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Abstract: The homomorphic substitution of the garnet group is common in nature. Two rare color‑
changing andradite garnets are studied in this paper. One color changes from yellowish‑green in
the presence of daylight to maroon under incandescent light; the other color changes from brownish
yellow to brownish red. In this study, conventional gemological instruments, infrared (IR) spec‑
troscopy, ultraviolet–visible–near infrared (UV–Vis–NIR) spectroscopy, Raman spectroscopy, and
electron probe microanalysis (EPMA) were used to explore the gemology and coloration mecha‑
nisms of color‑changing garnets. Experiments revealed that the color‑changing gemstones in the
study are andradite garnets. There are two transmission windows in the UV–Vis spectrum: the red
region (above 650 nm) and the green region (centered at 525 nm). The chemical compositional anal‑
ysis indicates that the samples are very low in Cr (<1 ppm) and high in Fe2+ (from 2.31 wt.% to 4.66
wt.%). The combined spectra and chemical compositional analysis show that Fe2+ is the main cause
of the color change. Based on the IR spectrum (complex water peaks), UV–Vis–NIR spectrum (sim‑
ilar to that of Namibian andradite garnet), and chemical compositional analysis (low Cr content), it
is concluded that color‑changing andradite may be related to skarn rock genesis.

Keywords: color‑changing andradite; coloration mechanisms; chemical composition; spectroscopic
analysis

1. Introduction
There are many previous studies on color‑changing garnets, most of which are alu‑

minum garnets [1–3], while color‑changing calcic garnets are rarely studied [4]. There
is no systematic study on the coloration mechanism of color‑changing andradite garnets,
although color‑changing andradite garnets were first reported in 2000, and there is a gen‑
eral gemological study in [5]. We stumbled upon two color‑changing andradites on the
market that have fascinating colors. To the best of our knowledge, the chemical composi‑
tion of this type of color‑changing garnet has never been reported before, and the study
of color‑changing andradite garnets is an important contribution to gemology. It also pro‑
vides a theoretical basis for finding more color‑changing andradite garnets to meet the
market demand.

Garnet is an insular silicatemineral with the spatial groupOh10‑Ia3d, a0 = 1.459–1.248
nm, and Z = 8. Its general chemical formula is A3B2[SiO4]3, where A represents a bivalent
cation, such as Mg2+, Fe2+, Mn2+, and Ca2+, and B represents trivalent cations, mostly Al3+,
Cr3+, Fe3+, Ti3+, Cr3+, V3+, and Zr3+. Compared with other bivalent ions, calcium has a
larger ionic radius, so it is difficult to form isotropy with other bivalent ions. According to
this, garnet can be divided into two categories: pyralspite series and calcarenite series.

In gemology, the difference between the color of a gemstone in daylight and under
incandescent light is called the alexandrite‑like effect. Many gemstones naturally change
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color, such as alexandrite [6], spinel [7], sapphire [8], fluorite [9], and garnet [10]. The color‑
changing effect of gemstones is usually attributed to Cr3+ and V3+, but there are exceptions.
For example, Wang Zimin et al. [7], in their study on color‑changing spinel, attributed Co
ions and Fe ions to the color‑changing effect.

The UV–Vis spectra of 10 color‑changing pyrope–spessartine garnets were studied in
2021, and it was concluded that Cr3+ and V3+ were the main causes of the color change [2].
Twenty‑four color‑changing pyrope–spessartine garnets from Madagascar exhibited the
alexandrite‑like effect caused byV3+ [10]. In contrast, after studying color‑changingpyrope–
spessartine garnets, Yan concluded that the color‑changing effect is the result of Cr3+ in the
garnets [1]. Brunning has reported a color‑changing grossular garnet and attributed the
alexandrite‑like effect to Cr and/or Fe [6]. Shen and Ye have reported a garnet exhibiting
a tri‑color change and concluded that the garnet was V dominant, with Mn, Fe, and Cr
synergistically inducing the alexandrite‑like effect [3]. Together, these previous studies
suggest that there are four main explanations for the color genesis of color‑changing gar‑
nets: The first is that the color‑changing effect is caused by both Cr3+ and V3+ [2,3,11,12].
The second is that the alexandrite‑like effect is mainly caused by V3+ [13,14]. The third
is that the color‑changing effect is mainly caused by Cr3+ [1,6,15,16]. The fourth is that
the alexandrite‑like effect is mainly caused by Fe [3,5]. The alexandrite‑like effect of the
samples studied in this paper is mainly Fe2+ chromogenic. This paper investigates the
mechanism of the color change by analyzing the spectra, chemical compositions, and ba‑
sic gemology of the samples.

2. Materials and Methods
2.1. Sample Description

In this study, the two color‑changing andradite garnets are named G‑1 (pear cut;
size: 9.84 mm × 6.19 mm × 4.29 mm) and G‑2 (emerald cut; size: 7.07 mm × 6.50 mm
× 4.14mm). G‑1weighs 1.81 carats, and its color changes from yellowish‑green (Figure 1A)
in the presence of daylight to maroon (Figure 1B) under incandescent light. G‑2 weighs
1.83 carats, and its color changes from brownish yellow (Figure 1A) in the presence of day‑
light to brownish red (Figure 1B) under incandescent light.
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2.2. Fourier‑Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy was conducted at the Gemological Experimental Teaching Cen‑

ter at China University of Geosciences (Beijing, China). The instrument we used in the
experiments was a BRUKER Tensor 27 (Bremen, Germany), a Fourier‑transform infrared
spectrometer.

The settings of the instrument were as follows: in the reflection mode, the scanning
range was 400–1200 cm−1; in the transmission mode, the scanning range was 2800–
4000 cm−1; power supply: 85–265 V; power supply frequency: 47–65 Hz; resolution:
4 cm−1; grating setting: 6 mm; runtime: 30 s per scan; number of sample scans: 32. Based
on the consensus that garnet is isotropic, randomly oriented crystals were tested, as the
properties are constant in all directions.

2.3. UV–Vis–NIR Spectroscopy
UV–Vis–NIR spectroscopy was conducted at the Gemological Experimental Teaching

Center at China University of Geosciences (Beijing, China). In different crystal structures,
different types of electrons exhibit different activity characteristics, resulting in different
electromagnetic radiation reactions of the mineral.

The UV–Vis–NIR spectra were measured using a GEM‑3000 jewelry detector. The
test conditions were as follows: wavelength range: 400–1000 nm; slit width: 2 nm; integra‑
tion time: 170 ms; average number of times: 7; and the standard whiteboard was used to
calibrate the detector before testing.

2.4. Raman Spectroscopy
Raman spectra were generated at the Gemological Experimental Teaching Center at

China University of Geosciences (Beijing, China). The Raman spectra of the samples were
generated using an HR‑Evolution micro‑Raman spectrometer. The test conditions were as
follows: reflection mode; 532 nm wavelength laser; spectral range: 100–2000 cm−1; and
integration time: 3 s.

2.5. Electron Probe Microanalysis
EPMAwas conducted at the Key Laboratory ofMetallogeny andMineral Assessment,

Institute of Mineral Resources, Chinese Academy of Geological Science (CAGS, Beijing,
China). The chemical compositions of the andradites were determined using EPMA and
a JXA‑8230 instrument (Japan Electron, Akishima, Japan). The test conditions were as
follows: acceleration voltage: 15 kV; current: 20 nA; beam diameter: 5 µm; and the ele‑
ment peaks and background were measured at counting times of 10 s and 5 s, respectively.
NaAlSi2O6 (NaKα, TAP); Mg2SiO4 (MgKα, TAP); Al2O3 (AlKα, TAP); Al2SiO4(F,OH)2
(FKα, TAP); KNbO3 (KKα, PETJ); CaSiO3 (CaKα, PETJ); SiO2 (SiKα, PETJ); Fe3O4 (FeKα,
LIF); TiO2 (TiKα, LIF); Ca5(PO4)3 (PKα, PETJ); Cr2O3 (CrKα, LIFH); MnO (MnKα, LIFH);
NiO (NiKα, LIF); CaO6V2 (VKα, LIFH); CoO (CoKα, PETH); andNaCl (ClKα, PETH)were
used as standards. Matrix corrections were calculated using the ZAF method [17]. The de‑
tection limits for an individual element varied from 0.005 to 0.03 wt.%.

The structural formulae of the garnets were recalculated based on 12 O atoms per
formula unit (apfu). Because garnet is isotropic and the samples have no color banding,
three points of each sample were randomly selected for testing.

2.6. Laser Ablation–Inductively Coupled Plasma–Mass Spectrometry
The in situ trace element analysis of the minerals was conducted using LA–ICP–MS

at the Mineral Micro Zone Analysis Laboratory of the OEDC, College of Resources and
Environmental Engineering, Hefei University of Technology. The laser ablation system
was a CetacAnalyte HE, and the ICP–MS was an Agilent 7900, with helium as the carrier
gas and argon as the compensation gas to regulate the sensitivity during the laser abla‑
tion process, and the two gases were mixed through a T‑connector before entering the ICP.
Each piece of time‑resolved analytical data consisted of 40 s of a blank signal and 40 s
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of a sample signal. The off‑line processing of the analyzed data (including the selection
of the sample and blank signals, instructions for the sensitivity drift correction, and ele‑
mental content) was conducted using the software Spotanalyis (in‑house laboratory soft‑
ware). The detailed instrumental operating conditions and data processing were the same
as those in [18,19]. The minerals’ trace element contents were quantitatively calculated
using multiple reference glasses (NIST610, NIST612, and BCR‑2G) as multiple external
standards and without an internal standard [20]. The recommended values for the ele‑
mental contents in the standard glasses were according to those in the GeoReM database
(http://georem.mpch‑mainz.gwdg.de/). Four points per sample were selected for testing.

3. Results and Discussion
3.1. Conventional Gemological Characteristics

Sample G‑1 has a adamantine luster that is transparent and cracked and a cracked‑
surface grease luster, with RI > 1.78, a specific gravity of 3.81, and no reaction under a
Chelsea filter. There are needle inclusions and stress cracks (Figure 2a), fluid inclusions
(Figure 2b), and fingerprint inclusions (Figure 2c) under a 40× gemstonemicroscope. Sam‑
ple G‑1 appears yellowish‑green under simulated natural light (D65 light) and maroon
under simulated incandescent light (A light).
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Figure 2. Internal inclusions in two samples at 40× magnification: (a) needle inclusions and stress
cracks; (b) fluid inclusions; (c) fingerprint inclusions; (d) white spot‑like inclusions; (e) brown flaky
inclusions; (f) growth lines.

Sample G‑2 has a adamantine luster that is transparent, with RI > 1.78, a specific grav‑
ity of 3.80, and no reaction under a Chelsea filter. There are white spot‑like inclusions
(Figure 2d), brown flaky inclusions (Figure 2e), and growth lines (Figure 2f) under a 40×
gemstonemicroscope. Sample G‑2 appears brownish yellowunder simulated natural light
(D65 light) and brownish red under simulated incandescent light (A light).

Samples G‑1 and G‑2 were inert under long‑wavelength ultraviolet fluorescence
(LWUV) at 365 nmand short‑wavelengthultraviolet fluorescence (SWUV) at 254 nm,which
is mainly because they are rich in Fe. It is well known that Fe is a fluorescence quencher.

Flat growth lines were observed under a 40× gemstone microscope, while andradite
garnet has this characteristic [7]. The standard gemological properties of the specimens
are listed in Table 1.

http://georem.mpch-mainz.gwdg.de/
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Table 1. Gemological properties of specimens.

Sample Number G‑1 G‑2

Color
Yellowish‑green in daylight

and maroon under
incandescent light

Brownish yellow in daylight
and brownish red under

incandescent light
Luster Adamantine Adamantine

Clarity Many fluid inclusions Obvious inclusions can be
seen under the table

Specific gravity 3.81 3.80
Fluorescence Inert Inert
Chelsea filter No reaction No reaction

Refractive index RI > 1.78 RI > 1.78

Internal features

Fissures, fingerprint
inclusions, dark inclusions,
visible growth lines, and

parallel gas–liquid inclusions

Fingerprint inclusions and
stress cracks, white point
inclusions, fluid inclusions,
light brown inclusions, and

visible growth lines

3.2. FTIR Spectroscopy
For different subspecies of garnet, the fingerprint region of their infrared spectra are

significantly different, so they can be identified according to the fingerprint region’s in‑
frared spectral absorption peak characteristics.

The infrared spectra of the samples (400–1200 cm−1), shown in Figure 3A, were gen‑
erated in the reflection mode. The main absorption peaks of the two samples are located
at 407, 444, 480, 517, 587, 816, 842, and 932 cm−1. The vibration peaks at 932, 842, and
816 cm−1 represent asymmetric stretching vibrations of [SiO4]4−; the vibration peaks at
480, 517, and 587 cm−1 represent the bending vibrations of [SiO4]4−; and the peaks at 444
and 407 cm−1 are absorption bands associated with Ca2+ vibrations [21,22].
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Although garnet is an anhydrous mineral, water‑related peaks were still observed in
themid‑infrared spectra in previous studies [23]. Some of thewater‑related peaks of andra‑
dite garnets derived from different origins are listed in Table 2. The mid‑infrared spectra
of the two samples investigated over the range of fundamental water molecule stretching
vibrations (3500–3700 cm−1) in the transmission mode are shown in Figure 3B. The main
water molecule absorption bands are at 3555 cm−1, 3561 cm−1, 3580 cm−1, and 3610 cm−1.
In particular, the prominent absorption bands at about 3555 cm−1 and 3561 cm−1 suggest
thewell‑knownhydrogarnet substitution (SiO4)4− ↔ (H4O4)4− [24]. The absorption bands
at about 3580 cm−1 and 3610 cm−1 are caused by other kinds of OH− incorporation than
just the substitution (SiO4)4− ↔ (H4O4)4− [24]. This mid‑infrared result indicated that the
samples contain water, suggesting that color‑changing garnet contains a small amount of
structural water, which is related to its formation process with water. The mid‑infrared
spectrum shows a more intense characteristic absorption band at 3561 cm−1 for G‑2, sug‑
gesting that G‑2 contains more water and may have formed at lower temperatures [25].
Ilaria Adamo et al. [26] stated that andradites derived from skarns exhibit more complex
water peaks than andradites derived from serpentinites, and our spectra are very similar
to those of the andradite derived from the skarn, as reported by [26]; therefore, the samples
may have formed in association with skarns.

Table 2. Some of the water‑related peaks in the FTIR spectra of andradite garnets.

Locality Water‑Related Peaks Data Source

Russia 3562, 3604, and 3394 cm−1 [21]
Bombay, India 3560 and 3610 cm−1 [25]
Rusinga Island 3530 and 3560 cm−1 [25]

Stanley Butte, Arizona
Four resolved peaks between 3550 and

3630 cm−1 and three shoulders
between 3630 and 3700 cm−1

[25]
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Table 2. Cont.

Locality Water‑Related Peaks Data Source

Madagascar 3560, 3580, 3610, and 3630 cm−1 [26]
Namibia 3562, 3581, 3611, and 3631 cm−1 [26]
Pakistan 3564 and 3605 cm−1 [26]
Iran 3563 and 3605 cm−1 [26]
Russia 3558 cm−1 [26]

Valmalenco 3562 and 3604 cm−1 [26]
Valmalenco, Italy 3563 cm−1 [27]

3.3. UV–Vis–NIR Spectroscopy
The UV–Vis–NIR spectral test results of the two color‑changing garnets are shown in

Figure 4. To investigate the coloration mechanism of the color‑changing andradites, data
from previous studies of different countries’ andradites (one is black and the others are
yellow–green) were added as a comparison. Overall, the UV–Vis–NIR spectral trend from
500 nm to 1000 nm is quite similar to that of the Namibian andradite, but the spectra for
the samples lack the absorption peak at 441 nm caused by Fe3+.
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The G‑1 spectrum displayed two broad bands at around 573 nm and 857 nm and a
weak absorption band centered at around 620 nm; the G‑2 spectrum displayed two strong
absorption bands centered at around 569 nm and 856 nm and a weak absorption band
centered at around 621 nm. As a consequence, two transmission windows in the green
(centered at 525 nm) and red (above 650 nm) regions of the visible spectrum were respon‑
sible for the color‑changing effect of the two andradite garnets. When the transmittance
of the two regions is almost the same, the color of the gem is determined by the external
light source. The absorptions at 573 nm and 569 nm correspond to the spin‑forbidden
transitions (5Eg → 3T1g and 5Eg → 3E1g, respectively) of eightfold‑coordinated high‑spin
Fe2+, and Fe3+ may have a contribution to these absorption bands [25,28–31]. The unusual
high‑intensity spin‑forbidden optical transitions of eightfold‑coordinated Fe2+ causemany
optical transitions in the green–yellow part of the visible spectrum and leave two strong
transmission windows in the green and red spectral regions. Namibian garnet has a lower
absorption peak around 573 nm relative to the samples and lacks a transmission window
in the red zone, which is why it does not produce an alexandrite‑like effect. Although LA–
ICP–MSwas not used to test for Cr in the samples, some scholars have studied the UV–Vis
absorption spectra of Madagascar and Italian demantoids, and only samples containing
Cr showed an absorption band at 620 nm [16]. Very small amounts (<1 ppm) of Cr may
be present in the samples. The weak absorption bands at 620 nm and 621 nm are both as‑
cribable to Fe, and the spin‑forbidden transitions of Cr3+ (4A2g → 4T1g) may have a slight
contribution to these absorption bands [5,13,26,30,32]. The Fe2+ spin‑forbidden transition
(5E(D)→ 3T1(H)) produces a broad absorption band in the visible‑light range 550–650 nm,
leading to two transmittance regions on both sides, which showa yellowish green to brown
alexandrite‑like effect along with the change in the spectral power distribution of the light
source. Moreover, a broad band at about 856 nm was due to octahedral Fe3+ [25,28,33].

Thewide absorption bands at 569 nmand 573 nmare caused by Fe2+, and it is themain
reason for the alexandrite‑like effect. Most color‑changing gems show similar characteris‑
tics in their UV–Vis spectra. They all have strong absorptions in the blue–violet region
and the orange–yellow region, and the wide absorption band’s center must be within the
range 562–578 nm to produce the color‑changing effect [34]. Unlike other common color‑
changing gemstones, where the strong absorption bands in the green spectral region are
caused by Cr3+ at two different crystal sites and are, thus, responsible for the alexandrite‑
like effect, in andradite garnets, the strong absorption bands are due to Fe2+. Some previ‑
ous studies on the UV–Vis analysis of color‑changing garnets are listed in Table 3. It can be
concluded from theUV–Vis–NIR spectra that the intensity of the absorption peak at 573 nm
for G‑1 is greater than that of the absorption peak at 573 nm for G‑2, and this is consistent
with the G‑1 color‑changing effect, which is more readily observed by the naked eye.

Table 3. Previous studies on the UV–Vis analysis of color‑changing garnets.

Type Analysis of UV–Vis Spectra Data Source

Pyrope–spessartine garnet The absorption band centered at about
571 nm is the result of Cr3+ [1]

Pyrope–spessartine garnet The absorption band centered at about
574 nm is caused by Cr3+ and V3+ [2]

Iron‑ and calcium‑bearing
manganic pyrope garnet

The absorption band centered at about
575 nm is the result of V3+ and Cr3+ [3]

Andradite The absorption bands at about 575 nm
and 610 nm are caused by Fe [5]

Grossular garnet The absorption band centered at about
600 nm is caused by Cr3+ [6]

Pyrope–spessartine garnets The absorption band centered at about
573 nm is caused by V3+ ± Cr3+ [6]

Pyrope–spessartine garnets V is the main element of the
color‑changing effect [10]
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Table 3. Cont.

Type Analysis of UV–Vis Spectra Data Source

Pyrope–spessartine garnet The absorption band centered at about
571 nm is the result of Cr3+ and V3+ [11]

Pyrope garnet V and Cr are the main elements of the
color‑changing effect [12]

Pyrope–spessartine garnet The wide absorption band centered at
about 575 nm is caused by V3+ [13]

Spessartine garnet The absorption band centered at about
585 nm is caused by V3+ [14]

Magnesium‑rich spessartine garnet The absorption band between 580 nm
and 620 nm is caused by Cr [15]

Grossular garnet The absorption band centered at about
599 nm is the result of Cr3+ and V3+ [34]

Pyrope–spessartine garnet The absorption band centered at about
573 nm is caused by V3+ and Cr3+ [35]

Almandine–pyrope garnet The absorption bands at 573 nm and
618 nm are caused by Fe2+ [36]

3.4. Raman Spectroscopy
The homomorphic substitution of the garnet group is common, and the Raman spec‑

tra of different subspecies are different. Three points for each sample were selected for an
in situ Raman spectral test, and all the test results were completely consistent. The Raman
spectra are shown in Figure 5, and the main Raman shifts are shown in Table 4. Four Ra‑
man peaks (995.5, 873.5, 841.5, and 815 cm−1) between 800 and 1000 cm−1 are generated
by [SiO4]4− stretching vibrations. The five Raman peaks between 400 and 600 cm−1 (576,
552, 515, 492.5, and 452 cm−1) are generated by the bending vibrations of [SiO4]4−; the
Raman peak between 300 and 400 cm−1 is caused by the rotational vibrations of [SiO4]4−,
and the Raman peak between 150 and 300 cm−1 is caused by the translational vibrations
of Ca2+ and the [SiO4]4− tetrahedron in the garnet [37]. The Raman spectra of the samples
are basically consistent with those of the andradite garnets from Russia and Madagascar
and the RRUFF standards, and it can be determined that the sample is andradite garnet.
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Table 4. Raman shifts (cm−1) of samples.

Peak Position Attribution [37] Stretching Vibrations of [SiO4] Bending Vibrations of [SiO4] Rotational Vibrations
of [SiO4]

Translational Vibrations
of Ca2+ and [SiO4]υ3 υ1 υ3 υ3 υ4 υ4 υ4 υ4 υ2

Samples 995.5 873.5 841.5 815 576 552 515 492.5 453 369 350.5 323 311 298 266 236.5 173
Andradite from Russia [17] 994.5 873.5 841.5 815 576 552 515 492 451 369 351 323 310.5 295 263 234.5 172

Andradite from Madagascar [38] 996 874 841 815 576 555 515 493 454 371 352 324 312 304 266 236 174
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3.5. Chemical Compositional Characteristics
The major and minor elemental compositions of the color‑changing andradite sam‑

ples expressed in oxides and the formulae obtained from individual crystals by EPMA
are presented in Table 5. To study more accurately the contents of the chromogenic el‑
ements in the samples, trace element testing by LA–ICP–MS was carried out. The test
results are shown in Table 6. The end‑element component contents of each test point in
Table 5 (combined with Table 6) were projected onto an Fe3+−Al3+−Cr3+ triangle diagram
to visually determine the subspecies of this garnet. The subspecies of the samples are plot‑
ted in Figure 6. Andradite garnet data from well‑known producing regions around the
world are added to Figure 6 for comparison and cast points. From Figure 6, it can be con‑
cluded that skarn‑type andradite garnets are mostly located in non‑colored areas at very
low Cr contents (Cr3+ < 0.25 in the three‑phase diagram), while serpentinite‑type andra‑
dite garnets are located in gray areas at high Cr contents (Cr3+ ≥ 0.25 in the three‑phase
diagram). From the three‑phase diagram, we can roughly distinguish whether the andra‑
dite garnet is the serpentinite type or skarn type. The samples described in the text are
located in non‑colored areas in the three‑phase diagrams, which may be related to skarn
rock genesis.

Table 5. Electron probe microanalyses of andradites, first provided as weight percentages of ele‑
ments and then recalculated based on 12 anions.

Sample
EPMA G‑1‑1 G‑1‑2 G‑1‑3 G‑2‑1 G‑2‑2 G‑2‑3

Al2O3 0 0 0.016 0.002 0.01 0.011
MgO 0.032 0.034 0.075 0.047 0.052 0.079
Na2O 0.042 0.023 0.17 0.061 0.026 0
K2O 0.028 0.002 0.052 0.014 0.015 0.019
CaO 32.337 32.253 32.29 32.028 32.131 31.974
Cr2O3 0.042 0 0.047 0.009 0 0.047
SiO2 38.803 38.55 37.38 37.299 37.038 36.599
P2O5 0.026 0.01 0.049 0.013 0.013 0.033
V2O3 0 0 0 0.024 0.024 0.111
MnO 0 0 0.016 0 0.009 0
Fe2O3 23.655 23.428 25.749 24.523 25.323 25.380
FeO 4.66 4.552 2.310 3.206 2.852 2.646
TiO2 0.028 0 0 0.049 0.002 0.026
CoO 0.059 0.075 0.024 0.025 0.035 0.049
Total 99.708 98.927 98.177 97.301 97.530 96.974

P5+ 0.002 0.001 0.004 0.001 0.001 0.002
Si4+ 3.253 3.256 3.184 3.207 3.182 3.164
Σ 3.255 3.257 3.188 3.208 3.183 3.166

Al3+ 0 0 0.002 0 0.001 0.001
Cr3+ 0.003 0 0.003 0.001 0 0.003
V3+ 0 0 0 0.002 0.002 0.008
Fe3+ 1.492 1.489 1.65 1.587 1.637 1.651
Ti3+ 0.002 0 0 0.003 0 0.002
Σ 1.497 1.489 1.655 1.593 1.64 1.665

Mg2+ 0.004 0.004 0.01 0.006 0.007 0.01
Na+ 0.007 0.004 0.028 0.01 0.004 0
K+ 0.003 0 0.006 0.002 0.002 0.002
Ca2+ 2.904 2.919 2.947 2.95 2.957 2.962
Mn2+ 0 0 0.001 0 0.001 0
Fe2+ 0.326 0.322 0.165 0.231 0.205 0.191
Co2+ 0.004 0.005 0.002 0.002 0.002 0.003
Σ 3.248 3.254 3.159 3.201 3.178 3.168
End‑member (%)
Adr 84.16 84.06 87.71 86.67 88.64 89.30
Others 15.84 15.94 12.29 13.33 11.36 10.70
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Table 6. Trace element compositions (in ppm) of andradite samples analyzed using LA–ICP–MS.
Bdl = below detection limit.

Element G‑1A G‑1B G‑1C G‑1D G‑2A G‑2B G‑2C G‑2D

Mg 283 294 331 356 337 337 343 351
Al 76.4 43.3 128 243 40.5 39.2 40.5 38
Sc 2.47 2.46 2.47 2.72 2.43 2.68 2.37 2.52
Ti 1.2 2.07 6.95 9.63 Bdl Bdl Bdl 1.63
V Bdl Bdl 0.119 0.182 Bdl Bdl Bdl Bdl
Cr Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl
Mn 128 153 167 162 49.2 49.6 49.9 51.1
Co 0.253 0.217 0.366 0.334 0.235 0.147 0.175 0.147
Ni 1.09 1.17 1.42 1.22 Bdl 0.239 Bdl Bdl
Ce 1.79 0.642 1.18 2.93 Bdl Bdl Bdl Bdl
Nd 0.672 Bdl Bdl 1 Bdl Bdl Bdl Bdl
Fe 139,367 139,056 138,360 139,617 138,809 139,397 139,465 138,104
Ga 35.1 34.2 42.6 76.9 19.4 20.9 20 19.3
Sn 66.1 68.1 72.1 78.9 42.7 46.4 47.1 47.3
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gins [16,33,39–43]. Blue triangles and green squares represent G‑1 and G‑2, respectively, and purple
circles and red stars indicate andradites derived from skarn, while blank legend indicates andradites
derived from serpentine. White triangular area indicates that the content of Cr3+ is below 0.25 in the
three‑phase diagram.

In the EPMA test, the major elements in both samples were Si, Ca, and Fe, and the
trace elements were Al, Mg, Na, K, Cr, P, V, Mn, Ti, and Co (Table 5). Because the EPMA
yielded data for all the FeO, calculations were made for Fe2+ and Fe3+ according to the
formula Fe2O3 = 2FeO + Ox.

The crystal formulae were quantitatively calculated based on the average chemical
composition of the three experiments. The mineral composition of the G‑1 garnet was cal‑
culated as andradite garnet (85.31%) + others (14.69%); its chemical formula is (Mg0.006
Na0.013K0.003Co0.004Fe0.271Ca2.923) (Al0.001Cr0.002Ti0.001Fe1.544) (Si3.231P0.002) O12. The min‑
eral composition of the G‑2 garnet was calculated as andradite garnet (88.20%) + others
(11.8%); its chemical formula is (Mg0.008Na0.005K0.002Co0.002Fe0.209Ca2.956) (Al0.001Cr0.001
V0.004Ti0.002Fe1.625) (Si3.184P0.001) O12. The qualitative EPMAanalysis revealed that the sam‑
ples are andradite garnets, which is consistent with the results of the Raman spectra. The
total number of experimental EPMA data is fewer than 100 because of the presence of wa‑
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ter in the samples, as revealed by the infrared data. The total amount of G‑2 is less than
that of G‑1, which is due to the fact that G‑2 contains more structural water. The results of
the EPMA chemical composition test show that the main components of the two samples
are CaO and Fe2O3, which is consistent with those of andradite garnets studied in previ‑
ous research, and that both samples contain trace elements, such as Co, Ti, and V. As can
be seen from Table 6, the total amounts of the rare‑earth elements in the samples are not
high (∑REE = 0.859–4.7 ppm), except for Ce and Nd; the amounts of the rest of the rare‑
earth elements are lower than the detection limit, and it is clear to see that the samples are
enriched in light rare earths and deficient in heavy rare earths. This characteristic is simi‑
lar to that of andradite garnets derived from most origins [16]. Unlike common andradite
garnets, more Fe2+ ions are contained in the color‑changing garnets, and the contents of
the Mn and V ions in the color‑changing garnets are close to those of the Mn and V ions
in the yellow–green andradite garnet with no alexandrite‑like effect [16,39]. Mn and V are
not major causes of color‑changing andradite garnets.

The color of most garnets is derived from multiple color‑producing elements (chro‑
mophores) [12]. The main chromophore elements are Fe, Ni, Cr, V, Mn, and Co, and trace
amounts of the rare‑earth elements Ce and Nd also affect the color of garnets [40]. Accord‑
ing to Table 6, G‑1 has a small amount of V (<1 ppm), and G‑2 has an amount of V that is
below the detection limit; both samples have amounts of Cr that are below the detection
limit. The lowest level of Cr that causes the alexandrite‑like effect in color‑changing gem‑
stones is 205 ppm [31]. The Cr contents of the sampleswerewell below theminimumvalue.
Table 6 shows that the Ce + Nd contents of both samples are less than 5 ppm, and neither
Ce nor Nd is the main cause of the color change. The variation in the individual chro‑
mophores Cr3+ and V3+ is much stronger than that in Fe2+ and Mn2+ under different light
sources, but the high content of Fe2+ (6660–16,660 ppm) can also cause an obvious discol‑
oration effect [12]. According to the calculated average element concentrations in Table 5,
G‑1 contains 29,939 ppm of Fe2+, and G‑2 contains 22612 ppm of Fe2+; Fe2+ concentrations
below 6660 ppm and above 16,660 ppm both significantly reduce the alexandrite‑like ef‑
fect. This also explains the weak alexandrite‑like effect of the samples described in the text.
Combined with the UV–Vis–NIR spectra, these results suggest that the Fe element is the
main reason for the color change in the andradite garnets.

4. Conclusions
The samples have a adamantine luster that is transparent, with RI > 1.78, a specific

gravity in the range 3.80–3.81, no reaction under a Chelsea filter, and abundant inclu‑
sions. The pear‑cut sample is yellowish‑green in D65 light and maroon in A light; the
emerald‑cut sample is brownish yellow in D65 light and brownish red in A light. Ac‑
cording to the chemical compositional analysis, unlike common andradite garnets, color‑
changing garnets have a high content of Fe2+, and their contents of Cr and/or V (common
elements leading to the alexandrite‑like effect) and Ce + Nd are very low. In the UV–Vis–
NIR spectra, the wide absorption band near 575 nm is produced by the spin‑forbidden
transition (5Eg → 3T1g and 5Eg → 3E1g) of eightfold‑coordinated high‑spin Fe2+, leading
to the emergence of transmission windows in the green (centered at 525 nm) and red
(above 650 nm) regions, which is themain reason for the alexandrite‑like effect of the color‑
changing andradite.

Combinedwith the complex structuralwatermolecule absorptionpeaks (at 3631 cm−1,
3610 cm−1, 3580 cm−1, and 3561 cm−1) in the IR spectra, the UV–Vis–NIR spectral trend
of the samples is highly similar to that of Namibian andradite garnet (having a very low
Cr content), and the samples are located in the range of the skarn‑type andradite garnet
(Cr3+ < 0.25) in the triple‑phase diagrams; therefore, the samples are most likely produced
in skarn. This is important for exploring more color‑changing andradite garnets to meet
the market demand.
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