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Abstract

Previous studies of ancient jade using portable X-ray fluorescence (pXRF) have mostly focused on mineral identifica-
tion, alteration status and provenance determination. It is usually used as an auxiliary instrument for spectroscopic
detection with finer resolution. However, there is no substitute for the efficiency and stability of pXRF in-situ non-
destructive analysis, which is less affected by the test environment. The scale of the data from the pXRF analysis did
not allow for a more in-depth interpretation of ancient jade in the past. In this study, pXRF has been carried out for

a total of 112 pieces of nephrite artifacts unearthed from the Yuehe tomb No.1 in Nanyang City, Henan Province,
Central China. Certain patterns become clearer as the size of the data increases. The coefficient of variation, cluster
analysis and correlation analysis can be used to separate elements into different assemblages, revealing whether the
elements are from the primary and impurity minerals of nephrite itself, from the burial microenvironment in the soil,
or even from other specific sources. In addition, most of the secondary whitening occurring in the batch of nephrite
are accompanied by an increase in Ca content, confirming the previously refuted theory of calcification. More impor-

elemental data.

tantly, the principal component analysis of the twin nephrite artifacts suggests visually indistinguishable elemental
changes caused by secondary changes, which may lead to misjudgment of ancient nephrite provenance using
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Introduction

Jade culture is a material culture unique to Chinese civi-
lization, and exploring the process of the emergence and
development of the civilization through jade culture has
been an important area of archaeological research [1].
The so-called jade, however, has been discussed for dec-
ades before the academic circle has clarified the concept
and reached a certain consensus [2]. The so-called con-
cept of ‘jade’ has both narrow and broad senses. Jade in
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the wide sense is actually the good-looking stone, espe-
cially in some ancient texts, where it was hard to distin-
guish between similar minerals at all due to the weak
identification skills of people at that time. While in the
specific sense, a commonly accepted modern concept,
there are only two types of jade, one is nephrite and the
other is jadeite. The reason why the two stand out from
the many beautiful stones is that they have excellent qual-
ities in terms of color, transparency, luster, clarity, tough-
ness, structure, hardness, and specific gravity, etc. But
the use of jadeite in China was not until the mid to late
Qing Dynasty (1636—1912 AD) when it began to gradu-
ally become popular [3]. So the truth is that the nephrite
with a history of around 9000 years of use in China, is the
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representative and even core of jade culture [4]. Besides,
nephrite has also been treasured since prehistoric times
in different cultures, e.g., in Italy, Switzerland, Russia,
Bulgaria, Hungary, Mongolia, Japan, Pakistan, Philip-
pines, Malaysia, Vietnam, Thailand, Cambodia, Australia,
New Zealand and so on [4-6].

The composition of nephrite is close to the monomin-
eralic represented by the minerals of isomorphic tremo-
lite-ferroactinolite series, so it can be composed either of
iron-rich (actinolite) or magnesium-rich (tremolite) vari-
eties with average chemical formula Ca,(Mg,Fe);[SigO,,]
(OH), [7]. Nephrite varies in color mainly depending
on iron and chromium content as well as some admix-
tures of other minerals such as serpentine, chlorite, cal-
cite, magnesite, talc, actinolite, and graphite et al. [8—10].
The dependence of the contents of the basic formula and
impurity elements in nephrite elemental composition has
been the subject of a number of studies in recent decades
[9]. With this trend, plenty of past studies focused on the
elemental analysis of antique nephrite were mainly for
the purpose of providing information for relics conserva-
tion and for tracking or discriminating the provenance [5,
11, 12]. Analytical methods used for chemical characteri-
zation of archaeological nephrite artifacts are required to
be non-destructive. As a result, X-ray fluorescence (XRF)
spectrometry and some innovative techniques such as
PIXE are most popular [13-15].

However, when faced with large quantities of archaeo-
logical nephrite for in situ testing and the restrictions
imposed by various regulations, only portable instru-
ments are allowed, among which portable X-ray fluores-
cence (pXRF) is undoubtedly the most suitable choice.
Although it has been criticized for often being relatively
rough than laboratory equipment in terms of data [16],
its usefulness cannot be underestimated, especially when
the number of nephrite measured is on a larger scale, and
the comparison of data from the same batch appears to
have considerable potential for research value, especially
as it can also be combined with cultural, typological, sty-
listic and other factors to uncover fuller archaeological
information.

With the generous support of the Institute of Cultural
Relic Research of Nanyang City, we were able to con-
duct a survey of 112 nephrite artifacts unearthed from
the Tomb No.1, Yuehe Town, Tongbai [17]. The analysis
of this huge number is quite large-scale, and can be an
example of pXRF applied to the study of ancient jade.

Archaeological background

Burial context

The Tomb No.1, Yuehe Town, Tongbai County was exca-
vated in the early 1990s. A total of 29 pieces of bronze,
746 pieces of jade and stone, and 4 pieces of wood and
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lacquer were found. The inscriptions on one bronze
musical instrument indicate that the tomb occupier was
the ruler of the Yang state [14, 15]. Based on the burial
specification as well as the style and decoration of the
unearthed artifacts, this tomb is dated to the late Spring
and Autumn period [18].

Tongbai County is located in Nanyang City, the south-
west of Henan province, bordering Hubei province to
the south (Fig. 1). Tongbai is the watershed between the
two basins of the Yangtze River and the Huai River, and
it is also the birthplace of the Huai River. From the Neo-
lithic Age to the Zhou Dynasty, the southwestern region
of Henan has been a zone of contention between the
political power of the north and the south [17]. Tongbai
was one of the important areas of the southward expan-
sion of the Western Zhou Dynasty (1045-771 BCE), and
the Yang state was established there. In the Spring and
Autumn Period (770-476 BCE), the vassal states in Nan-
yang Basin were successively defeated by the state of Chu,
after that the Yang state reduced to a subordinate [19].

The Zuo Zhuan, a commentary on the ancient Chinese
chronicle Spring and Autumn Annals, recorded that in
the thirtieth year of Duke Zhao’s reign (512 BCE), King
Zhao of Chu had granted the former land of the Yang
state to two Princes of Wu, which is evidence that Yang
had already perished before then. After the fall of the
state, the Yang people became accommodated into Chu.
For example, during the Spring and Autumn period and
the Warring States period, there was a Yang clan among
the nobles of the state of Chu, and a typical representa-
tive of this clan was Yang Youji, a great general who was
known for his skill in archery [20].

Jade culture in the Spring and Autumn period

The Spring and Autumn and Warring States periods wit-
nessed a great emancipation in the history of Chinese
thought. The jade culture before the Three Dynasties
(Xia, Shang and Zhou) still had a clear shamanistic ele-
ment, but during this period the enlightenment of the
sages and philosophers transcended the worship of the
gods, and the ‘divine’ qualities of jade gradually faded
away, carrying a fundamental change in connotation.
Jade was incorporated into the ritual system and given a
moral conception [21].

A small number of jade artifacts from the Spring and
Autumn period were found at sites where ceremony
or covenant were performed, while the majority were
unearthed from high-grade tombs, indicating that jade
artifacts of this time were almost always the exclusive
possession of the ruling class. It is impressive that the
nobility valued jades highly in the Spring and Autumn
Period, not only for its aesthetic beauty but also for the
social value it represented. Confucius (551-479 BCE)
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Fig. 1 Location of the major nephrite deposits in the Central Plain (solid black triangle) and distribution of States in the late Spring and Autumn

was quoted as saying ‘A gentleman never leaves jade
except for some sufficient reason; as a symbol of class
and as a reminder of the virtues to a gentleman, for
these virtues are embedded in jade. According to Shuo
Wen, compiled by Xu Shen of the Eastern Han (25-220
AD), the five virtues of jade were benevolence, integ-
rity, intelligence, bravery and trustworthiness, which
were exactly those expected of a gentleman [22].

Most importantly, there are six auspicious jade imple-
ments that were dedicated for ritual ceremonies in
Zhou Rites: Bi-disk (donut-shaped discs) for Heaven,
Cong (squared tubes with a round hollows) for Earth,
Gui (pointed tablet) for East, Zhang (forked sword) for
South, Tiger for West, Huang (crescents) for North. In
addition, the ideology of ‘treating death as rebirth’ was
popular at that time, which led to the establishment
of a grand and complete funeral system and a unique
jade culture. It was believed that jade was the essence of
heaven and earth, and that jade could nourish the body
and was a medium for communicating with the gods
and ghosts, making the spirit and the soul immortal
[21]. Correspondingly, the jade used for funerals would
be placed in different parts of the deceased that Bi-disk
at back, Cong at belly, Gui at left, Tiger at right, Zhang
at head and Huang at foot [23].

The jade in Yuehe Tomb No.1

The jade in Yuehe Tomb No.l are in sets that largely
observed the rituals (Fig. 2). However, the jade artifact
designated as Cong is not of the typical square outside
and round inside shape, but rather is round and plain
without decoration [17]. The reasons for this simplifica-
tion or substitute are not clear and may be related to the
context of the gradual propriety disintegration in the late
Spring and Autumn period [17, 24]. After the middle of
the Spring and Autumn period, kingship declined, vas-
sals and lords rose together, and political turmoil ensued.
Qin in the west, Qi in the east, Jin in the north, Chu in
the south, and Wu and Yue in the southeast all grew to
become powerful states. As a result of this situation, jade
was also developed in a variety of ways. In general, jade
from Qin has simple form, hard lines, decorative geo-
metric shapes with shallow shaded lines; jade from the
Central Plains region is popularly decorated with double
shaded lines; jade from Chu has very compact pattern
with densely lines and is primed for a gorgeous and elab-
orate style [1].

As for Yuehe jade, most of them are closer in shape,
style and decoration to the Central Plains jade artifacts
(all pictures and descriptions are listed in Additional
file 1: Table S1). However, there also exist some jade
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Fig. 2 The six auspicious jade implements from Yuehe Tomb No.1

pieces with the characteristics of other regions, roughly
divided into several types of Chu, Wu, Yue and Dongyi
styles, fully reflecting the exchange and integration of
cultures [25].

The Yuehe Tomb No. 1 dates before the destruction of
the Yang state, when the power of Chu expanded north-
ward and probably have approached to the Yang state.
The culture of Yang was naturally influenced by it. For
instance, the decorative twisted silk motifs, which were
very popular in Chu, appear on the oblong jade ped-
ants M1:100 and M1:318, and the jade hilt M1:136 [25]
(Fig. 3). The main features of Wu style jade are the fat
decoration, the flat and convex relief, the tight pattern,
and the delicate carving. For example, the oblong jade
ornaments M1:129 and M1:164 (Fig. 3) are decorated on
both sides with shallow relief carvings of dragon heads,
the details of which are intricately carved in shade to
show rounded eyes and open mouths and tongues. The

remarkable feature of Yue style jade is the crown-shaped
projection decorated on the outer edge. M1:265 and
M1:399 are a pair of jade Jue with five projections, while
M1:165 jade ring equips with four projections [25]. It
is speculated that this particular component may have
been associated with the worship of the sun and moon
[26]. The Dongyi were a much earlier tribe that operated
in the general area of Qi and Lu (Fig. 1), and this culture
is best characterized by the unique bird element. M1:78
and M1:259 are a pair of very similar jade pendants in the
shape of Huang, that can be considered representative
of the Dongyi style. The overall design is that of a phoe-
nix bird, with obvious elements such as drooping heads,
arched backs, drooping tails, and hooked beaks, which
should be closely related to the cult of the phoenix bird
[25].

In reality, the Yang state was rather weak and seemed
not to have the status of receiving polite receptions and
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Fig. 3 Typical jade objects of different regional styles from Yuehe Tomb No.1

rewards from the central authority. These jade artifacts
may have been gifts in the process of reciprocity or as
payments in kind between the Yang state and other vas-
sal states [24]. It is also possible that they were presents
from neighboring vassal states to assist in the burial of
the ruler of the Yang state [24].

Methods

Elemental analysis was conducted using a Thermo Niton
XL3t 950 GOLDD + portable X-ray fluorescence spec-
trometer with a silver (Ag) anode tube, geometrically
optimized large area Si-drift detector and protective
ultra-thin film polymer window. The main filter operates
at voltage of 50 kV and current of 100 pA. The detection
window diameter is 8 mm, thus the measurement area
per test is approximately 60 mm?. The acquisition time is
set to 180 s for the collection of compositional data, with
60 s each for Main, High, and Low filters. Ensure that

at least three valid readings are obtained from the same
part of each sample, and if one of the first three readings
shows simultaneous fluctuations in content of multiple
elements that are significantly different from the other
two readings, the reading is considered invalid and then
reanalyzed until at least three valid readings are obtained,
the average of which is thereafter accepted as the result of
the test area.

A specific problem with pXRF systems is conduct-
ing the analysis in an atmosphere which make it diffi-
cult to analyze light elements (up to Ca), in case of jade,
it is silicon, aluminium and magnesium [27]. Equipment
manufacturers individually solve this problem by creat-
ing calibration techniques oriented to a certain chemical
matrix of the sample and the parameters of the device.
The result is a deliberately incomparable representation
of data on the contents of light elements for different
devices, which allows obtaining reproduced data only
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when using one selected analyzer. Therefore, the ele-
ments of interest in this study are above Ca.

Here, the Soil mode was selected for it is expected to
offer a better scan of trace elements when in a Si matrix
[28]. To prepare the data for statistical analysis, some
elements with readings consistently below the limit of
detection (LOD) of the pXRF analyzer were excluded
from further analysis. After the initial data processing, 12
elements were retained for the analyses: sulfur (S), potas-
sium (K), calcium (Ca), titanium (Ti), vanadium (V), Cr
(Chromium), manganese (Mn), iron (Fe), copper (Cu),
zinc (Zn), barium (Ba), mercury (Hg). The detailed data
are shown in Additional file 2: Table S2.

According to the previously measured results, mainly
based on infrared spectroscopy data, all 112 samples in
this study are nephrite [17, 29]. This allows comparisons
between elemental data to be based on the same mineral
material.

Results and discussion

The coefficient of variation

In probability theory and statistics, the Coefficient of
Variation (CV) is used as a measure of standardized vari-
ability for each element. This was calculated by dividing
the standard deviation by the mean for each element of
the Yuehe nephrite data set (n=230) (Table 1).When
the CV is low, the data have less variability and higher
stability.

For this case, the major element Ca has the lowest
value of CV, which is also in line with the usual percep-
tion. The major element content is very large and is itself
less influenced by impurity minerals in nephrite and fac-
tors in the soil micro-environment. In contrast, the trace
element content is not only affected by the surrounding
rocks of nephrite, but also causes stronger fluctuations
due to intrusive effects of random element in the soil
[30]. As expected, the trace elements in the nephrite sam-
ples exhibit a significantly higher level of variability than
the nephrite major elements. If 1 is set as the cutoff, the
elements below this values in the order from smallest to

Table 1 Coefficient of variation for the elements sorted from
lowest to highest

Element Coefficient of Element Coefficient
variation of variation

S 1.1340 Mn 0.9607

K 0.7259 Fe 0.8670

Ca 0.1497 Cu 1.1666

Ti 14658 /n 1.3074

V 0.5408 Ba 0.9454

Cr 0.1792 Hg 15122
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largest are Ca, Cr, V, K, Fe, Mn and Ba. And the elements
greater than 1 are S, Cu, Zn, Ti and Hg. This grouping
could correspond to the results of the cluster analysis
very well.

Cluster analysis

Cluster analysis can categorize elements with similar
geochemical characteristics, and can identify elements
with close performance. Theoretically, a hierarchical
R-type cluster analysis of the elements from the pXRF
scans (normalized data) can visually represent the degree
of similarity in terms of the order of coalescence and
the distance between groups. More specifically, in the
elemental clustering analysis pedigree chart (by single
linkage), the vertical coordinate represents the distance
between different variables, and the similarity between
variables increases as the distance gets closer (Fig. 4).
Back to the current case, the different elemental assem-
blages correspond to a large extent to the different
primary geochemical features and factors such as weath-
ering, erosion and alteration that affected the appearance
of nephrite [31].

In Fig. 4, the specificity of Cu is remarkable, and its
distance from other elements is much greater than that
between other elements. Apart from Cu, the remaining
elements can be roughly divided into two major groups.
First, Ca, Cr, V, K, Mn, Fe and Ba are classified as the
same group, which can be considered as elements in the
primary and impurity minerals of nephrite [32]. Second,
S, Hg, Zn and Ti are common trace elements in the soil
or minerals [32, 33]. As for Cu, the tomb also had a large
number of bronzes, where the loss and flow of copper
elements would more or less make the copper content of
nephrite increase. Certainly the occurrence of elemen-
tal exchange (possibly only unidirectional) triggered by
the co-placement of bronze and jade deserves further
attention.

Moreover, the fact that S and Hg are grouped together
implies that, in addition to the trace elements of the soil
itself, other exogenous elements have intruded into the
nephrite. The compound of S and Hg, cinnabar, is pre-
cisely one of the striking features of the Yuehe Tomb
No.1, and its large-scale use has caused many red par-
ticles still remaining in the decorative grooves of many
nephrite objects to this day (such as M1:129, M1:161 and
M1:316 in Fig. 3). In general, these three types of clusters
reflect both the affinity of geochemical properties among
elements, and the regularity of elemental migration and
deposition.

Correlation analysis
Correlation analysis can help to reveal the relevance
between elements, and then to identify the possible
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sources of various elements. The higher the correlation
between chemical elements in nephrite, the higher the
possibility that the elements come from the same stable
input. Therefore, it serves a similar function as cluster
analysis, but focuses more on the commonality between
elements two by two.

As shown in Table 2, there are three groups of elements
with correlation coefficients higher than 0.6, including S
and Hg, Mn and Fe, as well as Ca and Cr. They are almost
the groups whose distance is less than 0.6 in the clus-
ter analysis (in Fig. 4), thus further confirming that the

Table 2 Pearson correlation coefficient matrix

elements within these groups have more similar mode
of occurrence. However, the correlation coefficient of
Ca and Cr is not the largest, although they are the first
elements to cluster. The peculiarity is probably due to
the fact that Ca is the major element, although it has a
similar geochemical background to some of the common
elements in nephrite as displayed in Fig. 4, it is supposed
to have stronger correlation reasonably with other major
elements, and its correlation to trace elements is rela-
tively less significant [32]. The case of Fe is different. In
some sense, Fe is considered a major element since it can

S K Ca Cr Ti \' Mn Fe Cu Zn Ba
K 0.1015
Ca —0.3388 —0.1561
Cr —0.1365 —0.0516 0.6307
Ti 0.0414 0.0264 —0.1709 0.1478
\% —0.0575 —0.0377 0.0703 0.1492 0.2251
Mn 0.1022 —0.1129 0.0338 0.0020 —0.0068 0.1453
Fe 0.1774 —0.0993 0.0039 —0.0632 0.0771 0.1565 0.8439
Cu 0.2651 0.1826 —0.1960 —0.0709 —0.0151 0.0233 —0.0382 0.0505
Zn 04973 0.0053 —0.2753 0.0876 04836 0.1431 0.1551 0.1338 —0.0254
Ba 0.0207 —0.1129 —0.1091 —0.1210 —0.0058 —0.0630 0.1863 0.0744 —0.0283 0.1054
Hg 0.8025 0.0474 —04252 —0.3908 —0.0535 —0.0511 0.1133 0.1910 0.1189 04487 0.1076
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often substitute for Mg, especially if the nephrite is green
(serpentine-related genesis). In this batch of samples,
the Fe content of most of the tested parts is less than 1%,
implying that Fe may be present in the impurity minerals.
Inclusions in nephrite are not only magnetite, limonite,
pyrite, but also a type of inclusion containing Fe—Mn
which usually manifests itself as fern-like, which is most
likely the source of Mn [34]. Besides, neither S nor Hg
is a common element in nephrite inclusions, as can be
barely seen from their respective negative correlation
coefficients with Ca. Their contents are more than typi-
cal trace elements, and the high correlation indicates that
they may be bound together in some compound form.
And this requires taking into account whether their level
is commensurate. Moreover, the nephrite objects from
Yuehe Tomb No. 1 appear generally dark in hue, unlike
other excavated nephrite, and it is reasonable to won-
der if these two elements, not commonly found in other
cases, played an important role in this color change.

Elements and secondary colors

The ancient Chinese also noticed this phenomenon of
jade darkening, and they may have imaginatively referred
to it as mercury alteration, based on the burial practice
of using mercury for embalming. Mercury alteration is
unique among the several types of alteration that occur in
Chinese ancient jades and often appears on ancient jade
artifacts unearthed from high-grade tombs of the pre-
Qin period (before 221 BCE) [35]. Previous studies have
speculated the similar darkening phenomenon on jade
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may result from carbon, manganese, iron and copper, but
a closer examination of Yuehe jade again links blacken-
ing and mercury, and stimulated more intense discussion
on the blackening mechanism of ancient jade [33]. Some
related simulated experiments have also been conducted
and confirmed that the black HgS was immersed inside
the jade, forming a black elemental mercury, rather than
the metallic mercury element dipped in the jade or red
mercury causing black mercury alteration [36]. Moreo-
ver, a recent systematic scientific analysis of these neph-
rite objects from Yuehe Tomb No. 1 indicate the coloring
factor is metacinnabar (-HgS), which might be converted
from cinnabar (-HgS) in the influence of bromine and
alkali [29].

However, the point that was overlooked before is that
the contents of Hg and S do not seem to match well
into the compound HgS. We make a scatter plot of the
data obtained by scanning the black area (n=109), and
add a regression line y=0.25x+ 327.46 (Fig. 5). Accord-
ing to the relative atomic masses of S (=32.07) and Hg
(=200.59), the ratio between them should be approxi-
mately 6.25 based on a 1:1 atomic number combination,
which is 25 times different from the actual result. There-
fore, it can be assumed that the source of Hg is almost
from HgS, but there are other sources of S. The human
body (vertebrates) contains about 0.25% elemental sul-
fur (plants also contain elemental sulfur, but less than
animals), the slow decay of the body in the sealed burial
environment of the tomb releasing sulfur (or hydrogen
sulfide) in the process [36]. It is suggested that the close
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or even direct contact between jade and body will make
it easy for S to seep inside the jade [36]. Hence, there is
also the view that the cause of black HgS is the combina-
tion of sulfur (or hydrogen sulfide) and mercury [36]. The
sever imbalanced content between Hg and S also serve as
a reminder that the current study about mercury altera-
tion could not reach a definitive conclusion.

Although the Ca content range of this batch of data is
3.7-13.6%, most of the nephrite is fairly stable in terms of
Ca at different tested points. This can only demonstrate
that the purity of the tremolite component in some of
these nephrite samples is not very good. However, there
are still some nephrite pieces that have been affected by
weathering, which led to obvious changes in the Ca con-
tent of some parts. There is an early claim that the whit-
ening of jade is related to the increase in Ca content, and
this has been referred to as calcification [37]. Microscopic
observation on the whitening parts shows no significant
change in the thickness of the crystal fibers of the con-
stituent minerals, but there is a tendency for the struc-
ture to loosen, thus turning from translucent to opaque
and fading to white [38]. Then many studies have since
shown that Ca is actually lost due to qualitative changes,
thus some scholars urged the elimination of the concept
of calcification [38]. But recent research have revised
these views, suggesting that the ‘calcification’ of the jade
whitening actually occurs, usually in neutral and alka-
line environments, where the soil pH is closely related to
different calcium salts [CaCO4 or Ca(HCO,),, etc.]. The
deposition process of calcium salts is relatively easy while
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the penetrating is comparatively hard, which makes this
calcification phenomenon rare and the whitening mostly
appears as a dotted distribution [38].

To determine the whitening mechanism of Yuehe
nephrite, we plotted the Ca content of whitening neph-
rite in the white and non-white regions for comparison
(n=16) (Fig. 6). The majority of cases show an approxi-
mate 10-20% increased Ca content in the whitening part
of the nephrite. This is also confirms the rationality of the
so-called calcification. In addition, although they are all
in a relatively uniform soil micro-environment, there are
still 4 samples showing varying weathering performance
with a decreased Ca percentage, which probably implies
different whitening mechanisms. Most previous studies
have been conducted on individual samples [9, 37], with
little analysis of the overall condition of jade excavated
from a certain site, to the extent that regular insights may
have been missed. The relationship between this not-
identical deviation of Ca and jade whitening deserves fur-
ther study.

Combined with cultural factors

As a class of objects made of precious materials, many
nephrite artifacts do not appear individually, but in
combinations. Examples include the six auspicious jade
implements mentioned earlier and complicated hangings
consisting of a number of pedants, ornaments and tubes.
On the other hand, some jade pieces are used in pairs due
to the aesthetic need for symmetry, which has resulted in
twin objects with extremely similar appearance (in terms
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Fig. 6 The Ca content of partially whitening nephrite (the data of non-white areas are average values)
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of shape, material, decoration, engraving technique, etc.).
It is interesting to note that these twin artifacts may take
on a completely different color after being buried in
the soil for thousands of years. Various cultural sources
of twin samples are available among Yuehe nephrite
(Table 3). They provide a case for examining such differ-
ent secondary variations on almost the same material.

In order to present the similarities and differences of
these twin nephrite artifacts in a more integrated way, a
principal component analysis was performed on a total of
57 data from 27 samples (see Additional file 3: Table S3

Table 3 Nephrite pieces with extremely similar appearance

Type Sample No
Dongyi style bird pendant M1:78, M1:259
Chu style oblong pendant M1:100, M1:318
Yue style Jue M1:265, M1:399
Wu style oblong pendant M1:129, M1:164

Tiger M1:79, M1:346, M1:357

Flake ornament A M1:162(2), M1:185, M1:186, M1:391
Flake ornament B M1:159, M1:174

Animal ornament M1:161, M1:347

Triangular ornament M1:208, M1:247, M1:397

Gui M1:N18, MT:N21

Tube M1:13, M1:N8, M1:N10
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for details). All 11 elements were included in the statis-
tics, as this allowed for a comprehensive representa-
tion of the native properties and weathering conditions
of each sample. The results are displayed in Fig. 7. The
cumulative explained variance ratio is not very satisfac-
tory, and these two principal components only occupy
50% of the contribution, which can barely reflect the
potential information of the data. Some types of nephrite
samples are more concentrated in distribution, or even
independently grouped, such as Animal ornament, Flake
ornament B and Yue style artifacts. Even under the influ-
ence of weathering and alteration, some nephrite pieces
still have common properties.

Examining these samples with regional styles, they
almost do not intersect individually, which seemingly
suggests somewhat a discernible provenance for the
nephrite material. On the contrary, there is a remark-
able variation within each group, especially the Dongyi
and Chu group, making it difficult to characterize the
geochemical elements within a certain range. Many
previous analyses of ancient jade (almost exclusively
nondestructive) have discussed the issue of distinguish-
ing provenance by elements [39]. They are difficult to
exclude visually indistinguishable elemental variation in
the jade caused by secondary changes. However, most
cases in Fig. 7 still show significant differences between
samples of the same nephrite material at different test
points (see Additional file 3: Table S3). Some of the test
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Fig. 7 The principal component analysis scatter plot of twin nephrite artifacts (Details of the legend are shown in Table 3)
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points actually have almost the same hue and other sen-
sory effects. This hints at a very important point in the
detection of ancient jade, where visual similarities may
in fact contain differences in the elements. This situation
reminds of the risk to reveal the geochemical characteris-
tics of ancient jade materials purely from the perspective
of the elements. Previous practice could only compare
these elemental data with known deposits of nephrite,
and tend to seek sources in the neighboring geography
of the corresponding territory according to cultural fac-
tors [39]. This is rather reckless when nephrite deposits
of comparable quality to ancient jade had not yet been
identified in the Central Plains (see Fig. 1). Only by clari-
fying the specific mechanisms of secondary changes can
we understand the elemental indicators that represent
the ancient jade itself, and thus further discriminate the
provenance of the jade material.

Conclusions

A total of 112 pieces of nephrite artifacts unearthed from
the Yuehe tomb No.1 were carefully been tested by pXRF
analysis in this study and 230 data were obtained. The
regular recognition of ancient nephrite artifacts that were
previously missed due to small sample size or low preci-
sion can be confirmed from the large-scale data.

The assemblages of different elements derived from
cluster analysis can match the values of coefficient of
variation and correlation coefficient. The results can also
roughly correspond to the main sources of the elements.
The relevant findings also imply that the higher content
of S and Hg may have caused the difference in color from
other excavated nephrite. But the imbalance in its con-
tent, specifically too much S compared to Hg, also serve
as a reminder that the current study about mercury alter-
ation could not reach a definitive conclusion. For another
secondary change resulting in whitening, a compara-
tive study of the white and non-white regions of some
nephrite samples show a general increase in Ca content,
which confirm the previously refuted view of calcifica-
tion. Unlike in the past, these data were not used to make
inferences about the provenance of the nephrite material.
Conversely, the twin nephrite artifacts with extremely
similar appearance were selected for principal com-
ponent analysis to demonstrate that elements actually
also changed in places where they did not visually dif-
fer. It is not reasonable to use these data for provenance
speculation when the weathering mechanism is not fully
understood.
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