomagnetic research contributes to the viability of absolute 
dating of archaeological materials through archaeomagnetic analysis (4). Much research 
has been dedicated to the establishment of geomagnetic secular variation models (6–8) 
and archaeointensity curves (9, 10) based on archaeological data. Construction of these 
models requires highly precise and well- dated samples in order to identify short- term 
variations (e.g., high field “spikes”; 11, 12) in the geomagnetic field. Archaeomagnetic 
material must be analyzed according to validated experimental protocols (e.g., ref. 13) 
and pass rigorous specimen selection criteria (e.g., ref. 14) in order to meet established 
precision standards (10) for inclusion in high- quality models of secular variation of archae-
ointensity. Moreover, archaeomagnetic samples are generally plagued by chronological 
uncertainty in the range of hundreds of years—only ca. 30% of published samples have 
an age range of ≤50 y (15). Only tightly dated samples such as these are viable for improv-
ing the quality of archaeointensity curve reconstruction (16).

However, the availability of such high- quality intensity data is subject to geographic 
disparities, limiting our ability to reconstruct global high- resolution archaeointensity 
curves. Scarcity of precisely calibrated and dated archaeomagnetic intensity data is especially 
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evident in Mesopotamia (composed of present- day Iraq and parts 
of Syria, Turkey, Iran, and Kuwait) for the 3rd–1st millennia BCE, 
a highly significant region and time period for the development 
of urbanism and social complexity. Though Northern Mesopotamia 
(Eastern Syria, Southeastern Turkey, and Northern Iraq) is well 
represented by 79 high- quality data points (17–24), Southern 
Mesopotamia (Southern Iraq, Kuwait, and Southwestern Iran) is 
underrepresented, with only 25 data points from four projects  
(18, 25–27; Fig. 1)—an average of only one data point per 120 y. 
This sampling density is not sufficient to reconstruct archaeomag-
netic spikes, which may occur within a century (10). Furthermore, 
the few published results from Southern Mesopotamia generally 
lack both tight chronological control and precise measurements 
of the intensity of Earth’s magnetic field and therefore have limited 
usefulness for reconstructing secular variation of intensity in the 
region. By contrast, the Southern Levant is well- populated with 
archaeointensity data from the 3rd–1st millennia BCE, with over 
150 data points from a range of projects representing this region 

(4, 9–12, 16, 28, 29, among many others; Fig. 1)—an average of 
1 per 20 y. The detail of this assemblage and the quality of its 
constituent data have enabled the development of the Levantine 
Archaeomagnetic Curve (LAC; 8, 9, 12), a high- resolution geo-
magnetic intensity curve for the Levant and Northern 
Mesopotamia. The LAC, in turn, has facilitated the discovery of 
a localized period of geomagnetic spikes from ca. 1050 to 550 
BCE, consisting of extremely high- intensity values—virtual axial 
dipole moments (VADMs; 30) higher than 160 ZAm2—and rapid 
changes in Earth’s magnetic field, now known as the Levantine 
Iron Age geomagnetic Anomaly, (LIAA, 10–12). Recent research 
has corroborated the existence of the high- intensity values (above 
150 ZAm2) of the LIAA as far as Turkey (29), Georgia (31), 
Bulgaria (32), Italy and Greece (33), Spain (8, 34, 35), the Canary 
Islands (36), the Azores (37), and China (38). Based on this evi-
dence, the question of the geographical extent and spread over 
time of the LIAA has been the subject of discussion and debate 
(6, 8, 10, 12, 32, 39, 40).

Fig. 1. Regional map of the Levant and Mesopotamia, illustrating the locations of high- quality archaeointensity samples from previous studies and this study. 
Only samples measured according to validated experimental protocols (e.g., ref. 13) are shown. The historical region of Mesopotamia generally consists of the 
region between and surrounding the Tigris and Euphrates Rivers, depicted here.
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Yet, research on the LIAA in Mesopotamia lags due to the 
 geographic disparities described above. Prior to recent work on 
Mesopotamian baked bricks, only 11 intensity data points from 
the period of the LIAA had been published from the entirety of 
Mesopotamia: three archaeological baked bricks and three pot-
sherds from Iraq (27), three baked bricks and one potsherd from 
Syria (19, 20), and one burnt mud brick from Turkey (18). Most 
recently, five baked bricks from the Ishtar Gate from Babylon in 
Iraq have been added to this assemblage (41). While the materials 
from Northern Mesopotamia (Syria and Turkey) feature relatively 
high values (averaging ca. 141.5 ZAm2), the materials from Iraq 
[published by Walton (27)] average only ca. 99.1 ZAm2, well below 
the range of values from samples on the basis of which the LIAA 
has been identified (often above 150 ZAm2). As such, the LIAA 
has not been conclusively demonstrated in Southern Mesopotamia. 
These results contradict recent regional and global models of the 
geomagnetic field during this period (10, 39–40), which clearly 
indicate that the high intensity of the LIAA should be expected to 
be seen across Mesopotamia as a whole. This inconsistency must 
be addressed through further experimentation, which could either 
confirm the results of Walton (27) and indicate that the LIAA did 
not extend to Mesopotamia during the early- mid 1st millennium 
BCE or, alternatively, demonstrate the high values of the LIAA with 
the type of precise and tightly dated samples that are needed to 
construct regional and global models (10, 40–42). Regardless, the 
results of Walton (27) call into question the geographic extent of 
the LIAA and whether Mesopotamia as a whole, and Southern 
Mesopotamia in particular, experienced high geomagnetic inten-
sities from ca. 1050 to 550 BCE.

The extent to which the high VADM values that are associated 
with the LIAA can be observed in late- second and first- millennium 
archaeomagnetic samples from these regions is therefore a pressing 
question for understanding Earth’s magnetic field during this 
period. More broadly, a lack of published data for the 3rd- 1st mil-
lennia BCE in Mesopotamia hampers efforts to develop localized 
models of secular variation of intensity at high resolution and, as 
such, limits our ability to apply archaeomagnetic analysis as a tech-
nique of absolute dating. This latter drawback is especially signifi-
cant given the importance of Mesopotamian archaeological sites in 
understanding the development of early states and urbanism  
(43, 44) and the persistence of chronological uncertainties that 
plague the archaeology of the region (45). Only high- resolution 
archaeomagnetic analysis of precisely dated samples is suited to 
address these challenges.

Baked brick—mud bricks that have been fired in a kiln—offer 
a potential solution to the challenges of reconstructing ancient 
archaeointensity curves for Mesopotamia. Mud bricks were a com-
monly used construction material across ancient Mesopotamia and 
beyond for millennia across a range of contexts (46). Mud bricks 
were generally made from a mix of earth, chopped straw, and water, 
and shoveled into a mold before being left to dry in the sun (47). 
Importantly, bricks were also sometimes kiln- fired in antiquity 
(only baked bricks can be used for archaeomagnetic purposes). 
Baked bricks are seen in the archaeological record of Mesopotamia 
as early as the 5th millennium BCE and were used for specialized 
purposes by the 4th millennium BCE (at Uruk, 48); they became 
increasingly common and standardized in shape by the end of the 
3rd millennium BCE (49).

The process for making baked bricks in Mesopotamia required 
high- temperature firing, likely using scarce wood or occasionally 
bitumen (a semisolid form of petroleum that was used for protec-
tion against moisture, as mortar, and sometimes as fuel) to reach 
temperatures of over 600 °C in (likely closed) kilns (49). The 
expenses associated with baking bricks meant that these objects 

were typically limited to specific, often elite, buildings such as 
temples, palaces, and sometimes parts of private homes, particu-
larly private residences of the wealthy (46, 50). Fired bricks were 
also generally reserved for areas needing an extra level of resistance 
against erosion, including dikes, embankments, drains, water 
basins, and channels, facing lower courses of walls, and for paving 
floors and door sockets (48, 51–52). These contexts called for 
increased durability given the tendency of sun- dried mud brick 
to quickly degrade in wet or high- traffic conditions. Baked bricks 
may be found in situ or removed from their original context, as 
these objects were often reused in antiquity and even in recent 
periods due to their durability and the relatively high cost of man-
ufacturing new bricks.

Baked bricks from Mesopotamia have been subjected to archae-
omagnetic analyses in several studies (17–21, 23, 27), although 
in archaeomagnetic projects, the use of other materials such as 
ceramics and hearth fragments is more common—only ca. 32% 
of artifacts sampled previously for archaeomagnetic analysis from 
present- day Iraq or Syria from the 3rd–1st millennia BCE have 
been bricks (15). However, baked bricks provide an ideal target 
for archaeomagnetic sampling since many such bricks (see example 
in Fig. 2) feature stamped or inscribed inscriptions in Sumerian 
or Akkadian, enabling these artifacts to be precisely dated to the 
reigns of individual Mesopotamian kings whose names often 
adorn the bricks (53). Inscriptions were usually placed on bricks 
either using stamps or, more rarely, direct writing prior to firing 
in kilns. Bricks may also be dated based on size and shape, relying 
on the standardization of bricks to different sizes in different peri-
ods, although this is not as reliable or as tight as the use of inscrip-
tions (54). These factors even enable the dating of bricks found 
in secondary contexts. Clay cones, used for architectural purposes 
and also often stamped with royal inscriptions (54), provide sim-
ilar potential for sampling. The relatively tight date ranges of 

Fig. 2. Brick B533 from the Slemani Museum. This baked brick dates to the 
reign of Nebuchadnezzar II (ca. 604 to 562 BCE) based on the interpretation 
of the inscription. This object was looted from its original context before being 
acquired by the Slemani Museum and stored in that museum with agreement 
from the central government.
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individual kings provide a more precise basis for absolute dating 
of archaeomagnetic samples than does, for example, an archaeo-
logical stratum dated by radiocarbon. Dating these artifacts to the 
reign of a particular king allows for a resolution of years or, at the 
most, decades, rather than up to 200 y or more, depending on 
radiocarbon probabilities. Dating bricks on the basis of epigraphy 
can, therefore, improve the chronological resolution of archaeo-
magnetic samples. One caveat to this advantage is that the absolute 
chronology of early 3rd and 2nd millennium BCE Mesopotamian 
kings is unsettled (55–61), with uncertainty of up to 150 y in the 
absolute dates of individual kings. Here, we apply the Low 
Chronology (58), which results in the best agreement between 
our data and the LAC among the various chronologies proposed. 
These debates do not apply in the first millennium BCE, where 
historical and archaeological evidence has resulted in a more exact 
understanding of the absolute dates of the reigns of Mesopotamian 
kings (61). Moreover, archaeomagnetic intensity data can con-
tribute toward the resolution of chronological uncertainty, which 
would drastically improve the precision of samples from the early 
3rd and 2nd millennium BCE. Ultimately, the use of inscribed 
bricks for archaeomagnetic analyses provides a basis for more pre-
cise dating of intensity samples (assuming chronological issues can 
be resolved), improving the temporal resolution of intensity curves 
and allowing for the identification of short- term spikes in the 
geomagnetic field.

Results

The assemblage of artifacts for this project consists of 139 fired and 
inscribed clay objects, including 120 bricks from the Slemani 
Museum in Iraqi Kurdistan (62), 16 baked bricks and two clay 
cones from the Yale Babylonian Collection (YBC), and one baked 
brick from Marad, via recent al- Qadisiyah University excavations. 
Artifacts from the Slemani Museum and the YBC lack clear pro-
venience—YBC objects were acquired from private collections 
prior to 1970 while bricks from the Slemani Museum were looted 
from archaeological sites in Iraq but are nevertheless the legitimate 
cultural property of the Iraqi government and curated by the 
museum under granted permission from the central government 
as part of the objects’ repatriation. Of the 139 objects, 40 were 
chosen for initial archaeomagnetic study based on characteristics 
including legibility of inscription and range of chronology 
(Dataset S1). Other bricks were reserved for follow- up study. Each 
of the 40 bricks sampled is inscribed; these inscriptions allow 38 
of the 40 bricks to be dated to the reign of an individual king 
(periods of ≤50 y) and for the original provenience of each object 
to be estimated (Dataset S1 and Fig. 2). Orthophotographic images 
of each of the sampled objects is available online https://github.
com/DigitalPasts/BricksGeomagnetism.

The 40 objects range from the late 3rd millennium to the mid- 1st 
millennium BCE. The assemblage includes bricks from the reigns 
of 12 kings, including nine bricks likely looted from quay walls 
constructed by Adad- Nirari I [63 (Royal Inscriptions of 
Mesopotamia, Assyrian Periods; RIMA 1): A.0.76.9- 10] at Ashur 
(64), as well as bricks inscribed with the names of well- known 
Mesopotamian kings including Nebuchadnezzar II, Shulgi, and 
Tukulti- Ninurta I. Brick B980 features a heretofore unparalleled 
inscription of Iakūn- dīri, son of Sumanim, a king of Hurshitum 
previously only known from a seal of his servant Iamūt- Kuluh [65 
(Royal Inscriptions of Mesopotamia, Early Periods; RIME): 
E4.0.11]. Two bricks (B988 and B989) were only able to be affili-
ated with the Middle Assyrian (ca. 1363 to 912 BCE)/Neo- Assyrian 
(911 to 609 BCE) periods, rather than an individual king, and were 
subsequently excluded from the study due to a lack of chronological 

resolution. In general, the baked bricks range in date and original 
geographic and archaeological context. The varied origins of the 
bricks and different clay materials do not impact their ability to 
record and store information about Earth’s magnetic field. In most 
cases, these bricks can be associated with specific archaeological sites 
in both Northern and Southern Mesopotamia, including Ashur, 
Eshnunna, Isin, Ur, Larsa, Tell el- Wilaya, and Marad.

Overall, 263 specimens from the 40 objects (archaeomagnetic 
samples) were subjected to the IZZI paleointensity experiment 
of Yu et al. (13) with cooling rate and anisotropy corrections 
(resulting in a decrease in specimen dispersion per sample and an 
average ~7.8% reduction in SD) and analyzed using the Bias 
Corrected Estimation of Paleointensity (BiCEP) method (41, 66). 
Of the 40 objects, 34 passed the acceptance criteria for successful 
results with BiCEP correction (Dataset S2) and the additional 
acceptance criteria. Five objects failed as there were fewer than 
five successful specimens, while one failed the acceptance criteria 
of a 95% confidence spread of greater than 16 μT, or when con-
verted to the equivalent 1 sigma value (by dividing by 4), greater 
than 10% of the intensity. Two of the 34 objects (bricks B988 
and B989) were subsequently removed from consideration in the 
study due to a lack of tight chronological control (i.e., dating to 
the Middle Assyrian or Neo- Assyrian periods rather than the reign 
of an individual king) but are included in supplementary material 
and discussion. Arai plots for two representative successful spec-
imens and one unsuccessful specimen are illustrated in Fig. 3 
A–C. BiCEP plots for two objects passing and one object not 
passing additional acceptance criteria are illustrated in Fig. 3 D–F, 
respectively.

The median estimate for the archaeointensity of each of the 32 
baked bricks is plotted in Fig. 4A along with the intensity values 
of each successful specimen. Results were not averaged by king as 
the objects sampled were not necessarily manufactured contem-
poraneously, even when associated with the reign of the same king. 
Thus, variations in observed intensity over the reign of an indi-
vidual king may relate to either experimental uncertainty or actual 
secular variation. Sample median estimates are plotted against the 
LAC (10–12) in Fig. 4B, along with previously published data 
from Mesopotamia. The age ranges along the X axis provided for 
each sample represent the length of the reign of the king (or 
dynasty) that each baked brick has been associated with on the 
basis of inscriptions. Absolute dating of the 2nd and 3rd millen-
nium BCE bricks is according to the Low Chronology (58), which 
results in the best agreement between our data and the LAC. Error 
bars on the Y axis reflect the Bayesian uncertainties derived from 
the BiCEP method, comparable to the 2σ extended error bars of 
Shaar and Tauxe (14).

Discussion

The 32 bricks analyzed here represent a major addition to the 
archaeomagnetic assemblage from Northern and Southern 
Mesopotamia in the 3rd–1st millennia BCE, providing geomag-
netic intensity data from several major sites in this region for the 
first time. These findings contribute to increasing the resolution 
of the geomagnetic intensity curve for Mesopotamia as a whole 
during this period. Results from this study, though largely com-
patible with previously published intensity values, notably differ 
from published results during the first millennium BCE (Fig. 4B). 
This period carries outsized significance in paleomagnetic research 
given the dramatic archaeomagnetic spikes of the LIAA. The ten 
baked bricks dating to the LIAA period (ca. 1050 to 550 BCE) 
from the present study—all but one from Southern Mesopotamian 
sites and averaging ca. 138.3 ZAm2—contrast sharply with the 

http://www.pnas.org/lookup/doi/10.1073/pnas.2313361120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2313361120#supplementary-materials
https://github.com/DigitalPasts/BricksGeomagnetism
https://github.com/DigitalPasts/BricksGeomagnetism
http://www.pnas.org/lookup/doi/10.1073/pnas.2313361120#supplementary-materials
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three baked bricks and three potsherds previously published by 
Walton (27), which average ca. 99.1 ZAm2. Similarly, bricks from 
the period of the LIAA from the present study contrast with the 
bricks from earlier periods, which average ca. 101.3 ZAm2. As 
such, the results from the present study, unlike those of Walton 
(27), are consistent with the aggregated results of the LAC and 
suggest that high geomagnetic intensity values during the late 
second and early first millennium BCE were not limited to the 
Levant, Syria, and many other parts of the world, but rather also 
occurred in all parts of Mesopotamia. Thus, these findings cor-
roborate the limited results that have demonstrated high values 
for Northern Mesopotamia during the period of the LIAA (18–20) 
and recent results demonstrating high values in Southern 
Mesopotamia during the latest part of the LIAA (40). Our work 
suggests that the results of Walton (27) should be reevaluated in 
light of new developments in our understanding of the intensity 
of Earth’s magnetic field in the first millennium BCE.

Our results from the second and third millennia BCE are 
broadly consistent with both the assemblage of previously pub-
lished intensity data from Mesopotamia (17–27, 41) and the LAC 
curve (9; Fig. 4B), with two irregularities. One brick, Y018, asso-
ciated with Ur- Ningishzida, a governor of Eshnunna from the 
20th century BCE, features lower intensity values than observed 
in the LAC. However, this brick is not entirely inconsistent with 
data from Iraq published by Aitken (20; Fig. 4B). Similarly, one 

near- identically dated sample group (S- 3) from Tel Megiddo pub-
lished by Shaar (9) also lies below the 95% CI of the curve. These 
results, therefore, suggest a need for further investigation of a 
potential intensity minimum at ca. 1950–1900 BCE. Brick B980, 
associated with the previously unknown king Iakūn- dīri of 
Hurshitum, also falls outside the CI of the LAC at its lowest point. 
In general, though the LAC is well- populated with data during 
certain periods, the curve suffers from a relative scarcity of tightly 
dated samples from a few periods, including the mid- late 3rd 
millennium BCE and the mid- late 2nd millennium BCE. Our 
data help contribute to increasing the resolution of the curve dur-
ing these key periods for the LAC in general as well as contributing 
to the archaeointensity curve for Mesopotamia specifically.

The observation of high values consistent with the LIAA in 
bricks from Iraq also has functional value for future archaeomag-
netic dating. The geomagnetic field intensity high values of the 
LIAA, ranging from ca. 120 ZAm2 to upward of 150 ZAm2, have 
been shown to be a clear chronological indicator of the period of 
this geomagnetic anomaly in other regions. Our results, in com-
bination with those of Gallet (19, 20), Ertepinar (18), and Di 
Chiara (41), show that high archaeointensity values (i.e., values at 
or above ca. 130 ZAm2) can likewise be used to date archaeological 
artifacts to the period between ca. 1050 and 550 BCE across 
Mesopotamia, in both northern and southern regions. For exam-
ple, Bricks B988 and B989 in our study cannot be associated with 

Fig. 3. Representative Arai and BiCEP plots from the analysis. Arai plots are shown for successful specimens (A) B318- 06 and (B) B314- 03 and for unsuccessful 
specimen (C) B314- 01. Zijderveld diagrams for these specimens are illustrated in the upper right corner of each plot. BiCEP plots are shown for objects (D) B318 
and (E) B314, passing acceptance criteria, and (F) B562, failing acceptance criteria. Intensity of each specimen is plotted against Arai plot curvature criterion 
(  �⃗k ; 65). In BiCEP, median estimates for each object are calculated by the average y- intercept of best- fit lines of intensity and curvature of Arai plots for each 
specimen. Object B562 is rejected on the basis of a maximum estimated intensity spread greater than 16.0 μT and 10% of Banc (illustrated by the range of blue 
lines at the y- intercept).
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a specific king on the basis of epigraphy and must be dated broadly 
to the Middle or Neo- Assyrian periods (ca. 1363 to 609 BCE). 
However, since these objects feature high- intensity values (VADMs 
averaging ca. 142.4 ZAm2) that only occur during the limited time 
frame of the LIAA, these bricks can be associated with the period 
of the LIAA that overlaps with these historical periods (i.e., ca. 
1050 to 609 BCE). This narrowing of the dates of these bricks 

serves as a small illustration of the utility of developing the archae-
omagnetic curve and understanding secular variation in 
Mesopotamia for the purposes of absolute dating. Future work to 
further refine and increase the resolution of the intensity curve for 
Southern Mesopotamia can improve the prospects for the use of 
archaeomagnetic dating on uninscribed material from this region 
with greater precision. Moreover, further experimentation on 

Fig. 4. VADM values for objects and individual specimens (A) and object results plotted against the LAC (B; 10). Each of the 32 baked bricks and that passed 
acceptance and chronological criteria in this study are depicted in (A), along with VADM values for the specimens for each object. In some cases, the BiCEP 
correction method results in an intensity value that is higher or lower than the specimen results, based on Arai plot curvature- based correction (65). (B) depicts 
the 32 baked bricks that passed acceptance and chronological criteria in this study and results from previous studies from Mesopotamia (data from GEOMAGIA50.
v3, 15), plotted against the LAC (10). Results are illustrated with extended error bars (effectively 2σ) for intensity values (Y axis) and error depicting the range of 
potential ages for each object, based on the interpretation of the inscription. Dates for the present study are according to the Low Chronology (58).
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establishing a paleodirectional curve for this period (e.g., ref. 5) 
would improve the prospects of the use of archaeomagnetic analysis 
as a dating technique even further.

These results also have implications for the ongoing, larger debate 
over the potential maximum intensity and rate of change of the 
geomagnetic field (10, 12, 31, 67). Recent studies examining the 
archaeointensity curve for the Eastern Mediterranean from well- dated 
samples have revealed four geomagnetic spikes (making up the LIAA) 
between 1050 and 550 BCE, with large field change rates greater 
than previously hypothesized were possible (10). Our five data points 
from the reign of Nebuchadnezzar II (604 to 562 BCE) display a 
wide range of intensity values from this short 42- y period, which 
may provide some corroboration of the rapid changes in geomagnetic 
field intensity during the last part of the LIAA. This variation may 
also be explained by experimental uncertainty, although it should be 
noted that the available data from Mesopotamia and the LAC do 
suggest a trend of rapid decrease in field intensity during the first half 
of the 6th century BCE, in aggregate. The results analyzed here from 
the reign of Nebuchadnezzar II also closely parallel the bricks from 
the era of the same king analyzed by Di Chiara et al. (41)—results 
from the eight bricks from the present study average 137.6 ZAm2 
while the five bricks from (41) average 136.0 ZAm2.

From a broader perspective, this work further establishes the 
validity of applying archaeomagnetic methods to kiln- baked bricks 
(17–21, 23, 41). Though these bricks are often not suitable for 
directional analyses given that they are found in different contexts 
from those in which they acquired TRM, these materials provide 
an excellent and consistent basis for analysis of archaeointen-
sity—231 of the 263 specimens that make up the 40 objects ana-
lyzed in this study would pass the experimentally verified automatic 
acceptance criteria of Shaar and Tauxe (14). Although the method 
is destructive, the amount of material needed for the experiment 
is minimal—we have found that a sample as small as 2g (ca. 1.0 
cm3) is sufficient for the magnetic experiments.

Dating baked bricks on the basis of inscriptions naming certain 
kings provides a relatively tight chronological margin for archaeo-
magnetic results, as discussed above. Though the wide range of 
chronologies tying the reigns of individual Mesopotamian kings 
to absolute dates is a complicating factor, future archaeomagnetic 
dating of bricks from the 2nd millennium BCE can complement 
the range of methodological approaches—dendrochronology, 
astronomical observation, epigraphic data, and radiocarbon dat-
ing—that have been applied to this question without fully resolving 
the issue (45). Archaeomagnetic approaches, including intensity 
and paleodirectional study, can help address this chronological 
impasse. In doing so, archaeomagnetic results from inscribed baked 
bricks should become increasingly valuable for establishing a tightly 
anchored intensity curve as additional evidence is brought to bear 
on the Mesopotamian chronological debate.

Materials and Methods

Samples were collected with agreement on site at the Slemani Museum in Iraqi 
Kurdistan, at the YBC in the United States, and one sample was provided by al- 
Qadisiyah University excavations. Baked brick inscriptions were recorded using 
image- based modeling in order to obtain a high- resolution orthophotograph for 
documentation and later interpretation. Each brick from the Slemani Museum 
was identified and associated with a particular king based on reading and deci-
pherment of the cuneiform inscriptions. King associations for bricks (and two 
clay cones) collected from the YBC were derived from interpretations of brick 
inscriptions, which corresponded to existing interpretations in the catalog of the 
Yale Peabody Museum. Date ranges for each object were determined based on 
the reigns of Mesopotamian kings identified in these inscriptions, applying the 
Low Chronology where relevant (57). Detailed interpretations for each brick and 

YBC catalog numbers are presented in Dataset  S1 and at https://github.com/
DigitalPasts/BricksGeomagnetism.

Samples were obtained by carefully chipping fragments averaging ca. 2 g from 
the back or broken edges of bricks and brought back to the Scripps Institution of 
Oceanography Paleomagnetic Laboratory for archaeomagnetic experimentation.

Experiments were performed using the Paleomagnetic Laboratory’s high- 
capacity low- thermal gradient oven and a 2G Enterprises DC SQUID three axis 
through- bore cryogenic magnetometer. Magnetic susceptibility was measured 
with a Bartington susceptibility bridge. In the laboratory, each sample (fragment 
of a brick) was broken into ca. 100 mg specimens and glued into borosilicate 
glass specimen tubes with a fiducial line and a laboratory specimen identification 
number using a high- temperature, low magnetic moment glue (KaSil). These 
specimens were subjected to the IZZI paleointensity experiment (13), a modi-
fication of the original Thellier- Thellier method (68). Directional study was not 
conducted due to uncertainty regarding the orientation of the objects at the time 
when they acquired TRM. In this protocol, specimens are heated to progressively 
higher temperatures and cooled in applied laboratory fields (I steps) or in zero 
field steps (Z steps), with the order of these cooling fields (IZ or ZI) alternating 
at each temperature step. A lower temperature, in- field step is also performed 
after each IZ step to monitor the potential of specimens to acquire partial thermal 
remanence (69). Stepwise heating continues until at least 90% of the natural 
remanent magnetization (NRM) is removed in zero field steps. At the conclusion 
of this experiment, the ratio of the NRM lost in zero- field steps to the TRM gained 
in in- field steps should match the ratio of the ancient geomagnetic field to the 
applied laboratory field, under ideal conditions.

Thermal demagnetization through the IZZI protocol was carried out in temper-
ature stages increasing by 50 °C from 100 °C to 500 °C and by 20 °C from 500 °C 
to 580 °C at lab fields of 40 microtesla for one experiment and 60 microtesla for a 
second experiment. Cooling rate experiments were conducted on all specimens 
and consisted of three steps at 580 °C—a fan- cooled step (average cooling rate of 
ca. 0.31 °C per second), a slow- cooled step (average cooling rate of ca. 56 °C per 
hour), and a second fan- cooled rate to check alteration. An average cooling rate 
correction of 1.007826 was applied based on results from these experiments. 
Anisotropy experiments were also conducted on every specimen, consisting of 
a demagnetization step, six TRM acquisition steps at orthogonal orientations  
(+x, −x, +y, −y, +z, −z), and an alteration check step. Due to degradation of the 
specimen glue during anisotropy experiments, specimen anisotropy results that 
displayed circular SD results greater than 2.0 on any in- field step were  discarded. 
Based on 200 specimens with successful anisotropy experiments, an average 
correction of 0.979565 was applied. The application of these corrections led 
to a reduction in the dispersion of specimens, resulting in an average ~7.8% 
decrease in the SD of archaeointensity measurements per sample. Datasets result-
ing from these analyses were analyzed using the PmagPy software package (70) 
and the BiCEP (66) technique, which provides a basis for the interpretation of 
paleomagnetic specimens that do not fully conform to uniaxial single domain 
grain theory (1) that is fundamental to archaeomagnetic experiments. The BiCEP 
method assumes that deviation from ideal conditions occurs on a continuum, and 
as specimens’ behavior becomes more nonideal, paleointensities become more 
biased and Arai plots become less linear (66; however, note that other factors can 
also cause curvature of Arai plots, e.g., ref. 71). Nonideal specimens can therefore 
be used for the estimation of unbiased paleointensity based on the curvature 
of their Arai plots rather than rejected by traditional binary specimen selection 
criteria (e.g., ref. 14). A fuller explanation of the value of this method can be 
found in refs. 40 and 66. In addition to BiCEP correction, two acceptance criteria 
were added at the level of the archaeomagnetic sample (i.e., baked brick): a min-
imum of five successful specimens and a maximum spread between minimum 
and maximum sample intensity of 16 μT (equivalent to extended error bars of  
∓ 1σ, 4μT; cf. 14,64) according to BiCEP estimates. An exception was made for 
specimens that failed this criterion if the spread divided by a factor of 4 times 
the average intensity was less than 10% of the average intensity. These criteria 
are consistent with those used in the CCRIT criteria of ref. 14.

A small adjustment to the prior of the BiCEP correction was made: The “c” 
parameter (the slope of the line relating paleointensity bias and curvature) was 
given a prior of a Cauchy distribution with location zero and scale 20, which was 
derived from the distribution of paleointensities and curvatures in the test dataset 
of ref. 72. If all specimens in a site cluster with a small range of paleointensity 
values and curvatures (as is seen in e.g., Fig. 3F), a line with almost any slope could 

http://www.pnas.org/lookup/doi/10.1073/pnas.2313361120#supplementary-materials
https://github.com/DigitalPasts/BricksGeomagnetism
https://github.com/DigitalPasts/BricksGeomagnetism


8 of 9   https://doi.org/10.1073/pnas.2313361120 pnas.org

be driven through the points, leading to a large uncertainty in the BiCEP estimate. 
We expect that specimens with a small absolute curvature will have little bias, and 
so the revised prior restricts the available fitting lines to reduce the probability 
of extremely steep slopes (which would imply large bias at small curvature). Our 
revised prior improves the precision of BiCEP estimates for sites with a small 
number of high quality (very low curvature) paleointensity specimens. It has a 
negligible effect on sites with large numbers of specimens, or with a wider range 
of curvatures, where a line fit can more easily be made.

Data, Materials, and Software Availability. Code used to analyze the data 
is available in https://github.com/PmagPy/PmagPy (73) and https://github.
com/bcych/BiCEP_GUI (74). On acceptance of the manuscript, archaeomag-
netic data will be made public at: https://earthref.org/MagIC/19893 (75). 
Orthophotographs of sampled bricks are available at https://github.com/
DigitalPasts/BricksGeomagnetism (76). For the purposes of review, the archae-
omagnetic data are available at: https://earthref.org/MagIC/19893/d4b397b9- 
f200- 479f- 8cbf- 1492e3df910b (77).
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