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Abstract: In this study about spessartines,13 spessartine samples with proper conditions are used
for FTIR spectrum and UV-Vis spectrum tests to find the gemological characteristics and coloration
mechanism. In the UV-Vis spectrum, spessartines’ special color has a relationship with the absorption
bands at about 460 nm and 480 nm. Based on the CIE 1976 L*a*b* colour system, we come to the
conclusion that both color coordinates a* and b* control the value of chroma C*, and color coordinate
b* mostly controls the hue angle h°. We also explore how the different chromogenic ions FeOo; and
MnO and their ratio FeOyot/MnO influence spessartines’ color, finding that the color of spessartine
samples is influenced by both Mn and Fe. By analyzing the FTIR spectrum, we discovered that as the
content of Mn decreases, and the A, C and D peaks move to the position of a longer wave, the color
of spessartine samples also changes significantly. By using the standard light source D65, we find
that N9.5 Neutral Grey Background is the best background to grade the color of spessartines.

Keywords: spessartine; gemology; CIE 1976 L*a*b* colour system; infrared spectrum; UV-visible
spectrophotometer; background

1. Introduction

Garnets are the birthstone of January, the symbol of both love and loyalty, and are
named for their beautiful color and special shape. Garnets are an island silicate and a
member of the cubical system. The chemical formula is A3B(5iO4)3; divalent cations such
as Fe?*, Mg?*, Mn?* and Ca?* occupy position A, and trivalent cations such as Cr3*, Fe>*
and Al occupy position B [1,2]. The coordination number of divalent cations on the A
site is 8, forming an AOg cube. The coordination number of trivalent cations on the B
site is 6, forming a BOg octahedron [3]. The coordination number of Si is 4, forming a
SiOy tetrahedron. Garnets are a complete isomorphous series; if two ions are in a similar
position, then they can easily take the place of each other. Aluminum garnet is produced in
crystalline schist by regional metamorphism, or produced by magmatic crystallization as
the original mineral of the rock mass.

The main chemical composition of spessartine is Mn3Al»(SiO4)3, in which Mn?* is
usually replaced by Fe?* or Mg?*, and AI3* is often replaced by Fe** [4]. As one of the
important and popular varieties of the garnet group of minerals, it is also called ‘Finda
stone’” for its color is close to Finda soda. Their high transparence and special color make
spessartines have a very high research and business value. Spessartine occurs in pegmatite
and some metamorphic rocks. It was first discovered in the Spessart area of Bavaria, and
Namibia [5,6], Nigeria [7], California, Brazil [8], Madagascar, Pakistan and Zambia are the
world’s most prolific producers. In China, we can also find beautiful spessartine in the
Fujian, Guangdong and Xinjiang Altai regions.

There are transition metal elements in garnet, and the main theory of its color formation
is crystal field theory. Fe?* and Mn?* are the main color-causing ions in purple pyrope-
almandines, for Mg2+ is insignificant for the color of the samples [9]. As an island silicate
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mineral, peridot’s beautiful color is also caused by Fe?*. However, it is worth noting that
the almandine—skiagite’s brownish yellow color is caused by the charge transfer between
element ions [10]. Spessartine’s color is vivid orange. There are many research studies on
the color causes and spectrum about spessartines; we find that the reason why spessartines
appear a beautiful orange is not only the Mn?* d-d electron transition [11,12] but also the
valence charge transfer transition between Fe?*and Fe®* [13,14]. They obviously absorb in
the area of the blue-purple region, which makes the spessartines appear a bright color.

These days, the research on the color of gemstones has been playing an increasingly
significant role in the field of gemological study. The CIE 1976 L*a*b* uniform color space
converts the X, Y and Z tristimulus values into lightness L* and color coordinates a* and b*;
color coordinates a* [15], and b* determine the chromaticity C* and h° of gemstones [16,17].
The creation of the CIE 1976 L*a*b* is conducive to the quantification of gemstones and
plays an important role in many gemstone studies. Qiu et al. examined the causes of
the color change in pyrope-spessartine garnets and discussed the color of garnet samples
that different kinds of light source cause [18]. Yang et al. found the new coloration
mechanism of violet-red pyrope-almandine [19]. Lv et al. analyzed how gemstones’
composition affects their color parameters, finding the genesis of the body color of opal [20].
Studies also involve Xiuyan jade [21], tourmaline [22], alexandrite [23-25], diamond [26],
tsavorite [27,28], garnet [29-31], amber [32], chrysoberyl [33], opal [34], etc.

The objective environment, especially the background brightness, is always able to
influence the color of gemstones, and a reasonable selection of non-colored backgrounds is
crucial for the accuracy of gemstone grading. Based on the CIE 1976 L*a*b* uniform color
space, Ma et al. analyzed the color appearance of tsavorite using 27 Munsell neutral gray
backgrounds, found the most proper background to classify tsavorite, and studied the effect
of non-colored backgrounds on tsavorite’s special green color [28]. Tang et al. found that
the objective environment, which both involves neutral backgrounds and different light
sources, has an obvious effect on the color of peridots [35]. Based on the CIE 1976 L*a*b*,
Jiang et al. discovered the relationship between a background of neutral grey in Munsell
and the color of green chrysoprase [36].

As one of the most promising colored gemstones on the market, spessartine is be-
coming increasingly popular. According to the CIE 1976 L*a*b*, the relationship between
chroma C*, the h°® and colorate coordinates a* and b* was analyzed. The chemical com-
position was analyzed according to ED-XREF, then we quantitatively analyzed the impact
of the elements FeOyt and MnO and the ratio FeOyt/MnO on color parameters L*, h°.
By analyzing the UV-visible spectrum of spessartines, we find the color mechanism of the
samples. It is worth noting that this article is the first to studied the relationship between
the peaks’ position in the infrared spectrum and the color parameters of spessartines. With
the increase in MnO content, the A, C and D peaks in the infrared spectrum shifted from the
region of high frequency to low frequency, the color parameters L* and h° both increased,
and the spessartines’ color also changed from dark orange-red to bright orange. What is
more, we compared the color of spessartines on 16 neutral backgrounds in order to find
out the best background to classify the spessartine samples, and analyzed the influence of
background on a spessartine’s color.

2. Materials and Methods
2.1. Sample Description

In this study of a quantitative analysis of the color data of spessartines, we selected
13 spessartines as the research objects, which met the requirements of colorimetry exper-
iments and the requirements of instruments in the laboratory. The 13 beautiful orange
spessartine experimental samples had various shapes but were uniform in size with the
carat weight of 1~3 carats. There were no visible inclusions or defects in the spessartine sam-
ples. The color contribution was relatively even, as the color between different spessartine
samples gradually transitioned from orange to orange-red.
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2.2. FTIR Spectroscopy

The vibration energy levels of the complex anion group, lattice (molecule) and coordi-
nation group inside the gemstone underwent transition after being irradiated by infrared
light, selectively absorbing the wavelengths which corresponded to the vibrational fre-
quency and generating energy-level transitions. The instrument type in the laboratory used
to measure the spessartines” data was a Bruker Tensor 27 Fourier infrared spectrometer,
and the test of spessartine samples was carried out on the fifth floor of the gemologi-
cal laboratory, China University of Geosciences (Beijing). The settings of the instrument
were: the power supply was 85-265 V; the power frequency was 47-65 Hz; the range was
400-4000 cm™~1; the resolution was 4 cm™!; the scanning run time was 32 s per scan;
the grating setting was 6 mm; the scanning speed was 10 Hz; the temperature was
18-35 °C; the humidity was< 70%. The fingerprint of the sample was obtained by reflection
method in the 400-1500 cm ! band, and the direct transmission method was used in the
15004000 cm ™! band.

2.3. UV-Vis Spectroscopy

The valence electrons of atoms, molecules and ions or the electrons on the molecu-
lar orbitals in the gem underwent a transition between the electron energy levels after
being subjected to electromagnetic radiation, resulting in an ultraviolet-visible absorp-
tion spectrum.UV-Vis absorption spectroscopy is divided into transmission and reflection
methods. The test instrument of spessartine samples was a UV-3600 UV-visible spec-
trophotometer. The test position was the fifth floor of gem laboratory, China University
of Geosciences (Beijing). The test conditions of spessartines were: the wave range was
200-900 nm for spessartines; the slit width was 2 nm for spessartines; the sampling interval
was 0.5 s for spessartines; high speed. The measurement method was the reflection method.

2.4. Backgrounds

There are different kinds of lightness classifications in Munsell neutral grey back-
grounds which range from 0 to 100. Spessartine’s color is related to the brightness of
backgrounds. Spessartines with different color parameters can also be influenced by the
brightness of background to different extents.

This experiment used typical lighting box and a CIE standard illumination D65, evenly
selecting 16 Munsell neutral grey color chips with different brightness levels, including
N=2,25,3,35,4,45,555,6,65,7,75,8,8.5,9,9.5 as the non-colored experimental
backgrounds for this experiment.

3. Results and Discussion
3.1. Color Quantization

Color-measuring instruments are more delicate and more proper to quantify the
beautiful color of spessartine samples than the naked eye. The CIE 1976 L*a*b* uniform
color space owns accuracy and wide applicability, making it a widely recommended
standard for color characterization. A D65 standard light source is the typical light of the
sun in the northern hemisphere; therefore, it is always considered for international color
assessments. According to CIE 1976 L*a*b*, we used the portable Aicolor X-Rite SP62 to
take down three color parameters with a D65 light source. With the data we researched
before, we also changed the L*, a* and b* of the spessartines into the chroma C* and h® of
the spessartine samples. The brightness L* represents the brightness of the gem color. As
the L* value changes from L* = 0 to L* = 100, the color changes from dark black to bright
white. When the brightness value of spessartines becomes higher, the spessartines become
brighter. There are many kinds of color with different intensity of gemstones, and we can
use the chroma C* to show this. As the C* value changes from C* = 0 to C* = 100, the color
changes from light to intense. Gemstones are usually more beautiful and vivid when the
chroma C* value is bigger. The higher the chroma value, the more vivid the gemstone. The
chromaticity coordinates a* and b* describe the changes between different colors, which
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range from —120 to +120. The results showed that L* € [34.6, 55.1], C* € [6.2, 44.6] and
h° € [22.5,55.2].

To find out the relationship between color parameters, correlation analysis was used
to measure the relationship and analyze the strength or weakness. The Pearson correlation
coefficient is a statistical measure, which is always tested to reflect how much two values
are correlated to each other on behalf of a correlation coefficient with values between
—1 and +1. As the value of |r| becomes bigger, the correlation of spessartines becomes
stronger. Assuming |r| > 0.6, then the values of spessartines are highly correlated. As
shown in Table 1, the correlation analysis results between the color values of spessartine
were measured: there is an obvious correlation between chroma C*, hue angle h° and color
coordinates a* and b*.

Table 1. Under the light source D65, the relationship between spessartine color parameters. Bivariate
correlation between them was obvious when ** at level 0.01 (double tail).

Color Parameters a* b* C* h°
a* 1.000 0.897 ** 0.958 ** 0.878 **
b* - 1.000 0.986 ** 0.998 **
Cc* - - 1.000 0.976 **
he _ - - 1.000

According to Pearson’s correlation analysis, color coordinates a* and b* fit to the
chroma C*. The relationship between C*, a* and b* is:

C* =7.44 + 1.07b* (R*> = 0.97)

C*= —6.36 + 1.74a* (R%> = 0.91)

As shown in Figure 1a, the colored areas show the prediction band of spessartine
samples. By analyzing the test results, we figured out that the color coordinates a* and b*
are notably positively correlated to the chroma value C* (R? = 0.97, R? = 0.91, respectively).
The value of the spessartines” chroma value C* becomes bigger as the color coordinates a*
and b* increase. Therefore, the C* value of the spessartines is determined by both color
coordinate a* and b* values.

Based on the Pearson correlation analysis, the h® of the 13 spessartines is fitted to the
value b*. And as shown in Figure 1, the fitting equation is: h® = 19.26 + 0.96b* (R? = 0.97). By
observing the color parameter relationship of the spessartines, the determination coefficient
(R?) of the spessartine samples in Figure 1b is 0.97, showing us that the color coordinate
b* of the spessartine samples is highly positively related to the h® of the spessartines. The
correlation between the color coordinate a* of the spessartine samples and the h° of the
spessartines is smaller than that between b* and h°; therefore, the color coordinate b* mostly
manages the h° of spessartines.

3.2. UV-VIS Spectrum Analysis of Spessartine

The valence electrons of atoms, molecules and ions or the electrons on the molecular
orbitals in the gem underwent a transition between the electron energy levels after being
subjected to electromagnetic radiation, resulting in an uv-vis absorption spectra. However,
two gemstones with the same color under the same light source may appear to have very
different UV-visible spectral characteristics, because the gemstones selectively absorb the
different-wavelength incident light. In gemology, the composition of gem samples can be
qualitatively and quantitatively analyzed by the extent of absorption and the coverage of
wavelength, so as to find the color-causing ions of gems and explore their coloration. The
test method has the advantages of being fast and non-destructive. The thirteen spessartine
samples’ color was a relatively homogeneous orange; therefore, these spessartine samples
were chosen in this paper. The UV-visible absorption spectra in the 400-700 nm of the
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spessartines is shown in Figure 2. The spessartines’ spectra were tested by the reflection
method; different spessartines with different MnO content show different absorptions in
Figure 2, which enables us to offer an analyzation of how the color of spessartine is affected

by the chromogenic ion.
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Figure 2. UV-Vis spectrum of the spessartine.

As is shown in Figure 2, the UV-visible absorption spectrum in the 400-700 nm range
of spessartines appears different. The spessartine UV-visible absorption spectrum shows

that there are five obvious absorption bands. The narrow absorption peaks of Mn?* ar

(S

mainly around 408 nm, 460 nm and 480 nm, which is caused by the d-d electron transition
of Mn?*, and the reason why the spessartine samples appear a beautiful orange color is
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the blue-region absorption [37]. The absorption peak of Fe?* is mainly around 530 nm and
570 nm, which is due to the d-d electron transition of Fe?*. Comparing C10, which has a
higher content of Mn?*, with C9, which has a lower content of Mn?*, the former has more
intense absorption at 460 nm and 480 nm in the blue region; therefore, the color of the
former spessartine sample appears more orange. This result shows an obvious relationship
between UV-visible absorption spectra and chemical composition. It can be seen that the
area of 460 nm and 480 nm peaks increases as the content of Mn?*increases, and there is
also an obvious correlation with the hue angle. The absorption band of Mn?* at 460 nm
and 480 nm in the UV-visible absorption spectra mainly causes the beautiful orange color
of spessartines, and when the absorption area of Mn?* becomes larger, the color of the
spessartine samples changes from orange-red to light orange.

3.3. Relationship between Fe, Mn and Color

ED-XRF is a quick method (without destruction) to detect most of the elements in
spessartines. X-rays are a kind of high-energy electromagnetic radiation; when an X-ray
irradiates the surface of the gemstone sample, the inner electrons of the elements contained
in the sample are excited to a higher energy level or even outside the atom. At this time, the
outer electrons fall into the inner layer to fill the vacant electron potential, which leads to a
decrease in the overall energy of the atom, and the generated energy produces fluorescence
irradiation. The atomic number of different atoms and the structure of the electron layer
are different. Different atoms have characteristic X-rays; the wavelength and intensity
are related to the type and content of the FeOyot and MnO, respectively. As the atomic
number Z increases, the wavelength A of X-ray fluorescence will gradually approach the
short-wave direction. Therefore, by analyzing the wavelength and intensity of characteris-
tic X-rays produced by different elements in the samples, the elemental composition and
content in the samples can be qualitatively or quantitatively analyzed. In this experiment
about spessartine samples, an EDX-7000 energy dispersive X-ray fluorescence spectrom-
eter (SHIMADZU, Kyoto, Japan) was used to test the micro-area chemical components
of spessartine samples. The test position was the fifth floor of the gemological lab, China
University of Geosciences (Beijing). Because the spessartine samples contain the element
Mg, the test atmosphere needed to be vacuumed before each test. The voltage was 15 kv
or 50 kv when the measurement element was Na-Sc or Al-U; the size of the collimator
was set to 3 mm regarding the size of spessartines; the test results of the spessartines are
shown as oxides; the measure time of the spessartines was 100 s. Based on the CIE 1976
L*a*b* uniform color space, we tested the lightness L* and color coordinates a* and b* of
13 spessartine samples by using an X-Rite SP62 spectrophotometer. The C* and hue h°
of the spessartine samples were figured out according to the formula. By sorting out the
data, we found the range of percentage by weight [wt%] of the oxides in the 13 spessar-
tine samples was w(MnO) = 28.28-36.59, w(Al,O3) = 21.78-25.47, w(Fe;O3) = 0.80-4.05,
w(CaO) = 0.13-0.53. Among the detected elements, as is learned from the previous research,
the beautiful orange color of spessartine samples is caused by the elements Mn and Fe.
Therefore, we analyzed the relationship between FeOyot, MnO and FeOyot /MnO and the
color parameters of the 13 spessartines according to the bivariate correlation analysis.

Energy dispersive X-ray fluorescence spectroscopy (EDXRF) is a rapid and non-
destructive method for the detection of most elements in samples. By observing the
wavelength and intensity emitted after atomic excitation, the content and type of elements
can be obtained. It is worth noting that ED-XRF has a very wide range of elemental con-
centration analysis and is very important for the qualitative and quantitative analysis of
spessartine. Based on the results of XRF, we discuss the relationship between the ratio
and content of transition metal elements FeOyot, FeOtot/MnO, MnO and color parameter
h® and L* of 13 spessartine samples by bivariate correlation analysis (Table 2). When

Irl > 0.8, it means that the correlation we discussed before is high.
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Table 2. Bivariate correlation analysis between FeOyot, MNO and FeOyot/MnO and color parameters
h° and L*; the correlation of spessartine between them was obvious when ** at level 0.01 (double tail).

Ratio and Content L* h°
FeOyot/MnO r —0.963 ** —0.959 **
sig 0.000 0.000
FeOot r —0.935 ** —0.942 **
sig 0.000 0.000
MnO r 0.874 0.819
sig 0.000 0.000

As is shown in Figure 3, the ratio of transition metal elements FeOyot/MnO is nega-
tively correlated to color parameter h® and L*. When FeOyot/MnO increases, the L* of the
spessartine samples shows a significant decreasing trend (r = —0.963 **). The hue angle h°
also decreases when FeOyot/MnO increases (r = —0.959 **), and the color of the samples
appears from light to dark orange. W (FeOxot) is negatively correlated to color parameter
h® (r = —0.942 **); as the Fe content increases, the h® decreases linearly, and the hue changes
into orange-red from orange, as orange spessartine has the lowest Fe content. Fe content is
also significantly negatively correlated to L* (r = —0.935 **); light spessartine has the lowest
Fe content. What is more, as Mn content increases, the L* of the spessartine samples shows
a significant increasing trend, as the spessartine samples are becoming light. The hue angle
h° also increases when the Mn content increases, and the samples’ color changes from red
to orange.

100 Average of w(FeOyq)/w(MnO) 0
0.02 | 0.06 | 0.08 | 0.10 | 0.12
90 ~ 80
80 Lightness L ) » © -0
70 4 2 3 w
] T 60 *
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w(FeO,,,)/w(MnO)

Figure 3. Relationship between FeOyot /MnO, FeOyor, MO and color parameters h® and L*.

As we discuss the change in the colour of the spessartine samples, we also find that
the presence of the Ti**~Fe?* pairs is also very important. In previous studies on the causes
of diaspore-sapphire color, they found that the blue colour is related to the Ti**~Fe?* closed
pair [38,39]. In the spessartine samples, Ti(IV) can easily replace 2 Mn(II) in the neosilicate
crystal structure, which will also lead to the beautiful and bright color of the spessartine
samples.
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In conclusion, the content and ratio of transition metal elements FeOyo; and MnO has
a significant effect on the color parameters h® and L*, and spessartines with high FeOt
content and low MnO content appear with a dark orange color and low lightness.

3.4. Relationship between IR Spectrum and the Chemical Composition

Vibration energy levels of the complex anion group, lattice (molecule) and coordination
group inside the gemstone undergo transition after being irradiated by infrared light, ab-
sorbing the corresponding infrared light and generating in the infrared spectrum. Infrared
spectroscopy can help us find out the types of functional groups and their effects. Spes-
sartines” end-member proportions are also able to be inferred according to the functional
group activity. Infrared spectroscopy has the advantages of being fast, non-destructive
and accurate.

In the infrared spectrum of the spessartine samples, we detected the absorption peak of
the structural water. Their peak shape and peak position are almost the same, but the peak
intensity changed slightly. The results show that the sample had strong absorption peaks
at 3644 cm~!, 3627 cm~! and 3587 cm~!, and absorption peaks at 3535 cm~!, 3517 cm™!
and 3486 cm~! in the low frequency region. These absorption peaks were caused by the
stretching vibration of OH™, and there was no absorption peak caused by molecular water.

The mid-infrared region is particularly important. Figure 4 shows the infrared spec-
trum of the spessartine sample. The measurement results show that the peak locations of
spessartine were: A: 974 4 cm™!, C:891 +2cm ™!, D: 867 £ 4 cm™!, E: 628 & 3 cm ™!,
F:570 +2cm ™!, G: 518 £ 4em !, H: 480 + 2 cm ™!, I: 447 & 3 em ™!, Peak B is considered
to be merged with peak A. The absorption bands above 500 cm~! were produced by the
vibrations of the [SiO4]*~ group, and the absorption below 500 cm~! was produced by
the lattice vibrations of trivalent ions or divalent ions. Among these absorption bands,
Peaks A, C and D in the 800-1000 cm~! range have a relationship with the antisymmetric
bending vibrations of the [SiO4] tetrahedron, which are resulted from the triple-degeneracy
splitting of v3. The G and H peaks in the 500-700 cm ! range have a relationship with the
antisymmetric bending vibrations of the [SiOy4] tetrahedron, which are due to the splitting
of the v2 double degeneracy or the splitting of the v4 triplet degenerate [40]. The vibration
of trivalent ions in the octahedral lattice of [BOg4] causes the two absorption bands H and 1
below 500 cm !, and the J-K absorption peaks are caused by the vibration of divalent ions.
Because the volume of [BOg] is higher than [SiO4], the B-O band is weaker than the Si-O
band, making the absorption in the area of the low-frequency region.

The vibration energy levels of the complex anion group, lattice (molecule) and coordi-
nation group inside the gemstone underwent transition after being irradiated by infrared
light, selectively absorbing the wavelengths which correspond to the vibrational frequency
and generating energy-level transitions. Mn?* has a larger radius than other divalent ions
and the vibrational frequency is smaller; therefore, with the increase in MnO content, the
band frequency in the infrared spectrum shifted from the region of high frequency to low
frequency. With the increase in MnO content from 28.27% to 36.59%, peak A moved from
977 nm to 972 nm. The D-peak also moved from 869 nm to 864 nm. Therefore, the content
of MnO can be roughly compared by the peak A value of different spessartine samples.

As was discussed before, Mn content positively relates to the color parameters
h° (r =0.819 **) and L* (r = 0.874 **). When the content of Mn increases, the color parameter
L* of the spessartine samples shows a significant increasing trend, as the spessartine sam-
ples are becoming light. The hue angle h° also increases when the Mn content increases,
and the samples’ color changes from red to orange. Therefore, with the increase in MnO
content from 28.27% to 36.59%, color parameters h® and L* increased, and peak A moved
from 977 nm to 972 nm and the D-peak also moved from 869 nm to 864 nm. By analyzing
the peaks’ position, we can not only compare the content of Mn, but can also compare the
color parameters of different spessartines roughly and indicate the color of spessartines.
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Figure 4. FTIR spectra of the spessartine.

3.5. Effects of the Brightness of Backgrounds on Spessartines” Special Color

The specially made color card from the brightness N0.5-N9.5, increased by a quarter
of the spacing, was divided into 37 gray levels. In total, 16 kinds of non-color neutral
color card were used as the background of the experiment, finding the law of the influence
of the brightness of backgrounds on spessartines’ special color. The Munsell non-color
background was the selected Munsell brightness color card, which did not have color
rendering. The study about the influence of Neutral Grey Backgrounds on spessartines’
beautiful color was carried out using a solitary light source. The standard light source D65
(6504 K) is meant to represent the typical sunlight in the northern hemisphere; the colors of
its distribution are very uniform and it is used as the standard light source for international
color assessment. Therefore, a D65 light source was selected as the experimental light
source, and 16 kinds of non-color neutral color card were used as the background of
the experiment, finding the relations between the brightness of the backgrounds and the
beautiful orange color of the spessartine samples.

Based on the CIE 1976 L*a*b* uniform color space, under a 6504 K fluorescent lamp
and 16 backgrounds with the range level of N0.5 to N9.5, the color parameters L* (Figure 5a)
and C* (Figure 5b) of 13 spessartine samples were tested three times. It can be found that
the values of lightness L* and chroma C* change enormously under different Neutral Grey
Backgrounds. Lightness L* increases as the Neutral Grey Backgrounds become brighter, and
the difference of Lightness L* becomes more obvious. The value of chroma C* also increases
gradually as the Neutral Grey Backgrounds’ brightness increases, and the difference of
chroma C* becomes easier to detect. As is discussed, we find that the values of lightness L*
and chroma C* both change more obviously when the Neutral Grey Backgrounds become
brighter, and the values also increase gradually with the increase in brightness of the
backgrounds. Therefore, on a brighter Neutral Grey Background, spessartines are easier to
distinguish by the naked eye.
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Figure 5. Changes of chroma C* (a) and lightness L* (b) under 16 backgrounds. Chroma C* and
lightness L* of 13 spessartine samples are shown in the boxes.

The range level of Neutral Grey Backgrounds is NO.5 to N9.5, and the color of spes-
sartines corresponds to the lightness of the backgrounds. The spessartines with different
lightness L* and chroma C* can also be affected by the Neutral Grey Backgrounds in differ-
ent ways. As Figure 6 shows, we chose three spessartines, C11, C4 and C8. C11 has the
highest color parameter C*, and background changes make its chroma C* the easiest to
produce. As shown in Figure 6a, | AC* Imax = 41.32. C8 has the lowest lightness L* and the
change in its lightness L* is the smallest, as shown in Figure 6b, | AL* | min = 8.64.

60 p 4 RAE = 65
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Figure 6. (a) Chroma C* change in three samples with different color under different backgrounds.
(b) lightness L* change in three samples with different color under different backgrounds.

As is discussed, the value of the spessartine’s lightness L* and chroma C* change as
the Neutral Grey Background becomes brighter. It can also be found that the change in
lightness L* and chroma C* become more obvious as the Neutral Grey Background changes
to higher range level. All in all, a bright background would be proper if we want to find a
background to grade the color of spessartines.
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4. Conclusions

(1) By discussing the correlation analysis results between the hue angle h® and the chroma
C* of spessartine, we find that the color coordinate b* controls the h® of spessartines
more than a* and the chroma C* is controlled by both the variation in the color
coordinate b* and the color coordinate a*.

(2) The UV-Vis spectrum shows that the absorption band of Mn?2* at 460 nm and 480 nm
causes the special color of the samples; when the area of 460 nm and 480 nm absorption
increased, the color of the 13 spessartine samples changed from orange-red to orange.
The infrared spectra shows that, with the increase in MnO content, the A, C and
D peaks in the infrared spectrum shifted from the region of high frequency to low
frequency. By analyzing the peaks’ position, we can not only compare the content
of Mn, but can also compare color parameters of different spessartines roughly and
indicate the color of the spessartines.

(3) Based on the results of ED-XRF, we find that transition metal elements FeOyyt and
MnO and the ratio of transition metal elements FeOyot/MnO have a significant effect
on the color parameters h® and L*. Spessartines with high FeOy,; content and low
MnO content appear with a dark orange color and low lightness.

(4) With the change in backgrounds, the lightness L* and chroma C* of spessartines are
both affected obviously. Under the standard light source D65, by comparing three
samples with different color parameters, we find that the range of lightness L* and
chroma C* widens as the Neutral Grey Background becomes brighter, and the higher
the values are, the larger the variations shown. N9.5 Neutral Grey Background is the
best background for color grading.

Author Contributions: Conceptualization, M.Z.; methodology, M.Z. and Y.G.; software, M.Z.; valida-
tion, M.Z. and Y.G.; formal analysis, M.Z.; investigation, M.Z.; resources, M.Z. and Y.G.; data curation,
M.Z.; writing—original draft preparation, M.Z.; writing—review and editing, M.Z.; visualization,
M.Z.; supervision, Y.G.; project administration, Y.G.; funding acquisition, Y.G. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Acknowledgments: Experiments in this research were carried out in laboratories of the Gemological
Institute, China University of Geosciences, Beijing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sibi, N.; Subodh, G. Structural and Microstructural Correlations of Physical Properties in Natural Almandine-Pyrope Solid
Solution: Al70Py29. J. Electron. Mater. 2017, 46, 6947-6956. [CrossRef]

2. Kolesov, B.A.; Geiger, C.A. Raman spectra of silicate garnets. Phys. Chem. Miner. 1998, 25, 142-151. [CrossRef]

3. Novak, G.A.; Gibbs, G.V. The Crystal Chemistry of the Silicate Garnets. Am. Mineral. 1971, 56, 791-825.

4. Manning, P.G. The optical absorption spectra of the garnets almandine-pyrope, pyrope and spessartine and some structural
interpretations of mineralogical significance. Can. Mineral. 1967, 9, 237-251.

5. Lind, T.; Henn, U.; Bank, H. Leuchtend orange farbige Spessartine aus einem neuen Verkommen in Namibia. Z. Dtsch. Gemmol.
Ges. 1994, 43,39-47.

6. Johnson, M.L.; Koivula, J.I. Gem News: Update on Namibian spessartine. Gems Gemol. 1996, 32, 56-57. [CrossRef]

7. Zang, ].; Schoder, K.; Luhn, M. Gem News: Spessartine from Nigeria. Gems Gemol. 1999, 35, 216.

8.  Johnson, M.L.; Koivula, J.I. Gem News: New finds of spessartine in Brazil. Gems Gemol. 1999, 35, 55.

9.  Krzemnicki, M.S.; Hanni, H.A; Reusser, E. Colour-change garnets from Madagascar: Comparison of colorimetric with chemical
data. J. Gemmol. 2001, 27, 200-207. [CrossRef]

10. Taran, M.N.; Dyar, M.D.; Matsyuk, S.S. Optical absorption study of natural garnets of almandine-skiagite composition showing
intervalence FeZ* + Fe3* — Fe3* + Fe?* charge-transfer transition. Am. Mineral. 2007, 92, 753-760. [CrossRef]

11.  Zhao, L, Li, G.; Weng, L. Gemological and spectroscopic characteristics of “jedi” spinel from man sin, myanmar. Minerals 2022,

12, 1359. [CrossRef]


https://doi.org/10.1007/s11664-017-5801-5
https://doi.org/10.1007/s002690050097
https://doi.org/10.5741/GEMS.32.1.52
https://doi.org/10.15506/JoG.2001.27.7.395
https://doi.org/10.2138/am.2007.2163
https://doi.org/10.3390/min12111359

Crystals 2023, 13, 1529 12 of 12

12.

13.

14.
15.

16.
17.
18.
19.
20.
21.
22.
23.
24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.

38.

39.

40.

Malsy, A.K.; Karampelas, S.; Schwarz, D.; Klemm, L.; Armbruster, T.; Tuan, D.A. Orangey-red to orangey-pink gem spinels from
a new deposit at lang chap (tan huong-truc lau), vietnam. J. Gemmol. 2012, 33, 19-27. [CrossRef]

Yu, X.Y,; Long, Z.Y.; Zhang, Y.; Qin, L.J.; Zhang, C.; Xie, Z.R.; Wu, Y.R;; Yan, Y,; Wu, M.K,; Wan, J.X. Overview of Gemstone
Resources in China. Crystals 2021, 11, 1189. [CrossRef]

Manson, D.V,; Stockton, C.M. Pyrope-spessartine garnets with unusual color behavior. Gems Gemol. 1984, 20, 200-207. [CrossRef]
Kirillova, N.P.,; Vodyanitskii, Y.N.; Sileva, T.M. Conversion of soil color parameters from the munsell system to the cie-I'a’d’
system. Eurasian Soil Sci. 2015, 48, 468-475. [CrossRef]

Vodyanitskii, Y.N.; Kirillova, N.P. Application of the cie-I'a’d’ system to characterize soil color. Eurasian Soil Sci. 2016, 49,
1259-1268. [CrossRef]

Goguitchaishvili, A.; Ruiz, R.G.; Bautista, F.; Hernandez, R.S. Colorimetric method to estimate the soil organic matter in karst
areas. Ecosistemas Recur. Agropecu. 2022, 9, 1.

Qiu, Y.; Guo, Y. Explaining Colour Change in Pyrope-Spessartine Garnets. Minerals 2021, 11, 865. [CrossRef]

Yang, P.; Guo, Y. New Insights into Coloration Mechanism in Violet-Red Pyrope-Almandine. Crystals 2022, 12, 379. [CrossRef]
Lv, H.; Guo, Y. Genesis of the Body Color of Brazilian Gem-Quality Yellow-Green Opal. Crystals 2023, 13, 316. [CrossRef]
Wang, Y.; Gan, F. Colouration mechanism and chromaticity of Xiuyan Jade of China. Spectrosc. Spectr. Anal. 2012, 32, 2305-2310.
Liu, Y. Colour hue change of a gem tourmaline from the Umba Valley, Tanzania. J. Gemmol. 1999, 26, 386-396. [CrossRef]

Liu, Y.; Shigley, ].E.; Fritsch, E.; Hemphill, S. Relationship between the crystallographic orientation and the “alexandrite effect” in
synthetic alexandrite. Mineral. Mag. 1995, 59, 111-114. [CrossRef]

Schmetzer, K. Pleochroism and color change in faceted alexandrite: Influence of cut and sample orientation. Gems Gemol. 2019, 55,
61-71. [CrossRef]

Liu, Y.; Shigley, J.; Fritsch, E.; Hemphill, S. The “alexandrite effect” in gemstones. Color Res. Appl. 1994, 19, 186-191. [CrossRef]
Liu, E; Ying, G.; Zhao, B.; Li, X. The color origin and evaluationof natural colored diamonds. Sci. Adv. Mater. 2022, 14, 243.
[CrossRef]

Ma, Y.; Guo, Y. The Impact of Munsell Neutral Grey Backgrounds on Tsavorite’s Color and Study on the Evaluation Method of
Color Gem Cutting. Appl. Sci. 2023, 13, 1673. [CrossRef]

Ma, Y.; Guo, Y. Variation in Gemological Characteristics in Tsavorites with Different Tones from East Africa. Crystals 2022,
12,1677. [CrossRef]

Sun, Z.Y.; Palke, A.C.; Renfro, N. Vanadium-andchromium-bearing pink pyrope garnet: Characterization and quantitative
colorimetric analysis. Gems Gemol. 2015, 51, 348-369. [CrossRef]

Sun, Z.Y.; Palke, A.C.; Renfro, N.; Breitzmann, H.; Hand, D.; Muyal, ]J. Discovery of color-change chrome grossular garnets from
Ethiopia. Gems Gemol. 2018, 54, 233-236.

Schmetzer, K.; Bernhardt, H.-J.; Bosshart, G.; Hainschwang, T. Colour-change garnets from Madagascar: Variation of chemical,
spectroscopic and colorimetric properties. J. Gemmol. 2009, 31, 235-282. [CrossRef]

Liu, Y;; Shi, G.; Wang, S. Color phenomena of blue amber. Gems Gemol. 2014, 50, 134-140. [CrossRef]

Sun, Z.Y.; Palke, A.C.; Muyal, J.; McMurtry, R. How to facet gem-quality chrysoberyl: Clues from the relationship between color
and pleochroism, with spectroscopic analysis and colorimetric parameters. Am. Mineral. 2017, 8, 1747-1758. [CrossRef]

Renfro, N.; McClure, S.F. Dyed purple hydrophane opal. Gems Gemol. 2011, 4, 260-270. [CrossRef]

Tang, J.; Guo, Y.; Xu, C. Metameric Effects on Peridot by Changing Background Color. J. Opt. Soc. Am. A—Opt. Image Sci. Vis.
2019, 36, 2030-2039. [CrossRef]

Jiang, Y.; Guo, Y,; Zhou, Y.; Li, X,; Liu, S. The Effectsof Munsell Neutral Grey Backgrounds on the Colour of Chrysoprase and the
Application of AP Clustering to Chrysoprase Colour Grading. Minerals 2021, 11, 1092. [CrossRef]

Schmetzer, K.; Hainschwang, T.; Kiefert, L.; Bernhardt, H.J. Pink to Pinkish Orange Malaya Garnets from Bekily, Madagascar.
Gems Gemol. 2001, 37, 296-308. [CrossRef]

Garcia-Guinea, J.; Correcher, V.; Rubio, ].; Valle-Fuentes, EJ. Effects of preheating on diaspore: Modifications in colour centres,
structure and light emission. J. Phys. Chem. Solids 2005, 66, 1220-1227. [CrossRef]

Garcia-Guinea, J.; Rubio, J.; Correcher, V.; Valle-Fuentes, FJ. Luminescence of alpha-Al,O3 and alpha-AIOOH natural mixtures.
Radiat. Meas. 2001, 33, 653-658. [CrossRef]

Moore, R.K.; White, W.B.; Long, T.V. Vibrational spectra of the common silicates: I. The garnets. Am. Mater. 1971, 56, 54-71.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.15506/JoG.2012.33.1.19
https://doi.org/10.3390/cryst11101189
https://doi.org/10.5741/GEMS.20.4.200
https://doi.org/10.1134/S1064229315050026
https://doi.org/10.1134/S1064229316110107
https://doi.org/10.3390/min11080865
https://doi.org/10.3390/cryst12030379
https://doi.org/10.3390/cryst13020316
https://doi.org/10.15506/JoG.1999.26.6.386
https://doi.org/10.1180/minmag.1995.59.394.10
https://doi.org/10.5741/GEMS.55.1.61
https://doi.org/10.1002/col.5080190306
https://doi.org/10.1166/sam.2022.4210
https://doi.org/10.3390/app13031673
https://doi.org/10.3390/cryst12111677
https://doi.org/10.5741/GEMS.51.4.348
https://doi.org/10.15506/JoG.2009.31.5.235
https://doi.org/10.5741/GEMS.50.2.134
https://doi.org/10.2138/am-2017-6011
https://doi.org/10.5741/GEMS.47.4.260
https://doi.org/10.1364/JOSAA.36.002030
https://doi.org/10.3390/min11101092
https://doi.org/10.5741/GEMS.37.4.296
https://doi.org/10.1016/j.jpcs.2005.04.001
https://doi.org/10.1016/S1350-4487(01)00078-6

	Introduction 
	Materials and Methods 
	Sample Description 
	FTIR Spectroscopy 
	UV-Vis Spectroscopy 
	Backgrounds 

	Results and Discussion 
	Color Quantization 
	UV-VIS Spectrum Analysis of Spessartine 
	Relationship between Fe, Mn and Color 
	Relationship between IR Spectrum and the Chemical Composition 
	Effects of the Brightness of Backgrounds on Spessartines’ Special Color 

	Conclusions 
	References

