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Fired archaeological objects have been widely studied in palaeomagnetic
research. However, the uneven heating during the firing process can affected
the type, grain size and magnetic domain characteristics of the magnetic carrier,
which in turn can led to notable discrepancies in the paleomagnetic information
that they captured. In this study, we conducted a detailed rock magnetic study on
two Chinese archaeological (one grey and one red) to reveal the properties of
magnetic minerals subjected to different firing temperatures. Our results show
that single domain (SD) magnetite with strong magnetostatic interactions is the
dominant magnetic carrier in grey bricks, while SD magnetite with weak
magnetostatic interactions is the dominant magnetic carrier in the red bricks.
And stepwise heating results show that the firing temperature of the grey brick and
the outer layers of red brick (R-1, R-3) is above 700°C, while the inner layer (R-2) of
red brick shows a thermal transformation process at ~ 350°C. This uneven heating
may cause the spatial discrepancies in magnetic parameters such as the mass-
normalized magnetic susceptibility (x) and natural remanent magnetization (NRM)
inred brick. Nevertheless, the direction of the geomagnetic field can be accurately
obtained even if the brick is not heated evenly. However, more work is needed to
explore the paleointensity behavior at different firing temperatures.
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1 Introduction

A large amount of archaeological geomagnetic data has been reported in recent decades,
and has contributed significantly to the recovery of the secular variation of the geomagnetic
field over the last 10,000 years (e.g., Ben-Yosef et al., 2009; Cai et al., 2017; 2020; Mahgoub
et al,, 2019). Fired archeological objects, such as pottery, baked brick, burnt clay, and slags,
can acquire thermoremanent magnetization (TRM) during the firing process, and have been
widely used in paleomagnetism studies (Brown et al., 2015). However, these archaeological
geomagnetic samples were mostly taken from kilns and hearths, and might have experienced
uneven heating due to the fact that the heating temperatures of the various parts of the kiln
and hearths can vary significantly. For example, Wei et al. (1980) found that the kiln floor
and the outer layer of the kiln wall (1-4 cm thick) at the Jiangzhai site in China were
subjected to higher heat, usually above 800°C, while the burnt soil in the inner layer have
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Location of the SDY site (A) and photos of two bricks (B, C).
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been exposed to a temperature of 400°C. The main magnetic carriers
in archaeomagnetic materials are transformed from other minerals
during the firing process. Therefore, the uneven heating due to firing
temperature differences may have affected the type, grain size, and
magnetic domain characteristics of the magnetic carrier, ultimately
affecting the paleomagnetic information. There is limited research
on the thermal properties of fired archaeological objects and their
which hinders
archaeological geomagnetism.

magnetic  properties, our understanding of

Among the various fired archaeological objects, baked bricks are
more susceptible to uneven heating due to their thickness. In ancient
China, the use of baked bricks dates back to the Yangshao culture,
and they were widely produced and utilized during the Warring
States Period and Qin-Han Dynasties (Yang et al, 2014). And,
specialized kilns were developed for firing these bricks during the
Han Dynasty, indicating the advanced state of firing technology at
that time. Therefore, conducting rock magnetic analysis on Han
dynasty bricks can provide insight into the effect of firing
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temperature on the magnetic characteristics of archaeological
geomagnetic materials. Towards this end, we conducted a
detailed rock magnetic study on two ancient Chinese bricks
dating back to the Han Dynasty.

2 Materials and methods

Fragments from two bricks, one red and one grey, were collected
from brick tombs at the Sundayuan archaeological site in Shandong
Province, China (Figure 1). The red brick can be traced back to the
Western Han Dynasty, while the grey brick belongs to the Eastern
Han Dynasty. Their lengths are 9.1 cm and 12.0 cm, respectively,
and their thicknesses are between 6.4 and 6.6 cm. When observed
under a microscope, the red brick exhibits a loose texture with more
visible pores, while the grey brick appears denser.

A diamond wire cutter was used to cut approximately 3 mm
from each side of the bricks to expose the inner surface and eliminate
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Schematic diagram illustrating the position and ID of samples from the (A) grey brick and the (B) red brick.

the influence of the soil contaminants after burial. The remaining
bricks were cut into three layers at approximately 2 cm intervals
along the cut surface, and were then cut into 2x2x2 cm cubic
samples (Figure 2) such that a total of 60 cubic samples were
obtained. These cubic samples were numbered and marked with
their location information. In addition, the remaining part of each
layer was ground into powder for magnetic analysis, and a total of
6 powder samples (3 layers per brick) were obtained.

The mass-normalized magnetic susceptibility (x) and natural
remanent magnetization (NRM) of all cubic samples were measured
using the Kappabridge-MFK2 at a frequency of 976 Hz and the
Spinner Magnetometer (JR-6A, AGICO Co. Ltd.), respectively.
Stepwise alternating field (AF) demagnetization was conducted
using the LDA5 AF
demagnetizer, and was carried out at 5mT steps for the
0-100 mT interval, and at 10 mT steps from 100 to 150 mT.
Stepwise thermal demagnetization was conducted on odd
numbered cubic samples using an ASC TD-48 thermal
demagnetizer in 50°C steps from 50°C to 700°C. Remanent
demagnetization and direction were measured on JR-6A after

on even numbered cubic samples

each demagnetization step. Anhysteretic remanent magnetization
(ARM), isothermal remanent magnetization (IRM), hard isothermal
remanent magnetization (HIRM), S-ratio were obtained from the
following procedures after AF demagnetization. ARM was imparted
in a 100 mT alternating field with a superimposed 50 uT direct bias
field using the LDA5 AF demagnetizer and pluse magnetizer
(PAM1). A saturation IRM was imparted in a 1 T applied field,
termed SIRM, then samples were demagnetized with backfields
of =300 mT, and the corresponding remanence were measured
and termed IRM_3ppt. HIRM is defined as 0.5 x (SIRM + IRM.
300mt) and the S-ratio is defined as -IRM 39, 7/SIRM. The ratios of
ARM/SIRM and HIRM/SIRM are calculated. The former is
commonly used as a grain-size indicator for magnetic minerals.
The latter is similar to S-ratio and commonly used to estimate the
abundance ferrimagnetic ~ and

relative variations  of
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The

temperature-dependent  of
samples

antiferromagnetic minerals.
magnetic  susceptibility  (x-T)
investigated using the secondary heating method and the
stepwise heating method, respectively. In the secondary heating

of powdered was

method, the heated samples underwent a second x-T cycle after the
initial x-T cycle. In the stepwise heating method, the maximum
temperature of each cycle was gradually increased from 100°C to
700°C in 50°C steps. All x-T measured using a Kappagridge-MFK2
system in an argon environment at a 976 Hz frequency. Hysteresis
loops were measured to maximum applied fields of 1T using a
vibrating sample magnetometer (VSM, Princeton MicroMag 3900)
at room temperature. Saturation magnetization (M), saturation
remanent magnetization (M,), and coercivity (B,) were obtained
after high-field slope correction. The remanence coercivity (B,,) was
obtained from back-field demagnetization curves of 0T back
to =1 T. IRM acquisition curves with 100 measurement points
and nonlinear field steps on a log scale up to 1 T were measured
using the VSM. The IRM acquisition curves were decomposed into
magnetic components using the method described in Maxbauer
et al. (2016). First-order reversal curve (FORC) with 120 FORC were
also measured using the VSM for powder samples, and FORC
diagrams processed the FORCinel
3.06 software from Harrison and Feinberg (2008).

The sample preparation, AF demagnetization experiments, and
x-T curve experiments were carried out at the Archaeological

were using version

Geomagnetic Laboratory at Shandong University, and the rest of
the experiments were carried out at the Magnetism Laboratory at
Sun Yat-sen University.

3 Results

For the grey brick samples, x ranged from 4.5 to 6 (x10”” m*/kg),
and the NRM ranged from 35 to 50 (x10~> Am?/kg) (Supplementary
Table S1). The x and NRM of red brick samples were one order of
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FORC diagrams of representative samples. Data were processed using FORCinel version 3.06 software from Harrison and Feinberg (2008), with
smoothing parameters ScO=Sc1=Sb1=7, Sb0=5. (A-C) is drawn using the same color scales on the right side of the (C), (E-F) is drawn using the same

color scales on the right side of the (F).

magnitude higher than those of grey brick; the x ranged from 40 to
170 (x10”7 m*/kg), and the NRM was ranged from 75 to 600 (x10~
Am?®/kg) (Supplementary Table S1).

Hysteresis loops for all powdered samples are closed below 0.3 T
(Figure 3), which indicates a dominance of magnetically soft
ferrimagnetic minerals (Dunlop, 2002). Grey brick samples show
“potbellied” loops with B, ranging between 20.5 mT and 22.5 mT,
and B,, ranging between 42 mT and 47 mT (Figures 3A-C). Red
brick samples show “wasp-waisted” loops with B, ranging between
10 mT and 12 mT, and B, ranging between 33 mT and 36 mT
(Figures 3D-F).

IRM acquisition curves can be used to decomposed into
magnetic mineral components based on coercivity spectra
(Heslop et al., 2002). In general, four components are recognized
for grey brick, and five components for red brick (Figure 4;
Supplementary Table S2). In grey brick, components 1 (By;, =
37.82-41.6 mT, DP = 0.36) and 2 (B,, = 43.89-47.77 mT, DP =
0.25) are major remanence carriers, which were interpreted as
magnetite/maghemite (Wang et al., 2022). Component 3 (B, =
113.49-121.95 mT, DP = 0.21-0.25) was interpreted as partially-
oxidized coarse-grained magnetite. Finally, component 4 (B, =
208.92-231.52 mT, DP 0.25-0.33) attributed
antiferromagnetic hematite (Heslop et al., 2002).

In red brick, components 1 (B,, = 9.08-9.61 mT, DP = 0.15)
and 2 (B, = 18.09-20.39 mT, DP = 0.14-0.18) likely represents the
coarse-gained magnetite (Roberts et al., 2011). Component 3 (B, =

is to

43.39-44.17 mT, DP = 0.2) is a major remanence carrier and was
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interpreted as magnetic/maghemite. Components 4 (B,
122.73-169.73 mT, DP 024-03) and 5 (B

954.38-1015.62 mT, DP = 0.3-0.37) were interpreted as the same
as grey brick components 3 and 4, respectively. In addition, the
difference of IRM acquisition curves at high fields for the two types

of brick also suggest the presence of considerable amounts of
hematite in the red brick.

FORC diagrams were used to identify and discriminate among
different components in a mixed magnetic mineral assemblage
(Figure 5; Pike et al., 1999; Roberts et al., 2000). FORC diagrams
for samples from grey brick were characterized by concentric
distribution with moderate vertical spread, which indicate the
of (SD) particles with
magnetostatic interactions (Figure 5; Roberts et al., 2017; Roberts
et al, 2000). The FORC diagrams for red brick are elongated
contours along the horizontal axis with small vertical spread. Red

presence single domain strong

brick FORC diagrams also contain a secondary peak near the origin
of the diagram, which indicate the presence of weak-interacting SD
particles and SP particles (Figure 5; Roberts et al., 2017).

x-T curves are sensitive to magnetic mineralogical changes
during thermal treatment, which can provide information about
magnetic mineralogy (Deng et al., 2001). All heating curves are
characterized by a marked drop at 585°C, the Curie temperature of
magnetite, which demonstrates that magnetite is the dominant
magnetic minerals in both bricks (Figure 6). The heating curve of
red brick is still decreasing after 585°C, indicating the presence of
partially-oxidized magnetite or hematite which also corresponding
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Magnetic susceptibility versus temperature (x-T) curves. (A—F) secondary heating method, (G-L) stepwise heating method. Black arrows in (D)

represent the feature of partially-oxidized magnetite.

with the decomposition results of IRM. The steady increase of x
below approximately 250°C is interpreted as the unblocking of fine-
grained ferrimagnetic particles. In the grey brick, a significant
decrease of x can be observed between 350°C and 360°C, but this
decrease is reversible and can be observed in stepwise x-T (Figure 6).
This reversal change is not caused by the transformation of the
mineral. It is most likely due to the changes of magnetic interactions
during heating. For an SD particle with strong interaction, the

Frontiers in Earth Science

interaction will first decrease and then increase during heating,
which may affect the susceptibility characteristics at high
temperature (Carvallo et al., 2004; Dodrill et al., 2015). For the
R-2 samples in red brick, the decrease of x between approximately
300°C and 360°C is irreversible, suggesting that the decrease of x
might be caused by the transformation of maghemite to hematite. In
addition, almost all heating curves are higher than cooling curves,
possibly due to the loss or oxidation of the magnetite and the
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Remanence decay curves (left) and Orthogonal vector plots (right) for the stepwise demagnetization of all samples. Blue and red circles represent
projection onto the horizontal and vertical plane, respectively (AFD, Alter-field demagnetization; THD, thermal demagnetization).

transformation of ferromagnetic maghemite to antiferromagnetic
hematite during heating (Liu et al., 2003; Zhang and Appel, 2023). In
the secondary x-T cycle and stepwise x-T cycle, the x-T curves of G-
1, G-2, G-3, R-1 and R-3 are reversible, indicating the firing
temperature of two bricks are high than 700°C. The presence of
maghemite in the R-2 samples indicates that the firing temperature
is unexpectedly below 350°C. It is surprising to see such a low
temperature in the middle layer of a brick with a thickness of
~6.4 cm. This is probably due to the short firing time at high
temperature in kiln. Even though the initial firing temperature of
the middle layer might have been higher, possibly exceeding 700°C,
the short firing time may have led to incomplete transformation of
the minerals. Overall, the significantly low values of x, NRM and M;
of R-2 suggest that the red brick is heated unevenly (Supplementary
Tables S1, S3; Figure 3).

Orthogonal vector demagnetization plots (Zijderveld, 2013) and
NRM decay diagrams for all samples are shown in Figure 7. The
viscous remanent magnetization (VRM), which is acquired by large-
sized, MD grains during transportation, storage, or preparation, can
be progressively removed after 0-15 mT/100°C demagnetization.
After VRM is removed, all samples showed a stable decay-to-origin
component up to 150 mT/600°C, which was interpreted as the
characteristic remanent magnetization (ChRM) of the samples.
The NRM directions were determined using principal component
analysis (PCA) for the linear part of ChRM, generally between
20 and 100 mT and 150°C-550°C. The direction obtained by AF and
thermal demagnetization are the same for both bricks. Based on the
magnetic and demagnetization results, we interpreted the ChRM of
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the grey brick to be dominantly carried by SD magnetite with strong
magnetostatic interactions, and for the red brick by SD magnetite/
maghemite withweak magnetostatic interactions.

4 Discussion

4.1 Spatial characteristics of rock magnetism
in brick

The spatial distribution of the x and NRM of the two bricks
analyzed in this study is shown in Figure 8. In these figures, we see
that the red brick shows significant spatial heterogeneity in x and
NRM, mainly in the second layer where the values are significantly
lower than other layers (Figures 8B, D). The value ranking of x and
NRM of the red brick’s three layers are as follow: first layer =~ third
layer > second layer. The grey brick, on the other hand, does not
show any significant spatial differences (Figures 8A, C). According
to the results of rock magnetism, the main reason for this difference
in spatial distribution is related to the original firing temperature.

The first and third layers of red brick shows reversible heating
and cooling curves with a 20% decrease in x after cooling to room
temperature. This indicates that the magnetite was oxidized during
heating. The second layer had an irreversible behavior with a 45%-
55% decrease in ¥ after cooling, and a decrease between
approximately 300°C and 360°C of the heating curve, which
shows the thermal characteristics of maghemite and magnetite.
While the presence of maghemite does not indicate that the
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FIGURE 8
Spatial characteristics of NRM (A, B) and magnetic susceptibility (C, D) for the grey and red bricks.

firing temperature of the second layers was much lower than the
other layers during initial firing. This uneven heating may be related
to the short firing time for the red brick in the kilns which led to
incomplete transformation of the minerals. Of course, the average
firing temperature of the second layer is lower than other layers
under short firing time. This is also consistent with the common
sense that the inner temperature of an object is lower than the
surface temperature when it is unevenly heated.

The final color of each brick depends on the composition of the
raw materials used to make them and on the degree of mineral
transformation during firing, which itself depends on temperature,
firing time, and the redox environment inside the kilns (Maritan
et al,, 2006; Yang et al., 2014; Pérez-Monserrat et al., 2021). For raw
materials containing iron oxides and hydroxides, or organic and/or
Fe-bearing base clays, the brick color can vary from yellow to red in
oxidation conditions, and from grey or black in reducing conditions
(Kreimeyer, 1987; Maritan et al., 2006; Pérez-Monserrat et al., 2021).
According to historical documents and recent research, in order to
generate and maintain a reduction environment, the top of kiln
needs to be sealed during firing (Song, 2008; Zhao et al, 2019).
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Subsequently, the bricks were allowed to cool when water was
poured on the top of the kiln. As the bricks cooled, water would
be drawn inside the kiln due to the pressure-gradient force between
the lower internal pressure and the higher pressure of the
surrounding atmosphere. This process resulted in the excess
water reacting within the kiln, producing carbon monoxide and
hydrogen during the cooling phase (Song, 2008). As a result, the
bricks would acquire a grey color. Red bricks cool faster in an open
environment with oxygen as compared to a closed environment with
reduction conditions. The grey brick remains at a high temperature
for a longer residence time than the red brick. This difference in
cooling rate and firing time led to a significant difference of
temperature between the inside and outside of the brick. As a
result, the minerals inside the brick do not fully transform.
According to the results of rock magnetism, the internal layer
(R-2) of red brick has the maghemite which are not found in the
surface layer (R-1, R-3), and the grain size of R-2 is coarser than R-1
and R-3, and more concentration of partially-oxidized coarse-
grained magnetite. Due to the difference of firing temperature
and firing time, the difference in the abundance, type and grain
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FIGURE 9

NRM versus bulk susceptibility plot on a logarithmic scale. Isoline
of Koenigsberger ratio (Q) are shown. The Q-ratio of all samples are
plotted in the top.

size of magnetic mineral between different layers are further

manifested as the spatial heterogeneity in the magnetic
parameters (x and NRM).

In addition to x and NRM, the above spatial heterogeneity is also
observed in other parameters. For example, the values of M and M,
of the second layer in the red brick is significantly lower than other
layers (Figure 3; Supplementary Table S3). In the coercivity spectra,
the contribution of component 4 (partially-oxidized coarse-grained
magnetite) in the second layer (~14%) is higher than in other layers
(~7%). However, there is no obvious difference in the B, and B,, of
the three layers of the red brick, and the FORC diagram shows

similar characteristics.

4.2 Implications for archaeomagnetism

Brick and other fired archeological artifacts (e.g., pottery,
metallurgical slags, and kiln fragments) are favorable materials to
recover the secular variation of the Earth’s magnetic field in
archaeomagnetism research (Cai et al, 2017; Mahgoub et al,
2019; Wang et al., 2023). However, it is rare to obtain full vector
information (both direction and paleointensity) of the Earth’s
magnetic field due to the difficulty in preserving these materials
in situ. In this study, the direction obtained from different positions
of brick by different demagnetization method is similar. This
suggests that the direction of the geomagnetic field can be
accurately recorded even if the brick is not heated evenly.
However, great caution is needed in using them to represent
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paleomagnetic directions, as those bricks were moved and rotated
after firing.

In the analysis of paleointensity, ideal artifacts for analysis
should possess non-interacting SD particles, as only non-
interacting SD grains obey the Thellier laws of additivity,
reciprocity, and independence (Dunlop and Ozdemir, 2001;
Dunlop, 2011). However, the magnetic minerals in natural
materials have different sizes, shapes, and magnetic domains,
which will have non-negligible effects on the results of
paleointensity analyses (Levi, 1977; Xu and Dunlop, 2004;
Dunlop, 2011). For example, the Arai plot, which used to
calculate the paleointensity, shows that as the grain size
increases, the plot will deviate more and more from the ideal
SD line. This deviation leads to an underestimation of the true
paleomagnetic field strength (Dunlop, 2011; Smirnov et al,
2017). Therefore, several parameters can be used to select the
most suitable samples for paleointensity experiments. The
Koenigsberger ratio (Q-ratio) is an appropriate parameter to
distinguish well-heated samples from those that were not
sufficiently heated to carry a complete TRM (Schnepp et al,
2004;2020a; 2020b). In this study, grey brick has a higher Q-ratio
than red brick, and the Q-ratio of R-2 is significantly lower than
R-1 and R-3 (Figure 9). The rock magnetic results show that the
magnetic mineral particles of grey brick are coarser (lower ARM/
SIRM; Supplementary Table S4) and have strong interactions.
Although the red brick shows weak interaction between particles,
R-2 contains higher coercivity minerals (lower S-ratio and higher
HIRM/SIRM; Supplementary Table S4) and grain size is coarser
than R-1 and R-3. Since paleointensity experiments were not
performed in this study, according the results of magnetism and
the requirements of paleointensity theory, we speculate that the
grey brick and R-2 are probably not ideal materials for
study. The
information recorded in the unevenly heated samples need to
be further studied.

paleointensity differences in paleointensity

5 Conclusion

In this paper, we carried out a detailed rock magnetic study
on two archaeological bricks from Sundayuan site, China. Our
results suggest that the dominant magnetic carrier in grey bricks
is SD magnetite with strong magnetostatic interactions, while the
SD magnetite in red brick is weak magnetostatic interactions.
Compared with the grey brick, the red brick showed significant
variations in its magnetic properties (x and NRM) among the
three layers analyzed. These variations could be caused by
differences in firing temperature and residence time of the
brick in the kiln. The results of stepwise x-T confirmed that
the firing temperature of surface layer is higher than internal
layer of red brick. Our work suggests that the layers of red brick
with well-heated might more suitable for paleointensity study,
whereas the insufficiently heated layer of red brick and the grey
brick with strong magnetic interaction are not ideal materials for
paleointensity study.
that future
archaeomagnetism research should evaluate the y, NRM and
Q-ratio of artifacts before carrying out any paleointensity

Based on our findings, we recommend
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analyses. These tests are time-saving compared to other rock
magnetism analyses (e.g., X-T, loop, FORC). Combined with
representative samples’ rock magnetism data, the suitable samples
with sufficiently heated can be effectively selected. This is very useful
for paleomagnetic experiments with very large numbers of samples.
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