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Abstract: In recent years, “Jin Gao Yu” that has been traded as a kind of jade has appeared in areas
of the Luonan and Shangnan counties, Shangluo City, Shaanxi Province, attracting the attention of
scholars and consumers for its delicate texture and warm color. In this study, infrared spectroscopy,
Raman spectroscopy, X-ray diffraction analysis, and electron microprobe analysis were used to
conduct a systematic gemmological test and an analysis of “Jin Gao Yu”. The results show that “Jin
Gao Yu” is a compact mineral aggregate dominated by dolomite, which contains quartz mineral
inclusions. The color of “Jin Gao Yu” is grayish-white to earthy-yellow, the refractive index is about
1.54, and the relative density is about 2.86. Its crystal structure is basically the same as that of dolomite,
both of which are trigonal systems with granular crystalloblastic textures. It has good crystallinity.
The recrystallization phenomenon can be seen under a polarizing microscope. This study determined
the species of “Jin Gao Yu”, improved its gemological basic data, provided a theoretical basis for
the identification of “Jin Gao Yu” in the future, and, also, provided a new direction for the use
of dolomite.
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1. Introduction

Carbonates are thought to be storage depots for carbon in the Earth’s mantle. And,
they are both important non-metallic mineral raw materials as well as important mineral
sources of metals such as iron, magnesium, manganese, zinc, and copper and radioactive
elements such as uranium, thorium, and rare earth elements [1]. In gemmology, carbonate
jade, whose main mineral composition comprises calcite or dolomite, is often used to carve
or imitate other precious gemstones.

Dolomite is a common carbonate mineral with the chemical formula [CaMg(CO3),]
that often contains Fe and Mn and occasionally contains Pb, Zn, Ni, and Co [2]. When its
composition is pure, it is white. When it contains other elements and impurities, it can
be gray-green, gray-yellow, and pink [3]. The structure of dolomite is very similar to that
of calcite, both of which are metal cations bonded to six O’s from [COj3] to form a sixfold
coordination [4,5]. Half of the Ca?* position in the calcite structure is occupied by Mg?*,
Ca?*, and Mg?", arranged in the direction perpendicular to the c-axis in layers in a regular
alternating pattern [6]. The previous research on dolomite mainly focused on the field of
geochemistry, which is relatively rare in geomology. Currently, cobalt-bearing dolomite,
which is pink to purplish-red, is considered to be the only dolomite in the world to be used
as a gem material, and it is mainly found in the Democratic Republic of the Congo [7,8].
Grayish-white to earthy-yellow dolomite is hardly ever used as a gemstone. However, in
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recent years, “Jin Gao Yu” that has been traded as a kind of jade has appeared in Luonan
County and Shangnan County, Shangluo City, Shaanxi Province, China. It is very similar to
“Myanmar Yellow Jade”, with silica being its main component. And, it is grayish-white to
earthy-yellowish in color, with a fine, clear, and neat surface texture, attracting the attention
of many scholars. Some scholars [9] have studied “Jin Gao Yu” as a carbonate mineral, and
its main mineral composition is dolomite. At present, there is still insufficient research on
the structure, composition, and gemological aspects of “Jin Gao Yu”.

In this paper, we report a systematic gemmological study of “Jin Gao Yu” that used
conventional gemmological testing, infrared spectroscopic testing, Raman spectroscopic
testing, X-ray diffraction analysis, and electron microprobe analysis. Thus, we can have a
more comprehensive understanding of it, make better use of our mineral resources, and
enrich the use of dolomite in the direction of gemmology, providing a new direction for the
development and utilization of dolomite minerals.

2. Materials and Methods
2.1. Materials

The three samples in this experiment were collected from Shimen Town, Luonan
County in the northern foothills of the Qinling Mountains, Shaanxi Province, China. The
high-quality dolomite of Luonan County is found in the fourth lithological section of the
Longjiayuan Formation, which is a light-gray thin-to-thick laminate dolomite interspersed
with flint bands, and part of this geological section is located in Shimen Town. Most
of Shimen Town is Neogenic, consisting mainly of a set of terrigenous clast rocks and
carbonate sedimentary rock [10]. As shown in Figure 1, all three samples comprise plates
of about 3.5 cm x 2.3 cm X 0.7 cm, which are uniform in color (from left to right, they
are earthy-yellow, light-yellow, and grayish-white, named JGY1, JGY2, and JGY3 in turn).
They have smooth surfaces, fine textures, and clear, neat textures. JGY1 consists of a yellow
substrate and a few irregular, short, and thin yellowish-brown mineral strips. JGY2 consists
of a light-yellow mineral substrate, and its surface is relatively clean with no impurity
minerals visible to the naked eyes. JGY3 consists of a grayish-white mineral base with
distinctive laminar mineral bands.

lem

JGY1 IGY2 JGY3

Figure 1. Samples of “Jin Gao Yu”.

2.2. Methods

This paper mainly focuses on the systematic gemmological study conducted on the
“Jin Gao Yu” samples through conventional gemmological tests, infrared spectroscopy,
Raman spectroscopy, X-ray diffraction analysis, and electron microprobe tests.

Conventional gemmological characteristics were determined at the Gemmological
Experimental Teaching Center, School of Gemmology, China University of Geosciences,
Beijing. The refractive indices were measured through point measurement using a gem-
stone refractometer. The specific gravity was determined by hydrostatic weighing method.
Microscopic observations were made with a GI-MP22 gemmological photomicrographic
microscope. Polarizing microscope observations were made using a BX51-type polariz-
ing microscope.

Infrared spectra were obtained by using FI-IR Spectrometer Tensor 27, produced
by Bruker, Germany, in the Gem Testing Laboratory at the School of Gemmology, China
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University of Geosciences, Beijing. Since KBr crystals absorb very little in the infrared
region, the KBr compression method is widely used in infrared characterization and
structural analysis. In this test, the infrared spectrum (transmission) of a sample of “Jin
Gao Yu” was collected by using the KBr compression transfer method.

Raman spectra were collected with the HR Evolution micro-Raman spectroscope,
produced by HORIBA, Japan, in the Gem Testing Laboratory at the School of Gemmology,
China University of Geosciences, Beijing. The analytical conditions used for measurement
included a range of 100-4000 cm~ !, an accumulation time of 3 s, a laser wavelength of
532 nm, and a grating of 600 (500 nm).

The X-ray powder diffraction (XRD) tests were performed using Dmax12KW in the
School of Materials Sciences and Technology, China University of Geosciences, Beijing. The
tests were carried out using CuK« rays at a scanning speed of 0.17°/s.

Electron Probe Microanalysis (EPMA) test data were collected with an EPMA-1720,
produced by Shimadzu, Japan, in the Geoscience Test Center at China University of Geo-
sciences, Beijing. The main experimental conditions were as follows: an accelerating voltage
of 15 KV; a beam current of 50.4 nA; and a beam diameter of 5 um.

3. Results
3.1. Conventional Gemological Features

Basic gemmological tests were conducted on three samples of “Jin Gao Yu”. The test
results show that “Jin Gao Yu” is opaque, with a refractive index (spot measurement) of
about 1.54 and a relative density of about 2.85, and is inert under both long- and short-wave
UV fluorescent lamp irradiation. Under a gemological microscope, it can be observed that it
has a dense granular texture, with vein-like structures, and that there are obvious colorless
quartz veins interspersed with it (as shown in Figure 2).

Figure 2. Characteristics of “Jin Gao Yu” under the gemstone microscope. (a) JGY1, magnified
0.63x; vein structure and a few black minerals are visible. (b) JGY2, magnified 1.5%; dense granular
structure is visible. (c) JGY1, magnified 1.5x; black minerals are visible. (d) JGY3, magnified 1.0x;
black quartz veins are visible.

The three samples of “Jin Gao Yu” were made into thin sections and magnified 20 times
under the polarizing microscope, and the results are shown in Figure 3. Figure 3a—d show
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the images of sample JGY1 under the polarizing microscope, and in these, dolomite is
colorless and turbid-gray under the monoscope, and it has an advanced white interference
color under the orthoscope (similar to a pearl-halo-like advanced white). The dynamic re-
crystallization is visible in Figure 3a,b, which show the gradual change in particle size from
coarse grains to fine grains. And, Figure 3c,d show a rhombic cleavage with bicrystalline
lines parallel to the short diagonal of the thombus. The grain size of the dolomite shown
in sample JGY2 (Figure 3e,f) is much smaller than 0.2 mm, with a uniform distribution
and a crystalloblastic texture. Sample JGY3 (Figure 3g,h) is turbid-gray-white under the
monoscope, and it shows the phenomenon of having a pearl-like halo color under the
orthoscope, which indicates a fine-grained crystalloblastic texture, and it also shows the
appearance of the dynamic recrystallization phenomenon. In addition, quartz minerals and
some calcite can be seen, consistent with the quartz veins observed under the gemstone
microscope, and the quartz has a large grain size and no cleavage and is of positive low
relief under the monoscope.

Figure 3. The “Jin Gao Yu” samples, magnified 20x under the polarizing microscope. (a,c,e,g) are
from under the monoscope; (b,d fh) are from under the orthoscope. (a-d) show the granular
crystalloblastic texture of dolomite, rhombic cleavage, and the dynamic recrystallization phenomenon
in the JGY1 sample; (e,f) shows the crystalloblastic texture of dolomite in the JGY2 sample; (g,h) show
that there are large quartz particles and some calcite in the sample JGY3.
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3.2. Infrared Spectra

The infrared spectra was measured using the infrared KBr pressing method (trans-
mission) (Figure 4). The results show that the tested samples indicate the absorption
of dolomite-group minerals. The Ca?* and Mg?* ions inside the dolomite crystals have
less influence on the vibration frequency of the groups, and what the infrared spectra
present is mainly determined by the vibration of the [CO3]*~ groups. The absorption val-
leys around 1444 cm ! show [CO;]%~ anti-symmetric telescopic vibration; the absorption
valleys around 881 cm~! and 852 cm~! show [CO3]>~ out-of-plane bending vibrational
absorption; and the absorption valleys around 729 cm~! show [CO3]*~ in-plane bending
vibrational absorption. Moreover, the tested spectrum also shows the absorption valleys
around 1051 cm !, belonging to cerussite, which indicate [CO3]?~ in-plane bending vibra-
tional absorption. In addition, an absorption valley is present around 1051 cm ™!, caused
by [CO3]*~ symmetric telescoping vibrations, and it is Raman-active and less frequent in
the infrared spectra [11].

JGY1
—JGY2
—JGY3

Trancemittance (%)

T T T — ™ T — T T
1400 1200 1000 800 600 400
Wavenumber(cm ')

Figure 4. Infrared spectra (transmission method) of “Jin Gao Yu”.

3.3. Raman Spectra

The results of Raman spectroscopic tests on the basal portion of the “Jin Gao Yu”
samples are shown in Figure 5. The results of the sample have the characteristic peaks of
dolomite (the data on dolomite Raman peaks are from the RRUFF standard card R040030).
The antisymmetric stretching vibration of the C-O bond is 1444 cm~1, 1097 cm~1 is the
symmetric telescopic vibration of internal CO32~, 725 cm ™! is the symmetric vibration of the
in-plane bending of CO3%~, 340 cm ! is the out-of-plane bending vibration of CO3%~, and
175 and 300 cm ™! are the internal vibration values of carbonate mineral lattice [12—17]. The
Raman peaks of carbonate minerals are very similar [18]. The two Raman displacements
within the range of 250-350 cm ™! are the characteristic Raman peaks distinguishing the
calcite group minerals, and these are caused by the regular alternating arrangement of Ca?*
octahedra and Mg?* octahedra along the direction of the tertiary axes of the dolomite’s
own structure, leading to the splitting of its internal vibrational modes vy, into v}, and
Vaob [19]. This indicates that “Jin Gao Yu” belongs to the dolomite group of minerals.
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Figure 5. Raman spectra of “Jin Gao Yu” and dolomite.

As can be seen, the surface of the sample of “Jin Gao Yu” shows obvious speckled
and vein-like impurities. Therefore, the impurities were further tested using Raman
spectroscopy. The test results are shown in Figure 6. From Figure 6, one notes that the
tested point of JGY3-1 has the characteristic Raman peaks of quartz (the Raman data
for quartz are from the RRUFF standard card R050125), and the strongest peak, near
464 cm ™!, is caused by the symmetric bending vibration of Si-O, and it is the characteristic
Raman peak for identifying quartz [20]. The Raman peaks in the 200-300 cm ! interval
are related to the rotational or translational vibrations of the silica—oxygen tetrahedron
[Si04], those in the 300-600 cm ! interval are related to the Si-O bending vibrations, those
in the 600-800 cm ! interval are related to the Si-O-Si symmetric telescoping vibrations,
and those in the 1000-1200 cm~! interval are related to the Si-O asymmetric stretching
vibration. The rest of the Raman peaks are related to the stretching vibration of M-O, which
has an ionic bonding nature, and its coupling vibration, with the bending vibration of
5i-O-5i and the stretching vibration of S5i-O [21]. These results show that the sample of “Jin
Gao Yu” contains quartz impurities.

464

1262 o)
s o1 160

Intensity

T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
Raman Shift (ecm™)

Figure 6. Raman spectra of impurities at the tested point of JGY3-1 and quartz.
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3.4. Electron Microprobe

Electron microprobe spectroscopy is one of the effective means of identifying carbonate
mineral species. The electron microprobe spectra of the samples of “Jin Gao Yu” were
tested separately using an electron microprobe wave analyzer (shown in Table S1). From
Table S1, we can see that the chemical composition data of the five test points are generally
the same, and it is clear that the main components of the sample are CaO (27.86~29.83 wt%)
and MgO (20.72~22.73 wt%) and the minor components are Cr,O3 (0.00~0.01 wt%), FeO
(0.19~2.37 wt%), NayO (0.01~0.03 wt%), SiO (0.02~0.03 wt%), and MnO (0.02~0.08 wt%).
The CaO and MgO contents of “Jin Gao Yu” samples are in general agreement with
the theoretical values of dolomite (the theoretical values of the chemical composition of
dolomite minerals are: 30.41 wt% CaO, 47.33 wt% CO,, and 21.86 wt% MgO [22]). In the
test results, the total amount of composition was less than 100%. Referring to the previous
research on dolomite, it is believed that the total composition was less than 100% mainly
due to the inability to collect the content of light elements in the process of testing. This
is because the results of the above tests show that the main component of “Jin Gao Yu”
is dolomite, and the theoretical value of CO, in dolomite is 47.33%, close to 100% when
added to the total amount of components measured. It is presumed that the insufficient
part mainly comprises the content of CO5.

3.5. XRD Analysis

The X-ray diffraction spectrum often reflects information about the composition of a
mineral. Three samples of “Jin Gao Yu” were tested using X-ray diffraction spectroscopy,
and the results are shown in Figure 7. The XRD results of the sample are consistent with
those of dolomite PDF#36-0426. The strongest 2-Theta peak at 30.938° correspond to the
crystal plane 104 of dolomite, and the following stronger peaks at 41.127°, 50.526°, 51.068°,
and 44.949° correspond to the crystal planes 113, 018, 116, and 202 of dolomite, respectively.
Meanwhile, the characteristic peak d values of 0.28845 nm, 0.28831 nm, and 0.28871 nm for
the sample of “Jin Gao Yu” (104) are within the range of the characteristic peak d values of
dolomite 104 (0.2854-0.2912 nm) [23], indicating that the different colors of the “Jin Gao
Yu” and dolomite basically have the same crystal structure. In addition, there is a weak
diffraction peak at a d value of 0.33445 nm (as shown in gray bar of Figure 7), which is
weakly expressed in JGY1 and JGY2, while the peak is more pronounced in JGY3. This peak
was matched to be the diffraction peak of quartz (the standard card of quartz in Figure 7 is
PDF#46-1045).

+ observed
calculated
background
- difference
CaMgC,0,

104>
+

Intensity(a.u.)

" w N

w > S JGY1

0 10 20 30 40 50 60 70 80 90 100
2-Theta (degree)

Figure 7. X-ray diffraction patterns of “Jin Gao Yu”.
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The Rietveld method is used to refine the XRD test data to obtain the unit cell parame-
ters of the measured “Jin Gao Yu” (as shown in Table 1). As shown in Table 1, the relative
density of the measured sample is 2.86, which is consistent with the density measured using
the hydrostatic method, and the unit cell parameters of the sample are slightly smaller than
that of standard dolomite.

Table 1. Cell parameters of “Jin Gao Yu” dolomites.

Number a=b (nm) ¢ (nm) V (nm?) x=f3 Y Space Group Fit (R) Relative Density (d)
JGY1 0.480916 1.601447 0.320761 90° 120° R-3 10.45% 2.86
JGY2 0.480902 1.601292 0.320711 90° 120° R-3 10.60% 2.86
JGY3 0.480842 1.601230 0.320619 90° 120° R-3 9.82% 2.86
PDF#36-0426 0.48092 1.60200 0.3209 90° 120° R-3 2.86

4. Discussion

The test results show that the infrared spectra, Raman spectra, and XRD patterns of
“Jin Gao Yu” are consistent with those of dolomite. Based on the electron microprobe test
data, and referring to the previous calculations of the chemical formula of dolomite [10], the
crystal formula of the “Jin Gao Yu” sample was calculated by using the cation method and
found to be Cag 94-0.98 Mg0.97-1.03 Feo.00-0.60 (CO3)2, which is basically the same as the ideal
chemical formula CaMg(COs3); for the dolomite group of minerals [24]. And, the molar
ratio of Ca?* to Mg2+ is close to 1:1, which satisfies the conditions of ideal dolomite [25].
It is also necessary to demonstrate that the crystal structure is highly ordered, meaning
that CaCO3-MgCOs is regularly interlayered in the c-axis direction. The presence of three
peaks (101, 015, and 021) in the XRD test results indicates that the sample has an ordered
dolomite crystal structure [2]. And, it has been found that the higher the degree of ordering
of dolomite is, the closer the CaCO3; molar fraction in the lattice is to the 50% theoretical
value [26,27]. Using the test data from XRD, the molar fraction of CaCO3 was calculated by
using the method of LUMMSDEN (Ncacos = 333.33d104 — 911.11, N-mole fraction content
(%); djps-strongest diffraction-peak crystal-plane spacing of dolomite). The values of JGY1,
JGY2, and JGY3 were calculated to be 50.38%, 49.91%, and 51.25% in order, and the order of
the three samples was JGY2, JGY1, and JGY3 in descending order. The results show that
the molar fractions of CaCOj3 in JGY1, JGY2, and JGY3 are 50.38%, 49.91%, and 51.25% in
that order, which means that the three samples have crystal structures with a high degree
of order, and their degree of ordering is JGY2, JGY1, and JGY3 in the order of high to low.
Therefore, it is believed that the main component of “Jin Gao Yu” is dolomite.

Comparing the crystal chemical formula of “Jin Gao Yu” with the ideal chemical
formula of dolomite, “Jin Gao Yu” has a higher iron content. In previous studies, some
scholars [9] found that “Jin Gao Yu” contains hematite and limonite. However, this ex-
periment did not detect hematite or limonite. Combined with the geological structure of
Shimen Town [28], it is thought that the Fe ions may come from terrestrial clastic rocks near
the dolomite. The Fe?* substituted Mg?* and Ca?* in an isomorphic replacement manner,
resulting in a higher iron content within the samples.

In addition, the composition of quartz was detected in XRD tests, by using Raman
spectroscopy, and in electron probe test results, indicating that “Jin Gao Yu” contains quartz
impurities. Combined with the geological characteristics of Shimen Town, it is believed
that the quartz may come from the flint band or flint layer near the dolomite, and the quartz
veins presented in JGY3 may be part of the flint band.

There are many factors affecting the crystal constants such as the ordering of the crystal
structure and the substitution of ions of different radii [19]. The order of the samples has
been calculated in the previous section and is, in descending order, JGY2, JGY1, JGY3. In
addition, in combination with the results of electron microprobe tests, it is believed that the
reason for the decreases in the sample cell volume is related to the isomorphous substitution
of Fe?* for Mg?* and Ca?*, and the difference in the proportions of its substitution caused
the decreases in the cell volume to different degrees. From the analysis and calculation
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(Table 1), it can be seen that the crystallinity of the sample of “Jin Gao Yu” is good, except
for the highest diffraction peaks corresponding to the lower crystallinity (about 68-78%),
and the crystallinity values of the rest of the diffraction peaks correspond to the higher
crystallinity (most of the crystallinity is in the range of 98-99%). Its high crystallinity
indicates that the number of crystals in the tested samples of “Jin Gao Yu” is large and
that the crystals are well organized. It shows that the “Jin Gao Yu” has a dense granular
structure, which is consistent with the microscopic observation.

In summary, “Jin Gao Yu” is a dense granular mineral aggregate, dominated by
dolomite, that can contain quartz mineral inclusions inside, with high crystal structure
order and good crystallinity.

5. Conclusions

The following conclusions can be drawn from the tests on the composition and struc-
ture of “Jin Gao Yu”. “Jin Gao Yu” from areas in Luonan County and Shangnan County,
Shangluo City, Qinling Mountains, Shaanxi Province, China is a kind of dense granular
mineral aggregate, dominated by dolomite, that contains quartz mineral inclusions inside it,
with a granular metamorphic structure, high crystal structure order, and good crystallinity,
and the recrystallization phenomenon can be seen under polarizing microscopy. The color
of “Jin Gao Yu” is grayish-white to earthy-yellow, the refractive index is about 1.54, and
the relative density is about 2.86, and it is inert under both short- and long-wave ultravio-
let fluorescence. Preliminary calculations suggest that its chemical formula is Cag94-0.98
Mg 97~1.03 Feo.00~0.60 (CO3),. Its crystal structure is basically the same as that of dolomite,
both of which are trigonal systems. The Fe?* isomorphous substitution of Mg?* and Ca?*
in the crystal makes its unit cell volume slightly smaller than that of dolomite. These
conclusions improve the gemological basic data on “Jin Gao Yu” and provide a theoretical
basis for the identification of “Jin Gao Yu” in the future.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/cryst13091399/s1, Table S1: EPMA test results of “Jin Gao Yu”.
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