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Analyzing the surface black discoloration
of oracle plastrons from the Taijiasi

Site, China
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Several Shang and Zhou Dynasty oracle plastrons from the Taijiasi Site (Funan, Anhui, China) exhibit
random flake- or patch-like surface black deposits unlikely induced by burning or pyromancy.
Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS) and X-ray
photoelectron spectroscopy (XPS) identified the elements causing the black color as Fe and Mn. The
chromogenic mechanisms were explored via micro-X-ray fluorescence spectroscopy (u-XRF)
mapping analysis of the distribution of Fe, Mn, Al, etc. The Fe ions likely existed as trivalent oxide
precipitates and Mn*" in its typical coordination mode in oxides. Thus, the black discoloration resulted
from the enriched Mn and Fe, oxidation-reduction reactions, and microbial activities in the burial
environment. Colloidal form Mn*" and Fe*" adsorbed on the plastron surface and complexed with
humic acids from organic matter degradation to significantly darken the color. The results could
effectively support the research, conservation, and restoration of oracle plastrons.

Inscribed turtle shells (plastrons and, less often, carapaces) and animal bones
used for divination in the Shang and Zhou Dynasties are collectively known
as oracle bones', which are invaluable cultural relics unique to China. Since
epigrapher Wang Yirong in Beijing first identified oracle bones as important
antiquities in 18997, diversified studies on oracle bones® commenced. Over
the years, archaeological excavations have unearthed oracle bones in many
places across China. The discovery of several of these sites is of particular
significance: From the Yinxu Site* in Anyang, Henan Province, recognized
as the capital of the late Shang Dynasty, archaeologists unearthed the largest
number of oracle bones, which directly confirmed the historical existence of
the Shang Dynasty. Meanwhile, the inscriptions on the oracle bones form
the key basis for exploring the origins of Chinese characters’. The Zhouyuan
Site in Shaanxi is the core discovery site of Western Zhou Dynasty oracle
bones®’, whose preparation, drilling, and chiseling processes differed sig-
nificantly from those of the Shang Dynasty. Those oracle bones provided
indispensable empirical evidence for studying the early Zhou history®. The
Daxinzhuang Site in Jinan, Shandong Province, is currently the only Shang
Dynasty oracle bone site other than the Yinxu Site, and the unearthed oracle
bones shared the inscription style of those from the Yinxu Site but featured
drilling and chiseling patterns with distinct local characteristics’. In recent
years, a large number of oracle bones have been unearthed from various
Shang and Zhou Dynasty sites discovered in Anhui'*"", of which the Taijiasi
Site in Funan is the most representative.

The Taijiasi Site is a significant Shang and Zhou Dynasty archae-
ological site in the middle Huai River Basin, as shown in Fig. 1, whose main
period of occupation dates to the Shang Dynasty. From 2014 to 2017, a joint
archaeological excavation by the Anhui Provincial Institute of Cultural
Relics and Archaeology and Wuhan University uncovered abundant relics
at the site, including pottery, pottery molds, bronze ware, animal bones, and
oracle plastrons'’. Among them, a large number of oracle turtle shells were
found with traces of usage but no inscription on their surfaces. Their pre-
paration, drilling, chiseling, and pyro-plastromancy characteristics are
consistent with those unearthed at the Huanbei Shang Dynasty City Site in
the northern part of central China, making them valuable materials for
exploring the plastromancy methods in the middle Shang Dynasty and the
spiritual world reflected.

Interestingly, we noticed black discoloration on most of the surface of
the oracle plastrons unearthed at the Taijiasi Site. Such discoloration affects
the authenticity and appearance of the oracle plastrons and, to some extent,
hinders the scientific observation of the traces of oracle plastron preparation.
In addition, its impact on the long-term preservation of oracle plastrons
merits investigation.

The black discoloration on the surfaces of oracle plastrons
unearthed at Taijiasi Site can be roughly divided into three types: The
first type is the black burn marks produced by pyro-plastromancy,
which are found along the edge and/or at the bottom of the drill (chisel)
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Fig. 1 | Geographic location of the Taijiasi Site. a Geographic location of Anhui Province in China; b Geographic location of Funan County and Fuyang City in Anhui

Province; ¢ Geographic location of Taijiasi Site in Funan County.

Fig. 2 | Black discoloration of turtle plastrons
unearthed at the Taijiasi Site. a Black burn marks
produced by pyro-plastromancy and black deposits
on the sample H33:1-007. b Burning marks on the
sample H233:3-001.

a)

holes, as shown in Fig. 2a. The scorched area takes on a darker black
color due to carbonization, naturally attributing to the heated carbo-
nization during pyro-plastromancy'. The second type is often the result
of burning part of or the whole plastron. As indicated by the green arrow
in Fig. 2b, a clear black scorched surface can be observed, even with a
local grayish-white color due to overheating, which is often the result of
burning after discarding (or storing). The third type is black deposits
randomly distributed as flakes or patches on the surface of the oracle
plastrons, with uneven coloration, as indicated by the yellow arrow in
Fig. 2a. The formation of such black substance is apparently not related
to the burning or pyro-plastromancy process but to the burial envir-
onment. Previous research has reported on the discoloration of cultural
relics due to buried environmental factors. Testing and analysis of the
black cementation on the surface of bone fossil excavated at the Bai-
longdong Site in Hubei Province revealed that the chromogenic phases
are mainly paragenic deposits of siderite, hematite, and
Fe,5(PO4)14(OH),4, which are related to CO5*~ and Fe ions in the burial
environment'”. The discoloration of wooden artifacts found in marine

wrecks has been linked to the metabolic activities of iron-sulfur bacteria
in the preservation environment'®". The mechanism of the discolora-
tion of the turtle plastrons remained unclear. Whether the black deposits
on the oracle plastron surface relate to the microbial activities in the
burial environment or whether the porous structure of the oracle
plastron resulting from the organic matter loss to the burial environ-
ment absorbed minerals and carbon from the soil to form the black color
warrants research attention. To this end, this study employed various
analysis and detection methods to characterize the morphological
structure and chemical composition of the black deposits on the surface
of the oracle plastrons unearthed from the Taijiasi Site and explored
their formation mechanisms.

Methods

Experimental sample

Two representative samples were selected for analysis in this study: H253:2-
014 and H338:2-001, as shown in Fig. 3. Both samples are poorly preserved,
with large areas of black deposits on their surface, which are planar and
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Fig. 3 | Samples of the oracle plastrons unearthed
from the Taijiasi Site. a Sample H253:2-014.
b Sample H338:2-001.
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smooth without bulging. Other than the black deposits, varying degrees of
contaminant attachment are also observed on the oracle plastron surface.
The black deposits on the surfaces of the two samples are extensively dis-
tributed, covering almost the entire oracle plastron surface.

Experimental methods

SEM-EDS (scanning electron microscopy with energy dispersive
X-ray spectroscopy). The microscopic morphology and elemental
distribution of the oracle plastron samples were observed and
studied using an FEI Quanta 200 environmental scanning electron
microscope (SEM) operating in the high vacuum mode at 6 x 10~ Pa,
with an acceleration voltage of 20kV and gold spraying on the
sample surface.

Laser confocal microscopy. A Keyence VK-X250K laser scanning
confocal microscope was used to observe the 2D and 3D morphology of
the oracle plastrons with a 108 nm laser source. The VK-X serious multi-
file analysis software was used for roughness analysis.

X-ray photoelectron spectroscopy. The chemical state of the oracle
plastron samples was analyzed using a Thermo Fisher EscaLab Xi+ X-ray
photoelectron spectrometer (XPS), with an energy scanning range of
0-5000eV.

X-ray fluorescence spectrometry. A Shimadzu EDX-7000 energy-
dispersive X-ray fluorescence spectrometer (ED-XRF) was used for non-
destructive elemental content analysis of the oracle plastron samples. The
elemental analysis range spanned from 11 (Na) to 92 (U), the tube voltage
was 50 kV, and the tube current was 1000 pA. A 1 mm collimator was
used for analysis, and a Mylar film covered the sample surface.

Micro-X-ray fluorescence spectroscopy. The content and distribu-
tion of Al, Fe, and Mn in the oracle plastron samples were non-
destructively detected by mapping analysis using a Bruker M4 Tornado
Micro-X-ray fluorescence spectrometer (p-XRF) equipped with a rho-
dium target, a multi-conducting capillary, and a vacuum optical path.
The operating voltage was 50 kV, and the operating current was 600 pA.
The scanning step size was 15 pm.

Results

Oracle plastron morphology observation

Generally, a turtle’s plastron consists of three layers: the outermost horny
shield (typically absent in unearthed oracle plastrons, as it was removed
during preparation), a middle compact bone layer, and an innermost can-
cellous bone layer. Figure 4 shows the morphology of the H253:2-014 oracle
plastron sample under scanning electron microscopy (SEM). Loose pore-
like structures and fiber-like structures can be observed in the samples. The
pore-like structures are mainly irregularly circular and elliptical, and the
maximum pore diameter is about 27 um. Previous studies have shown that

fresh oracle plastrons are primarily composed of both inorganic and organic
components. The inorganic material forms a porous network that serves as
the structural scaffold, while the organic substances act as binders, filling and
reinforcing this framework. Microscopic analysis reveals a well-defined
three-dimensional porous architecture on the surface of these plastrons'®.
However, over time, particularly after prolonged burial, significant degra-
dation of the organic matter occurs, leaving behind an inorganic matrix as
the dominant structural framework. This transformation leads to the for-
mation of numerous additional pores, significantly altering the original
microstructure.

Figure 5 presents the 2D and 3D structures of the black deposits on the
sample surface under a laser confocal microscope. The black deposits on the
surface of the H253:2-014 oracle plastron sample are relatively flat, with
pores of different sizes produced by organic matter loss. The H338:2-001
oracle plastron sample with contaminant particles on its black surface
exhibits increased surface roughness.

Composition analysis of the black deposits and the relatively
light-colored oracle plastron substrate

The compositions of oracle plastron samples were analyzed via SEM-EDS
and X-ray fluorescence (XRF) spectrometry, respectively. SEM-EDS ana-
lysis (Figs. 6, 7) shows the morphology images and corresponding EDS
spectra of the black deposits and the relatively light-colored substrate of two
oracle plastron samples. Table 1 shows high C, O, Ca, and P contents of the
black deposits and the substrate. The Ca and O contents are relatively high,
both at about 30%, followed by the P and C contents, both at around 15%.
The black deposits and the substrate exhibited significantly different ele-
mental compositions in the two oracle plastron samples. The Ca content of
H253:2-014 was higher in the substrate (35.61%) and lower in the black
deposits (24.36%), and the Ca content of H338:2-001 was also higher in the
substrate (30.84%) and lower in the black deposits (24.33%), suggesting Ca
loss in the black deposits. The black deposits and substrate of the oracle
plastron sample H253:2-014 contained C, O, Ca, P, Mn, and Al, while the
black deposits contained additional Na, Mg, Si, K, and Mn. The black
deposits and substrate of the oracle plastron sample H338:2-001 contained
C, O, Ca, P, Mn, Mg, Al, and Si, while the black deposits contained addi-
tional K, Mn, and Fe. Mn and Fe were not detected in the substrates of the
two oracle plastron samples, while the Mn content in the black deposits of
the oracle plastron sample H253:2-014 reached 1.44%. The absence of Fe
content in the black deposits of the sample H253:2-014 could be due to
surface heterogeneity or the target element not being present within the
micro-analytical area, resulting in the measured concentration at that point
falling below the detection limit. The black deposits of the oracle plastron
sample H338:2-001 showed high Mn and Fe contents of 1.5% and 5.09%,
respectively. Table 2 presents the X-ray fluorescence (XRF) detection data.
As shown in the table, Ca is the dominant element, accounting for
approximately 70%, followed by P, which constitutes around 20%. Notable
differences in elemental concentrations and Ca:P ratios are observed
between Tables 1 and 2. Since two separate testing institutions were
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Fig. 4 | SEM images of the oracle plastron samples.
a 1000x magnification view; b1000x magnification
view showing fibre-like structures and loose pore-
like structures; ¢ 3000xmagnification view; d 5000x
magnification view.

715.759

Fig. 5 | Laser confocal microscope observation of the black deposits on the oracle plastron surface. a 2D structure of the sample H253:2-014; b 3D structure of the sample
H253:2-014; ¢ 2D structure of the sample H338:2-001; d 3D structure of the sample H338:2-001.
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Fig. 6 | SEM-EDS analysis of the black deposits and substrates of sample H253:2-014.

commissioned to perform SEM-EDS analysis and XRF analysis respectively,
discrepancies exist in the elemental compositions reported by the two
institutions. The inconsistency in the selection of element types for testing
has led to variations in elemental contents. Among other metallic elements,
Fe and Mn exhibit relatively high concentrations, consistent with SEM-EDS
data. Thus, it can be inferred that the chromogenic elements in the black
deposits should be compounds of Fe and Mn.

In order to get a better understanding of the element distribution, the
elemental composition characteristics of the samples were further explored
by mapping analysis using u-XRF with a multi-conducting capillary. Figure
8, 9 show the elemental mapping characteristics of Al, Fe, and Mn in the
H253:2-014 and H338:2-001 samples. It can be observed that Al is dispersed
in the black deposits of H253:2-014. Its source may be clay minerals,
probably due to the adsorption or penetration of clay minerals on the
plastron surface, consistent with the relatively uniform distribution of Al in
the black deposits of H338:2-001. Mn exhibits significant enrichment in the
black deposits of both samples, and its distribution range is highly consistent
with that of the black deposits. H338:2-001 shows particularly pronounced
local Mn enrichment in the black deposits, possibly due to the dark oxide
deposition involving groundwater in the burial environment. Therefore, the
formation of black deposits on the oracle plastron surface was most likely
due to Mn enrichment and oxidation reaction in the burial environment.
The black deposits of the two samples also show partial Fe enrichment, but
this feature is not obvious. Further experiments are needed to explore the
causes of such black deposits.

The chromogenic mechanisms of Mn and Fe elements in the black
deposits of the turtle plastrons were further explored via XPS analysis.
XPS applies to the chemical state analysis of trace elements on the
surface of cultural relics. It employs X-ray photons to excite the inner
electrons of the atoms on the material surface and derives the corre-
sponding energy spectrum by energy analysis of these electrons. In
addition to elemental composition detection of solid surfaces, XPS
provides information on the valence state and chemical structure of the
elements. Thus, it can provide further important references for
understanding the composition of the black deposits on the oracle
plastron surface. Figure 10 presents the XPS spectra of the two samples,
where elements such as C, O, Si, Al, N, Mg, Ca, S, Fe, and Mn are
detected (Table 3).

Peak deconvolution and curve-fitting analysis of the Fe 2p3/2 spectra
(Fig. 11) indicate that the Fe 2p3/2 spectra of the two samples can be
deconvolved into two main peaks, and their binding energies are at
711.8 eV and 713.8 eV, respectively. Thus, Fe exists in the samples in the
Fe** valence state. The peak near the binding energy of 711.8 eV corre-
sponds to Fe’*, while the peak near 713.8 eV may be ascribed to binding
energy displacement caused by higher oxidation state or coordination
environment differences'>”. The peak at the binding energy of 643 eV is
consistent with the Mn*" characteristic peak’’. Based on the XPS full
spectrum analysis, it is speculated that Fe’ may exist in an oxygen- or
sulfur-containing chemical environment, while Mn*" is likely to exist in its
typical coordination mode in oxides.
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Fig. 7 | SEM-EDS analysis of the black deposits and substrates of sample H338:2-001.

Table 1 | SEM-EDS spectra-based compositional analysis results (wt%)
Sample/Element (o3 (o] Na Mg Al Si P K Ca Mn Fe
H253:2-014 (black deposits) 18.39 40.26 0.77 0.36 0.75 1.67 11.5 0.49 24.36 1.44 /
H253:2-014 (substrate) 9.59 38.42 / / 0.14 / 16.24 / 35.61 / /
H338:2-001 (black deposits) 10.7 37.76 / 0.45 1.94 6.73 10.54 0.97 24.33 15 5.09
H338:2-001 (substrate) 14.67 38.18 0.56 0.18 0.52 1.1 13.93 / 30.84 / /

The detection limit is 0.01 wt%. Contents below the detection limit (e.g., Na <0.01 wt%) are omitted.

Table 2 | ED-XRF spectra-based compositional analysis results

(wt%) of the oracle plastron samples.

Sample\Element Fe Si Ca Mn Zn P K Ba S Cu Sr

H253:2-014 2.506 6.268 67.665 4.210 0.156 17.714 0.577 0.289 0.112 0.038 0.136
H338:2-001 0.643 / 74.211 3.312 0.068 21.091 / 0.417 0.022 0.034 0.174
Discussion approximately 9.12 ppm; in lime concretion black soil, Mn reaches

Mn*" and Fe’* were found in the oracle plastrons unearthed at the Taijiasi
Site and their surface black deposits. The main soil types in Funan County
are lime concretion black soil (48.7% of the total area) and fluvio-aquic soil
(28.9%)”. In fluvio-aquic soil, the Mn content is 183 + 7.3 ppm and Fe is

188 + 9.3 ppm, whereas Fe is about 12.04 ppm™*". Located north of the
Yangtze River, the lime concretion black soil and fluvio-aquic soil at the
Taijiasi Site are neutral and slightly alkaline”’. The Fe content in the soil is
high enough to rank among the major elements. Generally, Fe in soil exists
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H253:2-014

Fig. 8 | Mapping analysis results of Al, Fe, and Mn in the H253:2-014 sample.

as Fe** and Fe*" in ion or compound forms. In neutral and calcareous soils,
Fe mostly precipitates as a Fe’* oxide®. With oxygen permeation, the
potential Fe** in the sample can also be oxidized to Fe’* by autotrophic
bacteria (iron bacteria). Gothite (a-FeOOH) and hematite (Fe,O3) are
relatively common iron oxide minerals in the soil”’. These facts are con-
sistent with the XPS analysis results that Fe exists mainly in trivalent and
higher valence states. Mn is also a common element in soil*’, and the Mn
contents in lime concretion black soil and fluvio-aquic soil are generally
high*. Mn often migrates and accumulates extensively during soil super-
gene processes, forming ferromanganese nodules with Fe””. The potential
Mn** in soil can form stable oxides such as birnessite (§-MnQ,) by man-
ganese oxidizing bacteria catalysis or direct air oxidation’*”, which is
consistent with the XPS analysis results that Mn exists stably as Mn*". Such
oxides are often adsorbed on the plastron surface in colloid forms, which
complex with humic acids from organic matter degradation to further
enhance the dark brown color”. In summary, the formation of black
deposits on the surface of plastrons unearthed at the Taijiasi Site is related to
this special burial environment, specifically the lime concretion black soil
rich in Fe and Mn.

This study comprehensively utilized various analyses to thoroughly
investigate the black deposits on the surface of oracle plastrons unearthed
at the Taijiasi Site in Funan, Anhui Province. The results showed that the
black discoloration is mainly due to chemical reactions in the burial
environment, closely related to the Mn and Fe enrichment, oxidation-
reduction reactions, and microbial activities. Mn*" and Fe’" were
adsorbed on the oracle plastron surface in colloid forms, complexing
with humic acids from organic matter degradation to darken the color.
While this study did not conduct microbial detection, the observed
elemental transformations are consistent with potential bacterial invol-
vement. This inference is based on the soil type and the observed changes
in elemental valence states (Fe*—Fe*, Mn*—Mn*). Future research
could employ metagenomic analysis to identify specific microbial com-
munities and their functional genes. The research findings can provide
critical data support for the targeted conservation of oracle plastrons at
the Taijiasi site—such as desalination and corrosion inhibition treat-
ments to suppress Mn/Fe oxide deposition—and for studies on the dis-
coloration mechanisms of Shang-Zhou dynasty oracle plastrons in the
Jianghuai region.

npj Heritage Science | (2026)14:33


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-026-02307-y

Article

Fig. 9 | Mapping analysis results of Al, Fe, and Mn in the H338:2-001 sample.
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Fig. 10 | XPS spectra of the black deposits on the oracle plastron surface. a Sample H253:2-014; b Sample H338:2-001.
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Table 3 | Atomic contents of elements on the surface of the oracle plastron samples (at%)

Element Sample H253:2-014 Sample H338:2-001
Peak BE Atomic% Peak BE Atomic%
O1s 531.41 41.61 531.16 42.33
Cils 285.09 28.47 284.73 24.15
Si2p 102.15 14.11 102.03 13.08
Ca2p 347.40 3.99 347.17 4.21
N1s 399.44 3.28 399.87 1.32
S2p 168.00 0.16 163.28 0.07
Mg2p 49.89 1.28 50.71 6.51
Mn2p 642.87 0.34 643.89 3.19
Fe2p 711.53 0.20 712.55 0.12
Al2p 73.81 4.20 73.60 3.51
P2p 133.00 2.36 132.32 1.86
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Fig. 11 | Peak deconvolution and curve-fitting of the Fe 2p XPS spectrum. a Sample H253:2-014; b Sample H338:2-001.
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