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ABSTRACT

Some collectors and connoisseurs have found that the nephrite from different sources possess
different sub-microstructures inside the body, which could become a quite convenient and effective
basis for determining provenance. The sub-microstructure of nephrite can be observed by the
naked eye under irradiated by strong light. However, the images of original submicrostructure of
nephrite were recorded by use of multispectral imaging in our previous work, but the visual effect is
not satisfied. Here, the main features of different sub-microstructures will present more distinct by
appropriately subtracting the shining strength and then the average filtering is adopted to promote
the resolution of sub-microstructure imaging as well as to reduce some image noises. The sub-
microstructure images of nephrite from five most common sources have typical inherent
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characteristics respectively, which are qualified to set up a demonstration for identifying
provenances. Furthermore, the shape, size, distribution and name for these different sub-
microstructures have been summarized and they will become the basis for future research on the

provenance of nephrite including the ancient jade.

Keywords: Nephrite; sources; multispectral image; average filter; sub-microstructure.

1. INTRODUCTION

Jade is a type of gem with significant Chinese
characteristics and also an important component
of Chinese traditional culture. Nephrite is the
dominant material of ancient Chinese jade, which
is a kind of Ca-silicate mineral with Fe-Mg
bearing and double-chain structure. It belongs to
an amphibole series between tremolite
[Ca,MgsSigO2,(OH),] and actinolite [Cay(Mg,
Fe2+)5Si8022(OH)2] [1]. Thus its color varies from
onion-green to greenish-gray, white, pinky,
yellowish, tobacco-brown, and bluish to black
depending on their iron content and some
admixtures of other minerals (serpentine,
chlorite, calcite, magnetite, talc, etc.) [2].
Nephrite petrogenesis has been interpreted to be
either metamorphic or meta-somatic [3]. The
typical nephrite deposit is commonly found at the
contacts of gabbros, granitic intrusive rocks, or
metamorphic rocks with ultrabasic rocks [4].

Jade with oily luster looks fine and smooth. Good
hardness and toughness make jade suitable for
cutting, polishing and engraving. Compared to
jadeite, nephrite has been used and loved for
more than 8,000 years of history in China [5,6].
The nephrite articles are often made into lifelike
figures, animal shapes or crystal clear bracelets
and pendant ornaments, which can reflect the
technological level of different periods and
contain rich historical information [5]. However,
one of the most basic issues, the provenance of
ancient nephrite objects, has always been a
controversial topic in the archaeometry field.

Jade ware is handcrafted by pure mechanical
operations without any chemical process, thus
their trace element compositions should be the
same as that of the original nephrite minerals [7-
11]. Nonetheless, because nephrite is not a
mono-mineralic rock, its chemical compositions
are likely to span greatly. Usually, the chemical
data combining the inclusions can determine the
mineralization type but hardly reveal the
provenance due to the overlapping results
[12,13]. Besides, for the same sample, different
observation points or areas selected will also
cause different final outcomes. This kind of non-
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uniformity exists locally in nephrite and makes
analyzing method of trace elements loose the
scope for displaying its abilities in the study of
provenance [14].

However, in the late years, some collectors and
connoisseurs have found that nephrite from
different provenances generally have different
sub-microstructure inside their bodies [15,16].
This is a more significant characteristic than the
texture on the scale, manly caused by coarse
particles and aggregates of tremolite. The sub-
microstructure inside the nephrite can be
perceived with naked eyes. As a kind of
identification feature with important reference
value, it is applied in daily market transactions,
and as a valuable practical experience, it is only
passed on by word of mouth. Under these
circumstances, it has not been scientifically
studied in the past, and even not been recorded
reasonably and effectively with good images [17].

We are committed to transforming this traditional
experience into a more scientific presentation.
After some tentative experiment and verification,
the image of sub-microstructure in the nephrite
has be successfully recorded by multispectral
technology, which makes a solid base for the
exploration of nephrite provenance [17]. On this
basis, this paper introduces that a series of
optical and mathematical processing methods
are further adopted to improve the quality of the
image of sub-microstructure, which can establish
a reference standard and provide a more
accurate and convenient judgment foundation for
the market and collectors.

2. EXPERIMENTS AND METHODS

2.1 Nephrite Samples

The 12 pieces of raw nephrite samples come
from the five most common sources in the
Chinese market [18-20]. They were provided by
Prof. Ming Yu, in which 4 pieces were collected
from original nephrite mines in Xinjiang, 2 from
Qinghai and 2 from Liaoning Province, China.
While other 2 pieces come from the East Sayan
Mountains of Siberia, Russia, and 2 from



Chuncheon in South Korea. The parts with good
quality are cut from these raw nephrite materials
and processed into small pieces of about 5 cmx2
cmx0.5 cm for easy observation. The prepared
samples are as shown in Fig. 1.

In order to keep similar conditions, the base
color of selected nephrite is near to white as
much as possible, ensuring that they belong to
the same group in the traditional seven color
categories. Besides, some nephrite from different
sources has their own typical color
characteristics, such as QH2 and XJ4 in Fig. 1,
which we have also taken into account in the
standard of sample selection. The thickness
for all samples is basically the same, so the
effect of the sample size could be neglected. It
should be emphasized that the distance of
transmission light passing through nephrite
should be kept as same as possible during
measuring.

2.2 Multispectral Imaging

In recent years, the application of the
multispectral imaging in the field of art
conservation, art history and archaeology

become more and more extensive. The
multispectral imaging has the advantage of non-
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destructive and portable analysis and massive
information of storage. A normal or standard
imaging device could be applied to digitalize
objects and re-create images as close to the
original object or record both visible and invisible
features [21]. For example, it has often been
used in art galleries and libraries to reveal hidden
texts and under-drawings. Moreover, convincing
results had been achieved in material analysis
and identification, preservation status
assessment, digital image archive, and so on
[22,23].

This technology provides measurements in the
UV, visible, near-infrared, and UV-fluorescence
mode. UV spectra will rarely penetrate the
surface, so they will be hardly influenced by the
object material. On the other hand, IR spectra do
penetrate deeper into the surface’s material, and
the degree of penetration will depend on the
incident direction and the object material property
[23,24]. In order to ensure that the information
inside the object can be presented, white light is
the better illumination choice [22]. More
specifically, the incident full optical band or wide
band could be divided into several narrow optical
beams, which irradiated the target objects and
then each of beam will produce an image
independently [25,26,27].

HLI

HL2

Fig. 1. The nephrite samples
Note: XY for Xiuyan, Liaoning; QH for Qinghai; XJ for Xinjiang,; HL for Chuncheon, South Korea and EL for
Baikal, Russia
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The multi-spectral imaging system model CRi
Nuance made in USA was used in this study
[28]. The specific components are described in
detail in our previous paper [17]. The images are
acquired in the wavelength range of 450-740 nm
with the scanning step of 10 nm, which covers
the visible (VIS) and near-infrared (NIR). They
are stored in a laptop connected to the camera.
Subsequent processing of the images is
performed by means of the CRi Nuance and
Matlab programs.

To reduce diffuse reflectance and make light
more uniform, the sample surface was smoothed
on one side. The transmission light, produced by
Light Emitting Diodes (LED), was adopted to
illuminate the sample. Thus, the sub-
microstructure of the sample could be fully
displayed in various bands. The sample was
placed on the carrier platform at the proper
height and angle to ensure that it would be within
the field of view of the lens. The distance
between the flat surface for all of samples and
the lens is in the same, the depth of field of focus
will be consequently easier to be determined.
The focal length of the lens was then adjusted
until the image of the sample was clearly shown.
The exposure parameters were preset and self-
adjusted and the images will be recorded and
saved by software.

A series of grayscale images are produced from
different spectral band as shown in Fig. 2.
Obviously, every image accepted distinct light
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energy. In particular, it can be found that the light
source of LED has a greater impact on the
image. When the light wavelength is about 600
nm, the brightness of the image will reach the
highest. The structural textures of nephrite
mainly depend on the gray difference of image to
display, which may hard be visible to the naked
eye in normal light. The aggregation of the
structure and texture of nephrite on the scale of
visible range is actually the so-called sub-
microstructure.

With the increase of wavelength, the image
gradually changes from dark to light and then
from light to dark. The quantitative results of their
grey level histograms are presented in Fig. 3.
The ordinate represents pixel value, and the
abscissa represents grey level, where 0 means
the darkest degree while 255 means the whitest
in grey level. It can be seen that the grey level
distribution has certain symmetry taking 600 nm
receiving wavelength as centre. This pattern
seems to be the general rule of nephrite
samples. In most cases, the area with 0 grey
levels is the background which need to be
discarded, whereas the brightest area is also
invalid due to the high intensity of illumination. If
there is an area with grey level higher than 230,
the observation will be affected. Hence,
histograms like band 600 nm do not meet the
requirements. In addition, if the overall grey
levels were set up more balanced, the original
image will contain more details and gradations.
Based on the above reasons, the moderate

Fig. 2. Grey scale images of the sample (EL2) with wavelength ranging from 450 nmto 740 nm
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Fig. 3. Grey level histograms of a sample (EL2) with wavelength ranging from 480 nmto 720
nm (at 30 nm intervals)

image of band 660 nm is selected as
representatives in each series, and at the same
time, the band of 510 nm could also be chosen
due to symmetry.

2.3 Image Enhancement

Our basic idea is to regard the grey level image
from multispectral data as a superposition of the
illumination distribution and the target image.
Hence, the most important step is to estimate the
illumination distribution [29]. The smoothing
linear filter method, a basic technique in image
processing, was applied here. As a low-pass
filter, the net effect is to blur or smooth an image
such as bridging of small gaps in lines or curves.
The value of each pixel in the image is replaced
by the weighted average value which is the
intensity levels in the neighborhood defined by
the filter mask, this process will reduce abrupt
transitions in an image [30]. The general
implementation for filtering an AM x N image
giving different weights is given by the
expression:

Za: Zb:w(s,t)f(x+s,y+t)
glx,y) ===t for
Z w(s,t)

x=01,...M—-1and y=0,1,..., N-1.
Where,

f(x,y)and g(x,y) are the grey values at the
position (x,y) of the original image and the

processed image respectively while (5 1)

i Z w(s,t)

is the weight.

For simulating the distribution of illumination, the
simplest way is to take the weight as the same,
thus the filter becomes a mean filter [31].
Generally speaking, the Gaussian filter is mainly
used to depress noise which obeys normal
distribution rather than blurring image. For
avoiding discontinuity, the original grey levels on
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Fig. 4. Image processing sketch
Note: first, subtracting illumination distribution from the original image is the processed image and then
comparing the process effect by different filter mask (The sample HL1 nephrite is from Chuncheon)

the boundary of pixels were reset to the same
values. It must be noted that the definition of the
same size for the filter mask should be crucial. In
other words, the scale of the filter mask depends
mainly on the size of details. It means that the
distribution of image features in horizontal and
vertical directions could be not very different,
hence, the square filter mask is suitable choice.

Following, the filter masks of different sizes were
compared (Fig. 4). To unify the standard, a
region about 1x1 cm? in the focused position of
every image would be analyzed and processed
by use of the software MATLAB (2018a).
Different from other situations, here we want to
emphasize the minor details in the image, which
means that the proportion of ‘effective
information’ we need is actually quite low.
Therefore, many classical quantitative evaluation
methods used to discriminate  image
enhancement or optimization are difficult to apply
to this case. Although our operation is also
subjective in some ways, it is consistent with
actual experience. Rather than quantitative
indicators, the guidance from the collection circle
will tend to contribute more to the image
optimization. Here, we mainly take this subjective
assessment to adjust the parameters.

It can be found from Fig. 4 that the clearness of
sample edge is not greatly affected by mask size.
Therefore, it is not necessary to intentionally
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select sample edges. In addition, if the filter mask
is too small (10%10), the effective information will
almost disappear. However, if the mask is too
large (100x100), the processed image will be
blurred. By virtue of experience, the optimal
range of filter mask is between 30x30 and
50%50. However, for a particular image, the most
suitable parameters are not exactly the same,
but the filter mask around 40x40 is not much
different. After comprehensive consideration, the
40x40 filter mask was selected in this research.
Although this parameter is a subjective choice
based on experience, it can greatly enhance the
visual effect without deviating from the original
image features.

3. RESULTS AND DISCUSSION

The sub-microstructure image of nephrite
appears mainly through different patches caused
by different grey values, as shown in Fig. 4. In
general, the structural features of nephrite from
different sources have coherence. Referring to
previous literatures [15,32], the significant image
features of the nephrite from five sources are
summarized in Table 1, where some descriptions
are also combined with other sensory
experience. Most importantly, the specific names
to different sub-microstructures are proposed,
which can be used as an overview summary and
description to some nephrite samples in the
actual scene.
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Table. 1. Comparison of the visual identification features of the nephrite from five sources

Xinjiang

Qinghai

Xiuyan

Baikal

Chuncheon

Lustre Strong grease gloss Glass-wax gloss Grease gloss Grease gloss Glass-wax gloss
Transparency Slightly translucent Semi-translucent and uneven  Slightly translucent Slightly translucent Slightly translucent
Submicrostructure Flocculent textures Granular scatter Blurred pieces Irregular patches Round patches
Size > 0.8 cm’ 0.05~0.1 cm? > 0.8 cm’ > 0.6 cm’ 0.2~0.3 cm’
Distribution Comparatively regular  Uniform Slightly disorganized Comparatively regular Uniform
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Fig. 5. The processed grey images of nephrite samples
Note: The samples HL1 and HL2 are from Chuncheon and XY1 and XY2 are from Xiuyan. The parallel lines
appeared in HL1 and HL2 are traces left by cutting

Fig. 6. The processed grey images of nephrite samples
Note: The samples QH1 and QH2 are from Qinghai and EL1 and EL2 are from Baikal
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From the micro-point of view, white nephrite from
Xiuyan and South Korea with micro-fibrous
interlocking texture, microfibre flaky blastic
texture, microfibore granular crystalloblastic
texture and porphyroblastic texture. Content of
tremolite in nephrite from those areas is relatively
slightly low and fibers are coarse with large gap,
which lead to rough texture and poor gloss in
appearance and toughness decreasing [15,32].

The features embodied in processed grey scale
images of nephrite from these two regions are in
good agreement with visual perception. Under
natural light, the naked eye can often observe a
group of “patches” in Chuncheon nephrite. This
corresponds with those bright white parts on grey
level images (Fig. 4; HL1 and HL2 in Fig. 5). The
“patches” are fairly uniform in size and approach
to round shape with about 0.2~0.3 cm in
diameter. Thus, its structure is called “round
patches”, generally including its characteristics.
Relatively speaking, the sub-microstructure of
Xiuyan nephrite seems more dim and hazy. The
distribution of image features is less regular and
the contrast of grey levels is not as fierce as that
of Chuncheon nephrite. But Xiuyan nephrite has
blending layers and gradual areas with size
beyond 1 cm®. The grey intensity remains almost
constant in a certain preferential orientation while
the depth of brightness alternates with its vertical
direction, which is especially remarkable in XY2.
For this reason, this kind of structure is termed
as “blurred pieces”.

As for white nephrite and greyish nephrite from
Xinjiang, as well as white nephrite with high
quality from Russia, they wusually have
cryptocrystalline blastic texture with high content
of tremolite from petrographic observation, where

the fiber structure is small and closely
intertwined. Nephrite is fine, glossy in
appearance and has higher degree of

compaction, because their formation conditions
may be more stable [32]. They also definitely
affect the sub-microstructure to some extent.

The characteristics of typical Qinghai white
nephrite are very remarkable (QH1 and QH2 in
Fig. 6). There are many bright spots with very
small granularity. The distribution appears
uniform and compact. A centimeter square can
contain dozens of sugar-like spots. Therefore, it
is referred to as “granular scatter”, which
highlight the characteristics of large number and
wide distribution. However, this feature obtained
by the algorithm magnifies normal visual
information which increases the discrimination
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degree of Qinghai nephrite. Slight variation also
happened to Baikal nephrite compared with the
actual situation. The image features include
intertwining black and white areas with irregular
shapes rather than smaller round patches of
Chuncheon nephrite. Although some bright
patches appear occasionally in Baikal nephrite, it
only implies that its sub-microstructure has
comparatively poor homogeneity. This alternating
grey levels and patches of different sizes seem
to be compound characteristics of Xiuyan
nephrite and Chuncheon nephrite. To
differentiate, this structure was called as
“irregular patches”.

Xinjiang nephrite usually has high quality and
mild appearance. In Fig. 7, XJ1 and XJ3 show
more dense and finer textures than those of
Xiuyan nephrite. Whether bright or dark, the sub-
microstructure can be regarded as continuous
areas. It may appear in different shapes, such as
slices, strips, etc. It is worth mentioning that the
filiform textures of XJ4 are not flaws or fractures
in real vision, and it merely shows fine-grained
regularity. To integrate the above features, this
structure is called “flocculent texture”.

Most importantly, these processed images can
be used for display and discussion with different
experts in this research area. Thus, we can get
feedback and incorporate the accumulated visual
experience into scientific research. Besides,
absorbing the traditional opinions will help us
improve further optimization of images and
modification of details in order to better carry out
this idea for nephrite provenance identification.

Furthermore, it must be noted that previous
scholars have noticed the microscopic texture
when studying the toughness of nephrite, but this
concept of structure did not have the same
meaning with that in this paper, especially due to
the different observation methods and the
magnifying power, where their results were
based on TEM [33,34]. However, some findings
could provide a certain explanation for the
phenomena that we concerned. Several reasons
contribute to the differences including the size of
lath-like crystallites, azimuthal disorientation,
irregular grain boundaries between laths within
bundles and bundles of crystallites randomly
oriented with irregular boundaries where they
meet [34,35]. From a more geological genesis
point of view, the submicroscopic characteristics
in nephrite may have largely resulted from intra-
and inter-grain slips, differential strain energy,
oriented nucleation and growth in response to
effective stresses [34].
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Fig. 7. The processed grey images of nephrite samples from Xinjiang

However, these statements are vague and there
is no in-depth discussion and comparative
analysis of nephrite from different sources in this
perspective. In fact, there should be some
intermediate explanations which may imply some
relations to sub-microstructure of nephrite. These
mechanisms may have to be explored by
researchers in the future.

4. CONCLUSION

This study shows that multispectral imaging
technology and average filter algorithm can
clearly reveal sub-microstructure images of
nephrite from different sources. These images
correspond to the actual visual perception in
some cases, while enhance and magnify the
actual visual effect sometimes. On balance, the
intuitive image features can finally match
traditional experience, which will further support
the feasibility of using image to discriminate the
nephrite provenance.

Specifically, illumination could disturb the initial
image. In this study, it was found that the images
at wavelength 660 nm receive the least
interference from the senses. Average filter with
mask of 40x40 pixel size can successfully
simulate  uneven illumination  distribution.
Subtracting it from the original image obtained by
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multispectral imaging could generate the ideal
effect image. Besides, these two parameters are
strongly recommended. In light of above,
nephrite samples from different sources show
typical characteristics which are sufficient to
determine the provenances.

Furthermore, the sub-microstructures of nephrite
are named respectively and the traditional visual
characteristics including the shape, size and
distribution have also been summarized. The
differences of sub-microstructure are more
obvious and direct than those in appearance. But
the specific mechanism of different sub-
microstructures still needs to be clarified. This
study lays a solid foundation for identifying the
provenances of nephrite by image and facilitates
the introduction of more quantitative means in
the future.
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