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Baw Mar Sapphire, China’s Freshwater
Pearl Industry, Glass-Ceramic Imitation
Gemstones, and Red and Orange Spinel from
Myanmar and Vietnam

Welcome to our Summer 2026 issue! Dip into our feature articles, covering a variety of gem
materials from East and Southeast Asia as well as glass-ceramic gem imitations. We also introduce
readers to a brand-new column on field gemology.

In our first paper, a team of researchers led by Arkar Moe Myint report on blue sapphires from
Baw Mar, Myanmar, highlighting their color, clarity, and unique internal features. The authors
use a combination of laser
ablation-inductively coupled
plasma-mass spectrometry and
uranium-lead dating of a zircon inclusion to estimate that the sapphires formed in a magmatic
environment 54 to 65 million years ago.

“A new column, From the Field,...brings a recent
Vietnam expedition to vivid life...”

Next, Dr. Qishen Zhou and colleagues contribute a sustainability study of freshwater pearl
culturing in China. Although the world’s leader in freshwater pearl culture, much of China’s pearl industry has historically
generated low profits. Environmental regulations initially posed challenges for producers but also encouraged sustainable
practices and better quality, which the authors indicate might present new business opportunities for the industry.

GIA’s Dr. Wasura Soonthorntantikul and coauthors present a paper on glass-ceramics—manufactured materials that
closely mimic the color and appearance of natural gemstones. The team provides an identification guide, using refractive
index, distinct chemistry, and unique infrared and luminescence features that remain consistent across a wide variety of
gem imitations.

In our final article, Boonyapak Aksorn and fellow researchers examine red and orange spinel from Myanmar and
Vietnam, finding that the gems share similar basic properties but differ in chemical makeup. While trace elements can
help identify origin, the authors note that distinguishing some orange spinels remains challenging.

A new column, From the Field, offers a firsthand look at GIA’s field gemology expeditions, where geologists connect
with local mining communities to better understand the gemstones, their origins, the people behind their production,
and their journey to market. During these expeditions, the team gathers samples for GIA’s reference collection to support
origin determination and other studies. In this installment, the column brings a recent Vietnam expedition to vivid life
through dramatic photographs, short videos, and captions documenting the local mining and trading scene.

Our regular sections offer a variety of noteworthy content as well. Interesting gem materials featured in Lab Notes
include a natural diamond carved to resemble a panther’s face, an enormous cultured pearl measuring more than 40
millimeters, and a heated red spinel submitted as a ruby. Some of the wonders revealed in this iteration of Micro-World
are “fungal hyphae” in a mabe pearl, colorful mosaic patterns and “shooting stars” in sapphire, and distinctive
fluorescent inclusions in spinel. Our Gem News International section documents rare Chinese freshwater cultured
pearl colors, a six-rayed star quartz, and more.

We hope you enjoy this issue’s content!

Dt

Duncan Pay | Editor-in-Chief | dpay@gia.edu
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A ARTICLES

GEMOLOGICAL, GEOCHEMICAL, AND
GEOCHRONOLOGICAL STUDY OF
SAPPHIRE FROM THE BAW MAR MINE
IN MOGOK, MYANMAR

Arkar Moe Myint, Pitsanupong Kanjanapayont, Khin Zaw, Karsten Goemann, Jeffrey Oalmann, Abhisit Salam,
and Bhuwadol Wanthanachaisaeng

This study presents detailed fingerprinting studies to characterize blue sapphire from the Baw Mar deposit in
the Mogok Stone Tract, Myanmar. These sapphires typically range from 2 to 8 mm, with some reaching up to 15
cm in length. The gem-quality blue sapphires studied often exhibited distinct pleochroism, ranging from greenish
blue to violet blue, and were relatively inclusion-free. In some of the samples, microscopic observations revealed
multiple twinning planes associated with tiny whitish needle-like inclusions such as boehmite. Unlike sapphires
from other Mogok locations, needle-like rutile inclusions were rare in the Baw Mar samples. A critical new
observation from this study was the presence of ilmenite silk needles aligned in three distinct directions, or
“three-directional ilmenite silk,” which may indicate a unique crystallization environment or exsolution
mechanism distinct from other sapphire localities. Microscopic observations, combined with spectroscopic and
chemical analysis, can be used to distinguish Baw Mar blue sapphires from those found in other localities
including different Mogok locations. The trace element variations of Baw Maw sapphires appear to result from
magmatic heterogeneity, possibly related to melt evolution, fractional crystallization, or minor interaction with
metasomatic fluids within the intrusive host rocks. The observed geochemical signatures in Baw Mar sapphires
are best explained by formation in a magmatic system, likely linked to syenitic pegmatite intrusions, with internal
chemical variability rather than metamorphic overprinting. Laser ablation-inductively coupled plasma-mass
spectrometry and uranium-lead dating of a single zircon inclusion in one sapphire sample suggests that the
timing of sapphire formation in the Baw Mar area ranged between 54 and 65 million years ago.

held a prominent place in the global gemstone
market and continue to attract strong demand
and sustained consumer interest. Their enduring
appeal is driven by their aesthetic qualities, durabil-
ity, cultural significance, and close association with
historically important gem-producing regions.
In Myanmar, sapphire occurs in both primary
deposits (in syenitic pegmatite) and secondary placer
deposits (locally called byon) along the Mogok Stone

S apphires, particularly blue sapphires, have long

See end of article for About the Authors and Acknowledgments.

Gems & GEMOLOGY, Vol. 62, No. 2, pp. 114-134,
https://doi.org/10.5741/GEMS.62.2.114

© 2026 Gemological Institute of America
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Tract, also known as the Mogok Valley. This is one
of the most recognized gem fields in the world,
renowned for ruby, sapphire, spinel, peridot, and
extremely rare minerals such as johachidolite and
painite (Thu, 2007; Zaw, 2017). The Mogok Stone
Tract is set in the misty and picturesque mountain-
ous region of northern Myanmar. In recent years,
several studies have been conducted on sapphire
from different regions of Mogok (e.g., Phyu, 2009;
Kan-Nyunt et al., 2013; Soonthorntantikul et al.,
2017; Chen et al., 2021; Phyu et al., 2021). Sapphires
from Mogok are prized for their extraordinary color
and remarkable clarity. The Baw Mar deposit has
been of particular interest due to the discovery of
high-quality sapphires with intense blue color and
exceptional clarity (Kan-Nyunt et al., 2013).

Gems & GEMOLOGY SUMMER 2026
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Figure 1. A selection of 15 studied sapphire samples from
Baw Mar, ranging from 0.210 to 4.075 ct, as described in
table 1. Photos by Arkar Moe Myint.

Baw Mar is located northwest of Kyatpyin village,
west of Mogok Township, and 17 km from Mogok
(22°55'39.9" N, 96°24'43" E). The deposit is comprised
of Baw Mar North and Baw Mar South. The area is
surrounded by diverse mountains, shaping it into a
basin. The Baw Mar primary deposit lies in the moun-
tain range known locally as the “Koe Wun Tin.” Due
to its elevation of about 1200 m above sea level, the
locality has a relatively cool climate. Subtropical con-
ditions, with an average rainfall of about 200-250 cm
annually, result in highly weathered outcrops along
the hillsides where mining operations are conducted.

Previous reports have described the Baw Mar
mine, the mining techniques employed, and prelim-

In Brief

e “Three-directional ilmenite silk” in Baw Mar sapphires
may reflect a distinctive crystallization or exsolution
history.

e Trace element variations are most consistent with
magmatic history, possibly linked to melt evolution,
fractional crystallization, and minor metasomatic
fluid interaction.

e Uranium-lead dating of a single zircon inclusion in
one sapphire sample suggests that Baw Mar sapphire
formation occurred between 54 and 65 Ma.

SAPPHIRE FROM THE BAW MAR MINE

inary gemological observations of the sapphires
recovered (Kan-Nyunt et al., 2013; Soonthorntan-
tikul et al., 2017). The present article reinforces the
existing understanding of this material from previous
studies with a combination of standard gemological
and microscopic observations with analytical meth-
ods, including laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS), Raman
spectroscopy, Fourier-transfer infrared (FTIR) spec-
troscopy, ultraviolet/visible/near-infrared (UV-Vis-NIR|
spectroscopy, and scanning electron microscopy
equipped with energy-dispersive spectrometry (SEM-
EDS) and an automated material identification and
classification system (AMICS). The study seeks to
refine the characterization of Baw Mar sapphires (fig-
ure 1) and establish a preliminary framework for
interpreting their origin and timeframe for forma-
tion, contributing to a comprehensive genetic and
geochronological model.

Regional Geology. Geotectonically, the Baw Mar
area lies within the Mogok Metamorphic Belt
(MMB) (figure 2), which spans in age from the Juras-
sic to the Miocene and contains numerous primary

Figure 2. Regional geological map of north-central
Myanmar, highlighting the study site. The Baw Mar
area is situated at the western end of the Mogok
Metamorphic Belt. Modified from Barley et al. (2003).
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Figure 3. Local geological map of the Baw Mar sapphire deposit area. Modified from Zaw et al. (2015), Thu and Zaw

(2017), and Chen et al. (2021).

and secondary ruby and sapphire deposits (Barley et
al., 2003; Zaw et al., 2015; Searle et al., 2017; Zaw,
2017; Crow et al., 2023). The MMB is characterized by
a sequence of magmatic and metasedimentary rocks
exhibiting a wide range of metamorphic grades, from
low to high grades, culminating in the upper amphi-
bolite-granulite facies. The dominant unit is banded
gneiss (with biotite, garnet, sillimanite, and oligo-
clase), interspersed with quartzite and bands and
lenses of marble (Zaw et al., 2015; Thu and Zaw, 2017;
Sutherland et al., 2019; Searle et al., 2020; Lamont et

116  SAPPHIRE FROM THE BAw MAR MINE

al., 2021). Marbles are major host rocks for the high-
est quality “pigeon’s blood” ruby, together with
spinel, forsterite, diopside, phlogopite, and graphite.
The metamorphic rocks are associated with alkaline
rocks (mostly sodic nepheline syenite and syenitic
pegmatite), which host exceptionally high-quality
royal blue sapphires.

Searle et al. (2020) identified the syenite intrusion
host rocks as charnockite-syenite and recorded a
wide age range, from Jurassic (170-168 Ma) to late
Cretaceous to early Paleocene (~68-63 Ma) and late

Gems & GEMOLOGY SUMMER 2026



Eocene-Oligocene (44-21 Ma) for syenite samples.
Min (2016) reported a uranium-lead zircon age of
57.81 + 0.5 Ma (Lower Paleocene) for the sapphire-
bearing nepheline syenite in the Ondan area, 40 km
west of the Mogok area. The Mogok metamorphic
and syenitic rocks are accompanied by a mafic-ultra-
mafic suite of peridotite, minor gabbro, and norite
with unknown ages (Min, 2016). Post-collisional
biotite granites near Mogok at Kabaing yielded a ura-
nium-lead zircon age of 19 Ma (Zaw et al., 2015;
Searle et al., 2020).

Local Geology. The geological formations in the
Baw Mar area comprise metamorphic units includ-
ing gneiss, calc-silicate, and marble, which have

been penetrated by dikes and small intrusions of
granitic and syenitic composition (Thu, 2007; Thu
and Zaw, 2017; Chen et al., 2021) (figure 3). Granitic
rocks include leucogranite and biotite microgranite.
The outcrops are limited in extent and poorly
exposed. Leucogranite occurs as small pockets asso-
ciated with sapphire-bearing nepheline syenite and
syenitic pegmatite.

Most of the workings consist of small, gently
sloping shafts (al-ter) and vertical shafts (lay-bin-twin
or le bin) that measure 1.5 x 1.5 m and up to 30 m
deep (figure 4, A and B). Non-sapphire-bearing
leucogranite dikes and granitic pegmatite veins
intruded weathered gneiss, visible at ground level in
exposed rock surfaces (figure 4, C and D). The

Figure 4. A: Horizontal shafts that gently slope down through the intruded pegmatitic syenite body at Baw Mar.
B: Vertical shafts through the overburden biotite gneiss body to the sapphire-bearing syenitic pegmatite. Both
shafts measure 1.5 x 1.5 m. C: A recent view of mining areas at Baw Mar shows small-scale shafts covered with
tents. D: Contact between host biotite garnet gneiss and intruded syenitic pegmatite (outlined). The tape measure

shown is extended to 1.5 m. Photos by Arkar Moe Myint.

e

SAPPHIRE FROM THE BAW MAR MINE
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Figure 5. A: Sapphire-bearing syenitic pegmatite from Baw Mar (~55 x 43 x 39 mm) consisting of alkali feldspar, biotite,
garnets, and some opaque minerals. The 4.34 ct gem-quality sapphire was extracted from the displayed matrix. B:
Syenitic pegmatite (~50 x 46 x 39 mm) with high-quality sapphire crystals. C: Sapphire-bearing kaolinite matrix from
Baw Mar (~32 x 30 x 40 mm), a common alteration product of alkali feldspar. D: Sapphire-bearing syenitic pegmatite
(~44 x 40 x 40 mm) with some biotite and partially oxidized weathered surfaces. Photos by Arkar Moe Myint.

recently mined area also shows exposed leucogranite
in contact with syenite boulders. High-quality blue
sapphire is retrieved from this syenite (figure 5, A and
B), which, like the pegmatite, has intruded weathered
gneiss, as well as from pockets formed at the exposed
leucogranite. These sapphires are embedded in clay
lenses (feldspar altered to kaolinite) and surrounded
by biotite mica and chlorite (figure 5, C and D). They
are intimately associated with syenite and are often
up to 4 c¢m in size (figure 6).

118  SAPPHIRE FROM THE Baw MAR MINE

Most exposures in the Baw Mar area are highly
weathered. The main igneous unit consists of biotite
microgranite, which intruded biotite-garnet gneisses
and their related rocks. Granitic pegmatites formed
small dikes and veins at the margins of the biotite
microgranite and the surrounding metamorphic
rocks. Some nepheline syenites formed dikes that
intruded marble and skarn zones, and these can be
found at the contact between igneous intrusions and
marble in the Baw Mar area.

Figure 6. Left: A high-
quality sapphire crystal
from Baw Mar (~15 x 18 x
9 mm) with alkali feldspar
matrix. Right: A low-grade
translucent sapphire crystal
shown by a local miner.
Photos by Arkar Moe Myint.

Gems & GEMOLOGY SUMMER 2026



MATERIALS AND METHODS

Samples. For this investigation, a total of 200 sap-
phires were collected by author AMM from primary
deposits at small mines in the Baw Mar area during
two field trips in June 2023 and January 2024. Of
these, 85 samples (BMS-001 to BMS-045 and BMS-080
to BMS-120) were selected for standard gemological
testing and microscopic observation of internal fea-
tures based on size and diaphaneity (ranging from
transparent to translucent). The size, color, and trans-
parency of representative sapphire samples are listed
in table 1 (again, see figure 1). Twenty samples (BMS-
001 to BMS-015, BMS-023 to BMS-026, and BMS-093)
were selected, based on uniformity of color and clar-
ity, for UV-Vis-NIR spectroscopy.

Standard Gemological Testing. Gemological proper-
ties of the 85 samples, including refractive index (RI),
specific gravity (SG), and UV fluorescence, were
determined using standard gemological equipment.
A gemological microscope was used to study their
internal features.

Spectroscopy. Raman microspectrometry analysis
was performed at the Gem and Jewelry Institute of
Thailand (GIT) in Bangkok for the identification of
inclusions using a Renishaw inVia confocal Raman
microscope and a Dilor Super LabRam spectrometer
equipped with a holographic notch filter, gratings of
600 and 1800 lines/mm, and a liquid nitrogen-cooled
CCD detector (with a resolution of 2000 x 450 pixels).

TABLE 1. Characteristics of representative blue sapphires from Baw Mar.

Sample no. Weight (ct) Color Diaphaneity UV fluorescence Inclusions
BMS-001 4.075 Blue Translucent Inert to long-wave and Graphite, rutile
short-wave
BMS-002 1.826 Blue Transparent Ingit 1 [Bz=eie and K-feldspar, mica flakes, rutile
short-wave
BMS-003 1.203 Blue Transparent Inert to long-wave and Albite, rutile
short-wave
BMS-004 0.871 el Transparent Long-wave: VerY el izl Graphite, rutile, mica flakes
blue Short-wave: Inert
BMS-007 2.625 Blue Translucent Inert to long-wave and Rutile, apatite, zircon
short-wave
BMS-008 2.475 Blue Transparent et lengenena el Zircon?
short-wave
BMS-009 2.757 Greenish Translucent Inert to long-wave and Graphite, rutile
blue short-wave
BMS-011 0.806 Blue Semitransparent Ingit 1 [Bz=eie and Negative crystals, apatite, graphite
short-wave
BMS-013 0.264 Blue Transparent Inert to long-wave and Albite, mica flakes
short-wave
BMS-015 0.251 Rl Transparent Iz Iof e Al Negative crystals, apatite, rutile
blue short-wave
BMS-016 0.210 Blue Transparent Inert to long-wave and Rutile, apatite, zircon
short-wave
BMS-017 0.357 Blue Transparent InSitio lengenena el Rutile, apatite, zircon
short-wave
BMS-021 0.272 Blue Transparent Inert to long-wave and K-feldspar, negative crystals
short-wave
BMS-024 0.229 Blue Transparent Inert to long-wave and Dark flakes, fluid inclusions, mica
short-wave
BMS-025 0.256 Blue Transparent Inert to long-wave and Fluid inclusions, fluid fingerprints

short-wave
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Each analysis consisted of a 30 s single accumulation
with the sample excited by a 5 mW 514 nm Spectra-
Physics 2017 argon-ion laser.

UV-Vis-NIR polarized spectra were collected at
GIT using a Cary 5000 spectrophotometer in the
200-800 nm range with a scan speed of 600 nm/min.
The 20 selected samples were prepared into wafers
with polished surfaces oriented perpendicular to the
c-axis. The optical path lengths ranged from 1.230
to 4.551 mm and were measured using a Mitutoyo
395-371-32 spherical micrometer (l-inch range,
spherical anvil and spindle).

Mineral Identification. At the University of Tasma-
nia’s Central Science Laboratory (Sandy Bay,
Australia), an FEI MLA650 scanning electron micro-
scope (SEM) with a tungsten source was used to
identify the host, associated minerals, and mineral
inclusions in nine sapphires (BMS-007, BMS-012,
BMS-013, BMS-014, BMS-016, BMS-019, BMS-025,
BMS-039, and BMS-099). The samples were
mounted in epoxy resin, polished, and coated with
a 20 nm layer of carbon. The SEM was equipped
with a Bruker Quantax Esprit 1.9.4 energy-disper-
sive X-ray spectrometry (EDS) system and two
XFlash 5030 silicon drift detectors with 133 eV
energy resolution. Analytical conditions included
an accelerating voltage of 20 kV and a beam current
of approximately 7 nA, yielding a total EDS X-ray
intensity of around 600,000 cps and a dead time of
~30% on quartz. Data was acquired and processed
using Bruker’s Automated Material Identification
and Classification System (AMICS) software, ver-
sion 3.0.0.249. Backscattered electron (BSE) imaging
contrast and brightness were adjusted on gold metal
and epoxy. The Particle Mapping method was used
with 512 x 512 pixel imaging resolution, 1.536 mm
field of view, and ~4 s acquisition time per frame
(corresponding to a pixel size of 3 x 3 um?). In addi-
tion, a Gatan PanaCL-F detector on the same SEM
instrument was used to acquire a cathodolumines-
cence (CL) image of a single zircon inclusion. This
zircon inclusion was later analyzed by LA-ICP-MS
and subjected to uranium-lead dating.

Trace Element Analysis and Geochronological Dating.
Trace element analyses (ppm to ppb levels) of 10
samples (BMS-001, BMS-003, BMS-007, BMS-009,
BMS-014, BMS-023, BMS-024, BMS-025, BMS-028,
and BMS-093) were conducted using LA-ICP-MS at
GIT. The system paired an iCAP RQ ICP-MS with
an NWR-213 LA device operating at a wavelength of
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213 nm. The laser conditions included a 55 pm diam-
eter laser spot size, a fluence of ~10 J/cm?, and a
repetition rate of 10 Hz. Three spots were analyzed
for each sample. The ICP-MS was operated at a for-
ward power of ~1550 W, with a typical helium carrier
gas flow of 0.75 L/min and an argon plasma gas flow
of 14 L/min. Calibration was performed using NIST
612 and NIST 610 glasses as external standards and
aluminum as the internal standard. Total acquisition
time was 120 s: 30 s of laser warm-up, 60 s of ablation
time, and 30 s of washout, with a 0.03 s integration
time. Masses for the following isotopes were meas-
ured: °Be, Mg, +'Ti, °'V, %Cr, >’Fe, and “Ga.

Sapphire sample BMS-019, which contained the
single zircon inclusion (identified by SEM-AMICS),
was further analyzed at the Center for Ore Deposit
and Earth Sciences (CODES), University of Tasmania.
This analysis used an ASI RESOlution S-155 ablation
system with a Coherent COMPexPro 110 argon-fluo-
rine excimer laser (193 nm wavelength and 20 ns pulse
width), coupled to an Agilent 7900 quadrupole ICP-
MS. Details of additional analytical conditions are
described in Thompson et al. (2018).

Each analysis on the zircon began with a blank
gas measurement, followed by 30 s of analysis time
once the laser was switched on. Ten laser spots were
ablated using a 30 pum spot diameter, a 5 Hz repeti-
tion rate, and an energy density of ~2 J/cm?. Ablation
was performed in a helium atmosphere with a flow
rate of 0.35 L/min. The ablated particles and helium
gas were mixed with argon gas flowing at 1.05 L/min
and nitrogen gas at 2.5 mL/min, respectively, before
being carried to the plasma torch. The following iso-
topes were measured: 3'P, ¥Ti, *Fe, Y, *'Zr, *Nb,
1393 140Ce, Py, 146Nd, 47Sm, 3Eu, '5'Gd, Tb,
16Dy, 165Ho, 166Ky, 1€Tm, 72Yb, 75Lu, 7SHf, 18Ta,
204Ph, 206Ph, 297Ph, 208Pb, 282Th, and 2%U. Each isotope
was measured every 0.25 s except for the lead iso-
topes, which were measured with a longer counting
time of 0.75 s.

Data reduction was performed using LADR soft-
ware (Halpin et al., 2014; Norris and Danyushevsky,
2018). For each analysis, a subset was selected for quan-
tification. Corrections for downhole fractionation,
instrument drift, and mass bias for lead-to-uranium
ratios were calculated using zircon 91500, a commonly
used reference material for uranium-lead chronology
(Wiedenbeck et al., 1995). Instrument drift and mass
bias correction factors for the 27Pb/?%Pb ratio were cal-
culated using the lead isotopic values of NIST 610 glass
(Baker et al., 2004). Trace element abundances in the
zircon were calibrated using NIST 610 glass (Jochum
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et al., 2011), with *'Zr as the internal standard ele-
ment and assuming stoichiometric proportions for
zircon. The zircon 91500 and the NIST 610 glass cal-
ibration standards were analyzed in duplicate at the
beginning, end, and every 60 minutes throughout the
analytical session.

The calibration of the uranium-lead ages was vali-
dated using two standards: the Temora-2 reference
zircon (Jochum et al., 2011) and the Plesovice refer-
ence zircon (Black et al., 2003), both of which were
treated as unknowns. The Temora reference zircon
had a measured age of 415.2 + 2.4 Ma (95% confi-
dence, mean square weighted deviation = 0.40,
probability = 0.98) and a published age of 416.8 + 1.1
Ma by thermal ionization mass spectrometry (TIMS)
(Jochum et al., 2011). The PleSovice reference zircon
had a measured age of 337.7 + 2.0 Ma (95% confi-
dence, mean square weighted deviation = 0.36,
probability = 0.91) and a published TIMS age of 337.1
+ 0.4 Ma (Sldma et al., 2008).

Trace element abundances measured in the zircon
91500 (calibrated with NIST 610) were within the
range of reported values from the GeoReM database.
Uraniume-lead isotopic data were corrected for com-
mon lead using the model lead composition of Stacey
and Kramers (1975). Chondrite normalization was
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applied using the values from Sun and McDonough
(1989) for trace element analyses and data handling.

Tera-Wasserburg concordia plots of 23U /2%Pb ver-
sus 2"Pb/?%Pb were generated using an in-house
application designed by CODES. The Tera-Wasser-
burg concordia plot is a graphical method used in
uranium-lead geochronology to interpret isotopic
data, particularly for the mineral zircon. It was intro-
duced by F. Tera and G.J. Wasserburg in 1972 as a
more precise way to display and correct radiogenic
lead loss in uranium-lead isotopic systems. This app
was written in R, utilizing IsoplotR software (Ver-
meesch, 2018). Since the analyzed ages obtained from
all 10 laser spots were <1.5 Ga, 2°°Pb/**Pb ages are
reported, with no 2°’Pb correlation age.

RESULTS

Gemological Properties. The samples ranged from
light blue to blue to violet blue. They had an RI of
1.760-1.768 (birefringence 0.008) and SG values rang-
ing from 3.99 to 4.10. Nearly all the samples were
inert to both long- and short-wave UV radiation
because of their high iron trace element content
(again, see table 1). Most showed distinct pleochro-
ism under a dichroscope, though pleochroism was
very weak and indistinct in some cases.

g Figure 7. Internal features in
sapphires from Baw Mar. A:
Multiple twinning (sample
BMS-003). B: Twin planes

1 with epigenetic boehmite
imprints (BMS-003). C: Thin
films displaying iridescence
| in oblique illumination

_ (BMS-006). D: Healed fis-
sures filled with iron oxide
fragments (BMS-011), shown
in oblique and darkfield illu-
mination. Photomicrographs
by Arkar Moe Myint; fields
of view 2.15 mm (A), 1.79
mm (B), 1.89 mm (C), and
1.04 mm (D).
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Figure 8. More internal features in sapphires from Baw Mar. A: Colorless negative crystals and whitish stringers (sample
BMS-007). B: Two-phase fluid inclusions (BMS-012). C: Multi-phase inclusions (BMS-016). D: Fluid fingerprints

(BMS-016), shown in oblique and darkfield illumination. Photomicrographs by Arkar Moe Myint; fields of view 1.65 mm
(A), 0.75 mm (B), 0.97 mm (C), and 2.38 mm (D).

Internal Features. Microscopic observation revealed
that the Baw Mar samples shared many of the inclu-
sions seen in “classic” Mogok blue sapphires
(Themelis, 2008; Giuliani et al., 2014; Hughes et al.,
2017). Under magnification, the samples frequently
showed multiple twin planes, usually observed
oblique to the sample surfaces (figure 7A). Whitish
epigenetic boehmite imprints were found along with
many fractures (figure 7B). Tabular negative crystals
surrounded by iridescent thin films were often
observed (figure 7C). Some of the healed fissures were
filled with orange iron oxide fragments and showed
unusual colors along the fractures (figure 7D).

Most of the samples contained colorless, distinct
negative crystals, and some exhibited arrays of
whitish stringers (figure 8A). Two-phase fluid and
multi-phase inclusions were also abundant (visible
with oblique illumination) and could be mistaken
for solid inclusions (figure 8, B and C). Fluid finger-
prints, which are common in sapphires from the
Mogok Stone Tract, were found in many samples
(figure 8D).
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Several types of solid inclusions were seen in the
Baw Mar blue sapphires. The most common of these
were zircon, unidentified opaque black crystals,
feldspar, and mica. Reddish brown short needles
(probably rutile) were frequently observed with large
fluid fingerprints (figure 9A). Transparent, irregularly
shaped, and colorless crystals of feldspar were com-
monly associated with both parallel brownish and
dark green micas (magnesium biotite). Some tabular
negative crystals were associated with clouds of
platy brown mica (figure 9B). Also observed were
three-directional sets of short, silk-like ilmenite nee-
dles (figure 9C). Transparent colorless crystals of
zircon appeared as either single crystals or in clus-
ters, usually with fingerprints or tension fractures
(figure 9D).

Raman Spectroscopy. The Baw Mar samples dis-
played Raman shifts consistent with those of
sapphires from across the Mogok region. This sug-
gests that Raman spectroscopy has a limited role in
determining the specific origin of Burmese sapphires.
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Figure 9. Solid inclusions in sapphires from Baw Mar. A: Reddish brown short rutile needles (identified by Raman)
associated with a fluid fingerprint in sample BMS-025. B: Transparent, irregular-shaped, and colorless alkali feldspar
(indicated by arrows) associated with brownish and platy dark green mica (magnesium biotite) in sample BMS-039.
C: Three-directional sets of short, silk-like ilmenite needles in sample BMS-099 (identified by Raman). D: Arrays of
zircon inclusions with tension halos and fractures in sample BMS-019, shown in oblique and darkfield illumination.
Photomicrographs by Arkar Moe Myint; fields of view 0.87 mm (A), 1.66 mm (B and D), and 3.45 mm (C).

UV-Vis-NIR Spectroscopy. UV-Vis-NIR spectra were
very similar across the entire set of samples. Exam-
ple UV-Vis-NIR spectra from sample BMS-014

(figure 10) exhibited prominent Fe®* absorption fea-
tures, with a significant shoulder at 330 nm and
distinct peaks at 377, 388, and 450 nm. Notably, the

peak at 388 nm is higher than the 377 nm peak in
the o-ray, while the opposite is observed in the e-ray.
Additionally, a broad band centered at 580 nm in the

UV-VIS-NIR SPECTRA o-ray and at 700 nm in the e-ray can be attributed to

;'; 20 Fe?*-Ti* intervalence charge transfer. Moreover, the
S 184 o-ray spectrum displays a weak broadband at about
Z 164 870 nm, associated with Fe?/Fe* clusters (Kan-
L . .

o ™7 Nyunt et al., 2013). Unlike other classic Mogok
£ 121 sapphires, the Baw Mar samples display high Fe?*
S 107 absorption peaks in the violet and blue regions, and
z 8 most also show an intense shoulder near 340 nm.
E L

= 4

Q o Figure 10. Polarized UV-Vis-NIR spectra of sample

2 o . . . : . . . ] BMS-014, with inset color-calibrated polarized photos

250 350 450 550 650 750 850 950 1050
WAVELENGTH (nm)

of the beam path area (blue and light greenish blue
dichroism). The 0.25 ct sample has an optical path
length of 2.234 mm.
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. Ttn:

The intensity of the Fe?*/Fe3* bands in the near-
infrared region varies significantly and can
sometimes be mistaken for the spectra of basaltic
sapphires (Kan-Nyunt et al., 2013).

SEM-EDS. SEM-EDS automated mineralogical analy-
ses identified molybdenite, chlorite, baddeleyite,
hercynite, and pyrite as associated minerals. The
BSE images and mineral maps are shown in figures
11 and 12.

LA-ICP-MS. The results of LA-ICP-MS trace ele-
ment analyses for 10 blue sapphires from Baw Mar
are summarized in table 2. Sample BMS-093 had
distinctly different trace element ranges than the
other nine samples, and therefore this sample has

=

Kan/ Pl \Ms—llm
. -

S
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Sapphire
Quartz

B K-feldspar (Kfs)

m Alkali-feldspar
Albite (Ab)

B Plagioclase
Biotite (Bt)
Biotite-Fe
Muscovite-illite

Figure 11. SEM-BSE image
and AMICS mineral map
of albite, K-feldspat, kaoli-
nite, chlorite, titanite, and
biotite mineral inclusions
in the matrix of sample

A Kaolinite-dickite (Kan)

. m Chlorite (Chl) BMS-039.

M Chlorite-Fe
Titanite (Ttn)

100 ym

been excluded when discussing ranges. All of them
exhibited relatively high iron contents, ranging
from 944 to 2880 ppm. Magnesium content in most
samples was low, ranging from 5.8 to 12.5 ppm,
while gallium concentrations were moderate at 36.9
to 64.2 ppm. Vanadium concentrations were gener-
ally low, with values ranging from below the
detection limit (bdl) to 0.95 ppm. Titanium varied
from low to moderate levels of 7.2 to 92.0 ppm.
Chromium levels were predominantly below the
detection limit. Trace amounts of tungsten were
detected in most of the samples but were insignifi-
cant. Other high field strength elements (including
zircon, niobium, tin, hafnium, tantalum, and tho-
rium) were in most cases either below detection
limits or only slightly above.

Sapphire

Quartz

K-feldspar
Alkali-feldspar

Albite

u Plagioclase (Pl)
Biotite

Biotite-Fe
Muscovite-illite (Ms-llm)
Kaolinite-dickite (Kan)
Chlorite

Chlorite-Fe

Titanite

Hercynite (Hc)

Zircon (Zrn)
Baddeleyite

Figure 12. SEM-BSE images
and AMICS mineral maps
of hercynite, plagioclase,
kaolinite, muscovite-illite,
and zircon mineral inclu-
sions in the matrix of
sample BMS-019.

A
100 pm
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TABLE 2. Trace element chemistry (in ppm) of blue sapphires from Baw Mar, measured by LA-ICP-MS.

Sample no. Be Mg Ti \% Cr Fe Ga w Ga/Mg
bdl2 6.17 20.0 0.93 bdl 2666 59.1 2.9 9.58
BMS-001 bdl 7.05 13.2 0.80 0.1 2480 63.8 3.0 9.04
bdl 7.01 7.2 0.78 2.1 2606 60.1 2.9 8.58
bdl 11.48 29.5 0.28 bdl 2702 55.6 2.9 4.84
BMS-003 bdl 12.52 39.1 0.65 bdl 2816 64.2 2.9 5.13
bdl 11.76 25.2 0.54 0.8 2830 63.2 3.0 5.37
bdl 5.82 9.2 0.28 bdl 2455 49.6 2.9 8.53
BMS-007 bdl 5.98 16.4 0.64 bdl 2316 47.2 2.9 7.90
bdl 12.12 26.0 0.61 bdl 2431 49.6 2.9 4.09
bdl 7.63 11.9 0.25 bdl 2461 56.7 2.9 7.44
BMS-009 bdl 8.09 7.2 0.54 bdl 2657 54.1 2.9 6.69
bdl 6.72 13.5 0.41 bdl 2336 55.9 3.0 8.32
bdl 7.29 23.9 0.76 bdl 2634 43.5 2.9 5.98
BMS-014 bdl 7.94 20.2 0.52 0.8 2588 48.5 2.9 6.11
bdl 8.62 13.7 0.71 bdl 2608 50.6 2.9 5.87
bdl 7.83 15.3 0.49 bdl 2880 47.8 2.9 6.10
BMS-023 bdl 7.79 92.0 0.81 bdl 2972 49.0 2.9 6.30
bdl 8.20 15.9 0.60 14.8 2809 47.6 2.9 5.80
bdl 10.14 25.2 0.77 bdl 2549 52.1 2.9 5.14
BMS-024 bdl 8.79 43.0 0.76 0.6 2708 50.3 3.0 5.72
bdl 8.11 30.5 0.62 bdl 2612 45.6 2.9 5.62
bdl 7.30 20.2 0.81 bdl 2459 37.1 3.0 5.09
BMS-025 bdl 7.23 34.6 0.95 0.7 2456 36.9 2.9 5.10
bdl 7.14 23.7 0.79 bdl 2611 37.8 2.9 5.29
bdl 6.68 18.5 0.81 bdl 2629 46.6 2.9 6.97
BMS-028 bdl 8.18 21.7 0.89 bdl 2610 47.7 2.9 5.83
bdl 6.89 15.5 bdl bdl 2499 44.1 2.9 6.40
bdl 59.34 175.3 27.41 5.2 944 60.8 3.0 1.03
BMS-093 0.98 70.47 160.9 29.34 4.8 959 60.7 2.9 0.86
bdl 61.01 194.3 30.45 5.0 980 69.9 2.9 1.15
:?;ﬁfc(gg:]) 0.5 0.04 0.9 0.04 0.4 3 0.1 0.4 —
bdl = below detection limit.
Note: Zr, Hf, Ta, and Th were analyzed but below detection limits, and they are not presented in the table.
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Geochronological Data of a Zircon Inclusion. Ten
laser ablation spots were analyzed to measure the ura-
nium and lead isotope ratios and the trace element
content of the zircon inclusion in sample BMS-019,
focusing on the zoning from the rim to the bright
core observed by CL imaging. The zircon inclu-
sion’s morphology revealed a euhedral prismatic
shape with smooth outlines. CL imaging displayed
well-defined growth structures (figure 13), allowing
the identification of two distinct age groups. The
older age group is characterized by concentric zircon

Figure 13. Cathodolumi-
nescence image of a single
zircon inclusion in sample
BMS-019, showing the
locations of the 10 laser
ablation spots. Spot 1 is
likely due to metamorphic/
metasomatic overprint at
40 Ma. The other ages of
54 to 65 Ma on the zircon
rims represent the age of
the sapphire formation.

rims with overgrown, optically disrupted younger
zircon layers. These zircon cores exhibit short pris-
matic shapes, with dimensions typically ranging
from 20 to 27 pm. Fine oscillatory zoning, which
represents the youngest growth phase of the inclu-
sion, is often altered and replaced by irregular, dark
to bright patches or indistinct gray areas within the
zircon structure.

The oldest age, corresponding to the rim analy-
ses from spots 2 to 10, ranges between 54.1 + 1.6
Ma and 65.4 + 1.8 Ma. The youngest age was

GEOCHRONOLOGICAL CONCORDIA PLOT

0.060 4

Mean = 59.72
MSWD = 2.3

+0.74 Ma

1p=0.06
0.055 ) )
Single grain age:
54.11 = 1.46 Ma

0.050 -

45

207Pb/206Pb

Figure 14. Geochronological
concordia plot of analyses
from the zircon inclusion
in sample BMS-019, show-
ing the ages of populations
from the oldest age group.
Spot 1 is shown in figure 13
as a bright patch with a
homogeneous texture indi-
cating a lead loss, which is
likely due to metamorphic/

Single grain age:
39.54 +1.36 Ma

N Spot 2
younger single
grain age

0.045

70
Spots8 -10 W

slightly older rims
pots 3-7

older populations

0.040

metasomatic overprint at
40 Ma. The other ages of 54
to 65 Ma on the zircon rims
represent the age of the
sapphire formation. MSWD
= mean square of weighted
deviates; p = probability

—

\
Spot 1
Pb loss

T T
100 120 140
238 J/206p}y
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obtained from spot 1, a CL-bright interior domain
of the zircon inclusion, yielding a concordia age of
39.54 + 1.36 Ma (figure 14). Among all analyzed
spots, spot 1 shows the lowest total lead concentra-
tion. While its overall pattern is consistent with
the other zircon spots, the lower absolute lead
abundance and its anomalous young age may
reflect a metamorphic/metasomatic overprint
event resulting in potential lead loss, or partial
metamictization, as suggested by Xu et al. (2012).
For a summary of the zircon inclusion’s uranium-
lead dating results, see supplementary table S1
(https://www.gia.edu/gems-gemology/summer-
2026-sapphires-from-baw-mar).

Chondrite-normalized rare earth element (REE)
concentrations of the 10 spots are presented in sup-
plementary table S2, and the corresponding spider
plot is shown in figure 15.

The 10 spots from the zircon inclusion display a
steep positive slope from light to heavy REEs, with
strong enrichment of heavy REEs and significant
depletion in light REEs. These patterns are consis-
tent with zircon crystallization from a silicate melt,
as zircon preferentially incorporates heavy REEs due
to their smaller ionic radii and higher charge com-
patibility into the zircon lattice structure (Hoskin
and Schaltegger, 2003). A positive cerium anomaly
and a negative europium anomaly are pronounced in
all sampled spots. The positive cerium anomaly

results from the oxidation of Ce** to Ce* under oxi-
dizing magmatic conditions, which enhances its
compatibility in zircon compared to trivalent REEs.
The negative europium anomaly indicates plagio-
clase fractionation during magma evolution, where
Eu?* is removed preferentially, leaving the melt, and
subsequently the zircon, depleted in europium (e.g.,
Belousova et al., 2002; Sutthirat et al., 2020).

The uniformity in spider plot shapes across all
Spots suggests a common magmatic origin and sup-
ports the interpretation that these =zircons
crystallized from a syenite to syenite-pegmatitic
melt. This is consistent with field observations of
pegmatitic textures and their close genetic associa-
tion with the formation of blue sapphire in Baw Mar.

Thus, the REE distribution and chondrite-nor-
malized REE patterns provide strong evidence for a
magmatic origin of the zircon inclusion, consistent
with high-temperature crystallization and preserva-
tion of its primary geochemical signature.

DISCUSSION

Origin of Baw Mar Sapphire. It is widely accepted that
sapphire deposits are formed through metasomatic,
metamorphic, or magmatic processes. In small-scale
metasomatism, desilication reactions occur primarily
between silico-aluminous rocks (e.g., pegmatites and
gneisses) and silica-poor rocks (e.g., ultramafic rocks

CHONDRITE-NORMALIZED REE PATTERNS

10

Spot 1 Spot 6
Spot 2 —e— Spot 7
10° Spot 3 —— Spot 8
Spot 4 —— Spot 9

ZIRCON/CHONDRITE

Figure 15. Chondrite-
normalized REE patterns
of the zircon inclusion in
sample BMS-019. Chon-
drite data from Sun and
McDonough (1989).
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TERNARY DIAGRAM

Fe

Magmatic

50% 50%

Metamorphic

Mg x 100 50% Tix 10
Figure 16. This ternary diagram of Fe vs. (Mg x 100) vs.
(Ti x 10) shows that almost all of the sapphires analyzed
(except BMS-093) fall within the magmatic field. Modified
from Peucat et al., 2007.

and metacarbonates). These reactions result in the
formation of sizable sapphire deposits (Sutherland and
Coenraads, 1996; Simonet et al., 2008; Sutherland and
Abduriyim, 2009; Sutherland et al., 2009, 2015; Giu-
liani et al., 2014; Harris et al., 2017; Wonget al., 2017;
Sutherland and Zaw, 2020).

The iron-magnesium-titanium ternary diagram
proposed by Peucat et al. (2007) shows that most Baw
Mar sapphires, including those with moderately high
magnesium contents, plot consistently within the
magmatic field. The exception is sample BMS-093,
which lies near the edge of the magmatic domain
(figure 16). The gallium-to-magnesium ratios, rang-
ing from approximately 6 to 10, are broadly
consistent with sapphires formed from alkaline mag-
mas (Sutherland et al., 2009; Giuliani et al., 2014,
Palke et al., 2019) such as syenites or alkali basalts.

Initially, a few samples that plot near or slightly
within the metamorphic field on the iron versus gal-
lium-to-magnesium ratio diagram (figure 17) were
thought to reflect a later tectono-metamorphic over-
print. However, upon further evaluation, the authors
found no mineralogical, inclusion-based, or textural
evidence (e.g., growth zoning, recrystallization tex-
tures, or associated metamorphic minerals) to
support this hypothesis. Instead, the trace element
variations appear to result from magmatic hetero-
geneity, possibly related to melt evolution, fractional
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Figure 17. This Fe vs. Ga/Mg plot also indicates that
most of the sapphire samples fall within the magmatic
field. Modified from Peucat et al., 2007.

crystallization, or minor interaction with metaso-
matic fluids within the intrusive host rocks.

This interpretation is supported by recent work
by Belley et al. (2025), which demonstrated that trace
element fields for magmatic sapphires can overlap
with those traditionally considered metamorphic,
especially when corundum crystallizes from partially
molten systems. The findings from that study chal-
lenge the sharp dichotomy between magmatic and
metamorphic geochemical fields, arguing for a more
nuanced understanding, particularly in alkali-rich,
low-silica systems, where corundum stability is sen-
sitive to small compositional shifts. Therefore, the
observed geochemical signatures in Baw Mar sap-
phire are best explained by formation in a magmatic
system, likely linked to syenitic pegmatite intru-
sions, with internal chemical variability rather than
metamorphic overprinting. This conclusion is con-
sistent with field geology and previous studies that
identify Baw Mar as a magmatic-related sapphire
deposit (Kan-Nyunt et al., 2013; Soonthorntantikul
etal., 2017).

Microscopic observations of blue sapphires from
Baw Mar revealed a broad range of internal features,
many of which are consistent with those found in
classic Mogok sapphires mined elsewhere within the
region. However, several notable differences suggest
distinct geological conditions during crystal growth
and post-crystallization history.
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Multiple oblique twinning planes are prominent
in Baw Mar sapphire. Such twinning planes are sim-
ilar to those described in classic Mogok and Sri
Lankan sapphires, but generally absent in Thai and
Australian samples (Hughes et al., 2017; Soonthorn-
tantikul et al., 2021). Healed fissures filled with iron

oxide fragments, likely resulting from alteration of
sulfide inclusions, are common in Baw Mar sapphire
and occasionally found in classic Mogok and Sri
Lankan sapphires, but rarely reported in samples from
Thailand and Australia, as summarized in table 3
(Ferguson and Fielding, 1971; Hughes and Win, 1995;

TABLE 3. Comparison of internal features of sapphires from Baw Mar and other deposits.

Internal characteristics Baw Mar Baw Mar “Classic” Mogok Sri Lanka Thailand Australia
(this study)
Multiple twinning Abundant Abundant Abundant Frequent nd? Rare
Healed fissures with Abundant Frequent Abundant Rare nd nd
Fe-oxide
Short rutile needles
(three directions) Frequent Frequent Abundant nd nd nd
Long rutile silks nd nd Rare Abundant Frequent Abundant
U6l e o Frequent® nd nd nd nd nd
ilmenite silk
Stressed fractures nd Rare nd Rare Abundant Frequent
fRectlImgar #18zag nd Rare nd Abundant nd Rare
ingerprints
Negative crystals Abundant Abundant Abundant Abundant Frequent Frequent
Fluid fingerprints Abundant Abundant Abundant Abundant Abundant Abundant
K-feldspar Abundant Frequent Frequent Rare Rare nd
Gahnospinel nd nd Rare Rare nd nd
Green mica
(probably Mg-biotite) Abundant Rare Rare Frequent Rare nd
Zircon Frequent Frequent Frequent Abundant Rare Frequent
Pyrochlore nd nd nd nd Abundant Abundant
Pyrite Rare Rare Rare Abundant Rare Rare
Rutile/titanite/monazite Abundant Frequent Abundant Abundant Rare Rare
Molybdenite Rare nd Rare Frequent nd Rare
Chlorite/hercynite Rare nd nd nd nd nd
Baddeleyite Rare nd Rare nd nd nd
Giibelin and Sutherland and
Koivula (2005); Hughes et al Coenraads
Kan-Nyunt et al.  Themelis (2008); (201 7% Palke et'al Saeseaw et al. (1996);
Reference — (2013); Chen etal.  Hughes et al. (201’9)_ Palke * (2017); Palke  Sutherland et al.
(2021) (2017); (20’20) (2020) (2009); Palke et
Soonthorntantikul al. (2019); Palke
etal. (2021) (2020)

and = not detected.

bNew finding from this studly.
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Abduriyim and Kitawaki, 2006; Themelis, 2008;
Chitty, 2009; Zwaan et al., 2015; Saeseaw et al., 2017;
Palke, 2020; Soonthorntantikul et al., 2021).

A critical observation from this study of sapphires
from Baw Mar is the presence of needle-like inclu-
sions aligned in three crystallographic directions
(again, see figure 9C). These inclusions are morpho-
logically similar to classic rutile silk, which is well
documented in sapphires from Mogok, Sri Lanka,
and Australia (Giuliani et al., 2014; Hughes et al,,
2017; Saeseaw et al., 2017; Soonthorntantikul et al.,
2017). However, Raman spectroscopy confirmed that
these fine needle-like inclusions forming silk pat-
terns in several Baw Mar sapphires are composed of
ilmenite, not rutile. The ilmenite needles are
arranged in three distinct crystallographic directions,
resembling traditional rutile silk but representing a
novel ilmenite-based silk morphology. This struc-
tural alignment was observed in ~60% of the highly
included samples in this study. Short needle-like
ilmenite has previously been described as particles
or platelets (Soonthorntantikul et al., 2017). How-
ever, three-directional ilmenite needles have not
been previously reported as ilmenite silk in either
Baw Mar or other Mogok sapphires. The authors
therefore propose the term three-directional ilmenite
silk, which may indicate a unique crystallization
environment or exsolution mechanism distinct from
other sapphire localities (Kan-Nyunt et al., 2013;
Soonthorntantikul et al., 2017; Palke et al., 2019;
Chen et al., 2021).

Other inclusion types observed in Baw Mar sap-
phire—short rutile needles, fluid fingerprints,
negative crystals, and multi-phase fluid inclusions—
are common features in Mogok and Sri Lankan
sapphires. Long rutile silk, which is abundant in Sri
Lankan and Australian sapphires, was absent in the
Baw Mar samples. Solid inclusions such as zircon,
feldspar, biotite, fuchsite, and occasionally molyb-
denite, chlorite, baddeleyite, hercynite, and
pyrite—identified only by SEM-AMICS and assumed
to be associated mineral inclusions—further support
an igneous or metasomatic origin, consistent with
field evidence indicating a pegmatitic or syenitic host
rock for Baw Mar sapphire.

The absence of gahnospinel, a common inclusion
in Mogok and Sri Lankan stones, and the presence of
rare mineral inclusions in Baw Mar specimens high-
light the geological uniqueness of this deposit. These
micro-features, particularly the three-directional
ilmenite silk, may offer an important microanalyti-
cal fingerprint for origin determination and advance
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our understanding of sapphire formation in peg-
matitic-syenite-related geological settings.

Timing of Baw Mar Sapphire Formation. The forma-
tion of rubies in the Mogok area is believed to have
occurred between approximately 32 and 17 Ma,
likely linked to high-grade regional metamorphism.
Uranium-lead dating of titanite inclusions in
Mogok ruby yielded ages of 31-32 Ma, correspon-
ding to the Oligocene (Link, 2016; Zaw et al., 2017).
Similarly, secondary ion mass spectrometry (SIMS)
uranium-lead dating of titanite from the host mar-
ble provided ages of 25.15 + 0.24 Ma and 25.06 =
0.22 Ma (Zhang et al., 2021). At the Le Oo mine,
uranium-lead titanite ages from ruby-bearing mar-
bles and meta-skarns were determined to be 21 Ma
(Searle et al., 2020). Furthermore, uranium-lead
ages of zircon inclusions in gem-quality ruby and
spinel were found to be 22.26 + 0.36 Ma and 22.88
+ 0.72 Ma, respectively, while zirconolite yielded
uranium-lead ages ranging from approximately 35
Ma to 17 Ma (Phyo et al., 2020).

In contrast, the timing of sapphire formation in
the Mogok region remains less constrained. Searle
et al. (2020) reported a wide age range from Jurassic
(170-168 Ma), the late Cretaceous to early Pale-
ocene (~68-63 Ma), and late Eocene-Oligocene
(44-21 Ma) for syenite intrusions in the Mogok
area. Min (2016) determined a uranium-lead zircon
age of 57.81 + 0.5 Ma (Lower Paleocene) for the sap-
phire-bearing nepheline syenite in the Ondan area,
40 km west of the Mogok area. Shi et al. (2021)
concluded SIMS uranium-lead dating of acicular
rutile inclusions in sapphire at 13.43 + 0.92 Ma,
and furnace step-heating *°Ar/3°Ar dating of moon-
stone (antiperthite) in syenites from the MMB
yielded ages of 13.43 + 0.92 and 13.55 + 0.08 Ma.
The rutile ages seem to reflect the remobilization
of titanium during metamorphism rather than the
actual timing of Mogok sapphire formation. Link
(2016) reported a uranium-lead age of 26-27 Ma,
while Elmaleh et al. (2019) documented a ura-
nium-lead age of 67 Ma for zircon inclusions in
Mogok sapphires. However, neither study includes
sufficiently detailed information on sample prove-
nance, geographic coordinates, or spatial
distribution in contrast to this research. In this
study, uranium-lead isotopic data from the zircon
inclusion in Baw Mar sapphire BMS-019 also
revealed an unexpected reverse age zoning
sequence. The core (spot 1) recorded the youngest
age of 39.54 + 1.36 Ma, while the other spots
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yielded older ages (54-65 Ma). In a simple mag-
matic setting, one would observe the oldest ages at
the core, reflecting outward growth of zircon dur-
ing melt crystallization.

One well-documented mechanism for a reverse
age zoning sequence is the selective loss of lead from
metamict cores via hydrothermal fluids. These
metamict zones in zircon, which are amorphous or
highly disordered, are caused primarily by radiation
damage from high concentrations of naturally incor-
porated uranium and thorium within the crystal
structure. Over time, alpha decay of these radioactive
elements causes cumulative damage to the zircon
crystal lattice, leading to the development of a per-
forated internal structure and microcracks and
creating pathways for rapid fluid ingress (Xu et al.,
2012) (again, see figure 17).

Radiogenic Pb* in these damaged sites is reduced
to Pb** by reducing fluids and is leached out (Geisler et
al., 2001; Xu et al., 2012). Comparing the total lead
concentrations (in ppm) of spot 1 and spots 2-10 shows
a suspiciously young Pb/>*U age in the core, while
less altered rims preserve the actual crystallization age.

In sodalite syenite from Ejinao, the type locality
in south China (Xu et al., 2012), cores were found to
be up to ~5 Ma younger than the rims, directly
attributed to fluid-induced lead depletion. By anal-
ogy, the 39.5 Ma age in BMS-019’s core likely reflects
hydrothermal overprinting rather than a genuine late
crystallization event.

Therefore, the range of ages from the nine spots not
in the center of the zircon is interpreted as represent-
ing the primary magmatic crystallization interval for
this tested zircon (and by extension, the host sapphire)
during the Baw Mar syenitic pegmatite formation.

An alternative but not mutually exclusive expla-
nation is secondary zircon recrystallization, whereby
a younger zircon growth phase infills along cracks or
replaces older cores during a later thermal or meta-
somatic (hydrothermal) pulse (Rubatto, 2002; Geisler
et al., 2007). However, the bright patch (or bright
phase) in the zircon grain with a 40 Ma age determi-
nation has a homogeneous texture (spot 1) and is
therefore consistent with later metamorphic/meta-
somatic overprint (again, see figures 13 and 14).

Hence, the pronounced reversal of age zoning and
the known fluid-rich environment strongly favor a
lead-loss model. Therefore, the authors propose that
the ages ranging from 54.1 + 1.6 Ma to 65.4 + 1.8 Ma,
observed in the neatly zoned regions of the zircon,
represent the actual timing of sapphire formation in
the Baw Mar area.
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CONCLUSIONS

The Baw Mar area is located in the high-grade
Mogok Metamorphic Belt, which hosts numerous
primary and secondary ruby and sapphire deposits,
along with those of several other gems. The sap-
phires at Baw Mar are hosted in syenitic pegmatite
that intruded the Proterozoic metamorphic rock
sequence. The sapphire sizes range from 2 to 8 mm,
with some reaching up to 15 cm (figure 18). Most of
the Baw Mar sapphires exhibited internal character-
istics that are largely consistent with those
documented in previous studies of sapphires from
other Mogok origins.

The most common syngenetic inclusions found
in the studied Baw Mar sapphires were fluid finger-
prints, as well as two-phase fluid and multi-phase
inclusions. Epigenetic inclusions typically mani-
fested as boehmite and iron oxide imprints in
healed fissures. Furthermore, colorless potassium-
feldspar, brownish biotite mica, greenish mica,
zircon, rutile, apatite, and ilmenite were observed
as protogenetic mineral inclusions, identifiable
with microscopy and Raman spectroscopy. An
important feature observed in the samples consisted
of three-directional ilmenite silk, which may offer
a microanalytical fingerprint for origin determina-
tion and advance the knowledge of sapphire

Figure 18. High-quality natural rough sapphires recently
mined from the Baw Mar area, Mogok, Myanmar, ranging
from approximately 5.0 x 3.5 x 4.7 mmto 17.4 x 6.6 x 5.6
mm. Photo by Arkar Moe Myint.
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formation in pegmatitic-syenite-related geological
settings. According to SEM-AMICS data analysis,
biotite, magnesium biotite, chlorite, iron hydroxide,
hercynite, pyrite, baddeleyite, and rutile were
observed as associated minerals.

Uranium-lead dating ranging from 54.11 + 1.6
Ma to 65.39 = 1.77 Ma, observed in the well-defined
zoning of the zircon inclusion in sample BMS-019,
are interpreted as representing the timing of sap-
phire formation in Baw Mar. The trace element
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POLICY-DRIVEN SUSTAINABILITY IN CHINA'S
FRESHWATER PEARL CULTURING INDUSTRY

Qishen Zhou, Yalan Xu, Deyi Xu, Jingping Hu, and Mancun Zhao

China, an early pioneer in pearl trading and culturing, is the world’s leading producer of freshwater cultured
pearls in terms of volume, industry scale, and supply chain integration. However, the industry continues to
occupy lower tiers of the global value chain, with limited access to value-added activities. Pearl culturing is
characterized by a volume-driven growth trap—high output, but with low profitability and value addition. This
article systematically traces the evolution of Chinese freshwater pearl culturing since 1949, categorizing it into
four phases—exploration and development, rapid expansion, regulation, and sustainable development—and
further analyzes the impact of environmental regulations. Despite initial challenges such as a reduction in the
number of culturing sites, water use restrictions, and income losses for pearl culturing stakeholders, these
policies have catalyzed a transition from unsustainable practices to eco-friendly models. Additionally, sustainable
transformation pathways are discussed, with a focus on eco-conscious culturing techniques, quality-driven value
enhancement, and cross-sector integration. Lastly, possible future directions for China’s freshwater pearl
culturing industry are explored, highlighting supply-demand dynamics, development drivers, empowerment
strategies, and foundational safeguards. The study aims to provide evidence-based insights and policy-relevant
recommendations that can inform sustainable aquaculture transitions worldwide, particularly in countries with
comparable industry structures and environmental constraints or those undergoing rural ecological restoration.

he earliest records of freshwater pearl cultur-
ing in China date back to the Song Dynasty
(960-1279 ck) (Pang, 1958). During the Ming
Dynasty (1368-1644), maritime bans and ecological
degradation led to the loss of organized and docu-
mented culturing techniques (Liao, 2012; Yang and
Zhang, 2016). Systematic exploration of freshwater
pearl culturing techniques resumed shortly after the
founding of the People’s Republic of China in 1949.
By 1962, China produced its first batch of non-bead
cultured (NBC) pearls, marking the inception of mod-
ern freshwater pearl culturing (G.F. Zhang, 2004).
Following the launch of the “Reform and Open-
ing Up” policy in 1978, which liberalized China’s
markets, expanded foreign trade, and established spe-
cial economic zones, China experienced rapid
economic growth and higher living standards. This
transformation coincided with a global rise in
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demand for pearls, which Western and emerging
countries began to view as accessible luxury items.
China became not only a major consumer but also
an increasingly prominent player in the international
freshwater pearl market. Freshwater pearl culturing
techniques became more sophisticated, and the
industry saw significant advancements in scale and
specialization. Major industrial clusters formed,
encompassing the entire value chain from mussel
breeding and pearl culturing to processing and sales.
Wuyi County in Zhejiang Province has emerged as a
major hub for spat breeding. In 2023, the county
hosted approximately 28,000 breeding ponds, produc-
ing nearly 1.5 billion spat and accounting for more
than 85% of China’s total freshwater mussel spat
(Q.P. Zhang, 2024). These spat supply major cultur-
ing regions across China, including the provinces of
Zhejiang, Jiangsu, Anhui, Jiangxi, and Hunan. Shanx-
iahu Town (located within the city of Zhuji in
Zhejiang Province, nearly 250 km south of Shanghai)
is now recognized as a global capital for freshwater
pearl culturing, processing, and trade. China’s fresh-
water pearl culturing industry serves as a vital
economic driver, contributing to income growth for
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Figure 1. Freshwater bead cultured products from China,
such as these “Gablily” pearls (11-13 mm, cultured 3-5
years), are available in the international market. Courtesy
of Angeperle.

rural producers, both full-time and part-time, and
households that engage in culturing as a side busi-
ness (figure 1).

In the early twenty-first century, however, unsus-
tainable production models marked by the excessive
use of fertilizers and high culturing densities caused
severe aquatic ecosystem degradation, creating an
economic-environmental paradox. These practices
initially boosted output but ultimately reduced
profitability by degrading water quality, which com-
promised pearl quality, and by oversaturating the
market, which drove down prices. This model directly
violated China’s “ecological civilization” doctrine for
sustainable development, introduced in 2005 (C.L.
Huang, 2025). In response, the State Council issued
a series of stringent environmental protection poli-
cies, prompting major freshwater pearl-producing
provinces to impose strict regulations. Consequently,
China’s freshwater cultured pearl production plum-
meted from 5,265 tonnes in 2006 to 454 tonnes in
2020, resulting in market price volatility and threat-
ening the industry’s long-term viability (figure 2).
Although these measures initially disrupted produc-
tion and income streams, they served to catalyze
industry-wide restructuring. Since then, Chinese
farmers, researchers, and enterprises have pioneered
eco-friendly culturing innovations and best practices
for sustainable value chain development.

SUSTAINABILITY IN CHINA'S PEARL CULTURING INDUSTRY

This study reviews the development and current
status of China’s freshwater pearl culturing industry
and explores future trends. It clarifies the institu-
tional, technical, and market forces that have shaped
the industry’s evolution, offering a framework for
understanding the transition to sustainability and
potential upgrading in the global value chain.

EVOLUTION OF CHINA’S FRESHWATER PEARL
CULTURING INDUSTRY

Following the establishment of the People’s Repub-
lic of China in 1949, the central government
launched systematic culturing research programs
aimed at revitalizing the country’s pearl industry.
During the 1950s and 1960s, institutions such as the
Shanghai Fisheries Research Institute and the Zhe-
jlang Provincial Fisheries Bureau conducted
experimental work to improve traditional shell blis-
ter culturing techniques. These efforts included
controlled trials and biomanipulation of host mus-
sels, laying the technical groundwork for China’s
eventual success in culturing NBC freshwater pearls
in 1962 (G.E. Zhang, 2004). In 1984, China’s fresh-
water pearl output exceeded 100 tonnes for the first
time, surpassing Japan’s total cultured pearl produc-
tion of approximately 64 tonnes, which mostly
consisted of akoya pearls (Bai et al., 2014). Since
then, China has maintained global dominance in
freshwater cultured pearl production.

In Brief

e The evolution of China’s freshwater pearl industry
is traced from 1949, starting with early exploration
and development, followed by rapid expansion, to
regulation-driven contraction, and most recently
a transition toward sustainable development.

e Stringent environmental regulation policies initially
reduced output but ultimately drove innovation in
fish-mussel polyculture, smart biocycle systems, and
ecologically responsible industrialized culturing.

¢ Advances in multi-site bead implantation, precision
surgical instruments, regenerative culturing, and
selective breeding have enabled production of high-
quality bead cultured freshwater pearls and
significantly shortened culturing cycles.

e Eco-friendly pearl culturing models are now being
deployed in mining subsidence ponds and polluted
rivers, achieving measurable water quality improve-
ment while generating economic returns.
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DEVELOPMENTAL STAGES OF FRESHWATER PEARL CULTURING IN CHINA, 1949-2024
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Figure 2. The four distinct developmental stages and key characteristics of freshwater pearl culturing in China are
shown alongside representative annual production data. Output totals prior to 1979 are unavailable. For clarity, only
milestone years are presented to illustrate overall trends and transitions in growth, regulation, and sustainability.
Data sourced from China Fisheries Statistical Yearbook (1980-2025).

A significant turning point came in 1992, when
China abolished the unified management and export
licensing systems for pearls. This policy change
encouraged individual pearl culturists to form coop-
eratives and private enterprises, fostering the
emergence of modern commercial entities. The
resulting industrial consolidation and specialization
accelerated the growth of China’s freshwater pearl
culturing sector and contributed to another produc-
tion peak. By 1994, annual production exceeded
1,000 tonnes, a year-on-year increase of 364%. Pro-
duction reached an all-time high of 5,265 tonnes in
2006 (again, see figure 2).

After the peak in 2006, production scale and out-
put declined. This downturn correlated with global
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economic shifts, market demand volatility, and the
implementation of China’s stringent environmental
policies. Production fell to 454 tonnes in 2020, just
9% of the 2006 level. Since 2022, the industry has
shown signs of recovery, supported by digital inno-
vations such as livestream selling, e-commerce
platforms, and intelligent culturing systems, along-
side market expansion and promotion initiatives.
Production rebounded to 1,125 tonnes in 2024.
Based on the historical evolution of China’s fresh-
water pearl culturing industry since 1949, shown in
figures 2 and 3, four distinct stages can be identified:
exploration and development (1949-1978), rapid
expansion (1979-2006), regulation (2007-2015), and
sustainable development (2016-present).
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China’s modern freshwater pearl culturing
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China’s freshwater pearl production exceeds
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China’s freshwater pearl production reaches
2,116 tonnes
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China’s freshwater pearl production falls to
1,815 tonnes amid the Asian financial crisis

China’s freshwater pearl output reaches a
record high of 5,265 tonnes

| With the global economic crisis and the
tightening of environmental protection
policies, China’s freshwater pearl production
begins to decline sharply
For the first time, ecological progress is
included in China’s Five-Sphere
Integrated Plan |
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China’s State Council issues the Action Plan
for Water Pollution Prevention and Control

The State Council issues a series of
documents on ecological and environmental
protection and comprehensive improvement
of the rural environment

The River Chief System and the Special
Treatment of “Inferior to Category V”
Water" are implemented

China’s freshwater pearl production falls to
a record low of 454 tonnes
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Driven by digital intelligence technology,
an expanding consumer base, and broader
cultural influence, the pearl market
experiences a supply-demand boom
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China’s freshwater pearl production increases
to 1,125 tonnes
'The Surface Water Environmental Quality Standard (GB 3838-
2002) divides water into Categories |-V, where Category V
represents severely contaminated water suitable only for non-
potable use. Water quality that is more polluted than Category V
is referred to as “inferior to Category V.”

Figure 3. Timeline of major events in China’s freshwater pearl culturing industry, grouped into four developmental stages.
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Figure 4. Operations at the Dahaiyang Pearl Farm in

1979 in Deqing County, Zhejiang Province. Photo from
Zheng (2021).

Exploration and Development (1949-1978). From the
eleventh century until the 1950s, Chinese freshwater
pearl culturing remained largely stagnant, and pearl
production was almost exclusively reliant upon natu-
ral pearl harvesting. The 1950s marked a turning point,
as research institutions in Shanghai, Zhejiang, and
Hunan initiated systematic investigations into pearl
culturing, successfully revitalizing the ancient Buddha-
shaped shell blister culturing technique (Y.P. Zhang,
1973). Building upon this, researchers developed shell
blisters with elaborate motifs such as dragons, pagodas,
fish, vases, and human faces. However, breakthroughs
in spherical whole freshwater pearl culturing were not
yet achieved (Y.P. Zhang, 1973).

Researchers including Daren Xiong and Zhirong
Shen conducted extensive studies in the 1960s, cul-
minating in Xiong’s 1962 breakthrough in NBC
freshwater pearls. This achievement laid the founda-
tion for modern freshwater pearl culturing in China
(Xiong et al., 1980). In 1975, researchers developed
artificial breeding techniques for Hyriopsis cumingii,
eliminating the need for natural mussel spat collec-
tion and enabling large-scale culturing (Yao, 1978).
Starting in the late 1970s, systematic studies were
conducted on pearl formation mechanisms, surgical
implantation techniques, growth optimization,
water quality management, and disease control (Y.P.
Zhang, 1973; G.F. Li, 1981). During this period, the
foundation for modern freshwater pearl culturing
was applied at scale. One example was a commercial
NBC freshwater pearl farm in Deqing County, Zhe-
jiang Province (figure 4), which demonstrated the
application of these advancements.
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Rapid Expansion (1979-2006). During this period,
rapid industry growth prioritized short-term output
gains at the expense of environmental sustainability.
Most freshwater pearl farmers adopted extensive
yield-driven culturing practices, with limited aware-
ness of ecological impacts. Nutrient-overloaded
feeding regimes and high stocking densities (figure 5)
caused severe eutrophication, a condition in which
excess nutrient enrichment (e.g., nitrogen and phos-
phorus) leads to algal blooms and oxygen depletion
in aquatic ecosystems. Although widespread envi-
ronmental degradation began during this stage, it
initially drew little public or regulatory attention.

As ecological conditions worsened and the
impacts on pearl quality and farm profitability
became evident, the issue drew increasing scrutiny.
These problems were subsequently documented
through scientific assessments and media reports.
For example, a 2016 monitoring report from Xian-
ning City, Hubei Province, showed nitrogen and
phosphorus levels in Futou Lake surpassing Category
III thresholds by 100% and 300%, respectively (Xin-
hua Daily Telegraph, 2016). Deteriorating conditions
led to increased prevalence of disease in Hyriopsis
cumingii populations, reducing yield and pearl qual-
ity. This created a vicious cycle in which efforts to
boost production resulted in diminishing economic
returns, posing a significant setback for China’s
freshwater pearl culturing industry.

Regulation (2007-2015). China’s rapid economic
growth brought escalating challenges such as envi-
ronmental pollution and ecosystem degradation. In
response, the government prioritized systemic
improvements to environmental governance. Water
pollution emerged as a central focus of ecological
management, with the establishment of quality and
safety standards for wastewater management (Min-
istry of Agricultural and Rural Affairs, 2003) and
pollutant discharge caps for key river basins (State
Environmental Protection Administration, 2007). In
2012, ecological progress was first incorporated into
China’s Five-Sphere Integrated Plan, elevating envi-
ronmental protection to a pillar of national strategy.
The Water Pollution Prevention and Control Action
Plan (State Council, 2015) mandated national stan-
dards and timelines for aquatic ecosystem
restoration. The Chinese government issued a series
of major policy documents aimed at further strength-
ening environmental quality. These included
five-year plans for ecological protection (State Coun-
cil, 2016) and comprehensive improvement of the
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rural environment (Ministry of Ecology and Environ-
ment, and Ministry of Finance, 2016); a “river chiefs”
system, in which government officials are responsi-
ble for the bodies of water in their jurisdiction
(General Office of the CPC Central Committee &
General Office of the State Council, 2016); regula-
tions on environmental supervision (General Office

SUSTAINABILITY IN CHINA'S PEARL CULTURING INDUSTRY

Figure 5. Top: Excessive
stocking densities in a cage
of Hyriopsis cumingii. Photo
from Yang and Zhang
(2016). Bottom: Standard
practice includes maintain-
ing 2-4 adult mussels per
cage, as shown here in the
village of Xinjucheng. Photo
by Yalan Xu.

of the CPC Central Committee & General Office of
the State Council, 2019); and five actions for green
aquaculture (Ministry of Agriculture and Rural
Affairs, 2020). These efforts marked a shift toward
more enforceable environmental governance.

Major freshwater pearl-producing provinces such
as Zhejiang also enacted their own regulations and
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Figure 6. Representative BC (A-D) and NBC (E and F) freshwater pearl products available in the international market.
A: “Aurora” pearls (7-8 mm, cultured 2-3 years). B: “Edison” pearl necklace (12-13 mm, cultured 3-5 years). C: Star-
shaped pearls (12-13 mm). D: Baroque-shaped pearl pendant (12 x 15 mm). E: Near-round pearl necklace (6-7 mm).
F: Oval pearl earrings (8-10 mm). Courtesy of Angeperle (A, B, and D-F) and Qianzhu Jewelry (C).
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remediation programs (Standing Committee of the
People’s Congress of Zhejiang Province, 2017; H.M.
Wang, 2017). Meanwhile, several regions imposed
outright bans on freshwater pearl culturing to protect
water resources. Because these policies initially
emphasized ecological preservation over pearl pro-
duction, this approach proved unsustainable for
long-term industry growth (Jia et al., 2023).

Sustainable Development (2016—present). The cur-
rent period reflects a growing recognition that
economic growth must align with ecological prin-
ciples, with environmental protection an integral
part of sustainable development (Horne et al., 2018).
In response to increasingly stringent regulations,
many traditional freshwater pearl culturing prac-
tices have been phased out or upgraded. The
transition toward environmentally friendly prac-
tices represents both a continuation and an
advancement of sustainable development princi-
ples, bringing new opportunities and challenges to
China’s freshwater pearl culturing industry. Chi-
nese freshwater pearl enterprises have undertaken
a series of industrial innovations and made signifi-
cant progress in sustainable development through
eco-friendly culturing, fish-mussel polyculture, and
intelligent freshwater culturing techniques.
Meanwhile, companies have improved pearl qual-
ity via germplasm enhancement (the selective
breeding of mussels with desirable traits) and the
development of novel pearl shape and color varieties
(J.L. Li et al., 2019; Z.Y. Wang, 2023; Y. Chen et al.,
2024). The hubs of China’s freshwater pearl industry

now feature a full value chain that encompasses cul-
turing, processing, design, marketing, educational and
cultural experiences (museum exhibitions and pearl-
themed tourism), and health and beauty products and
treatments. These efforts have increased the indus-
try’s added value and competitiveness. The variety of
Chinese freshwater cultured pearls on the interna-
tional market has diversified, encompassing NBC
pearls of various shapes and a wide range of bead cul-
tured (BC) pearls (figure 6). A balanced strategy that
integrates economic and ecological objectives is now
seen as essential to the future of the freshwater pearl
culturing industry (Hoang et al., 2019).

ENVIRONMENTAL REGULATION AND CHINA'S
FRESHWATER PEARL INDUSTRY

China’s freshwater pearl production is primarily
from the filter-feeding mussel Hyriopsis cumingii
(figure 7). The mussel feeds on particulate matter
and organic detritus, with phytoplankton such as
diatoms, chrysophytes, and chlorophytes forming
the bulk of its diet. Studies indicate that a single
Hyriopsis cumingii can filter more than 100 liters
of water daily, reducing suspended solids by more
than 50%. These mussels also help reduce
ammonia-nitrogen and phosphorus concentrations,
effectively controlling eutrophication and cyanobac-
terial blooms (Yu et al., 2020; Tang et al., 2021;
Verma et al., 2025). When managed properly, fresh-
water pearl culturing not only helps prevent
environmental contamination but also contributes
to rehabilitating aquatic ecosystems. However, his-
torically, excessive culturing practices have caused

Figure 7. External morphology (left; 10.08 x 6.36 cm) and internal structure (right; 13.43 x 10.21 cm) of Hyriopsis

cumingii. Photos by Qishen Zhou.
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Figure 8. Regional distribution of freshwater pearl culturing in China by year in tonnes, beginning in 1979 (A). (For sub-
sequent years, see maps B-G on opposite page.) Data sourced from China Fisheries Statistical Yearbook (1980-2025).

severe eutrophication. Since 2015, stringent envi-
ronmental policies have reshaped the industry’s
spatial distribution and production practices.

Distribution of Freshwater Pearl Culturing Areas.
China’s freshwater pearl culturing areas have
expanded markedly over time. The middle and
lower reaches of the Yangtze River represent the tra-
ditional core culturing regions. Prior to the 1990s,
major production areas were concentrated in
Jiangsu, Zhejiang, and Shanghai, with minimal pro-
duction in Liaoning, Jilin, Heilongjiang, Hunan,
Hubei, Guangdong, Guangxi, Sichuan, and
Chongqing (figure 8, A and B).
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In the 1990s and early 2000s, freshwater cultur-
ing became more clustered, accompanied by a
narrowing of production disparities between
provinces. Six major culturing regions emerged:
Jiangsu, Zhejiang, Anhui, Jiangxi, Hunan, and
Hubei. Within these provinces, pearl culturing was
concentrated in specific localities: Changzhou,
Taizhou, Zhenjiang, and Huai’an in Jiangsu; Zhuji,
Lanxi, and Yiwu in Zhejiang; Wuhu, Angqing,
Chizhou, Xuancheng, and Chuzhou in Anhui;
Poyang Lake (particularly Wannian and Duchang) in
Jiangxi; Changde, Hanshou, and Yiyang in Hunan;
and Honghu, Jiayu, and the outskirts of Wuhan in
Hubei. Of these localities, Duchang and Wannian
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Counties in Jiangxi and Hanshou County in Hunan
were officially recognized as “China’s Freshwater
Cultured Pearl Townships,” establishing freshwater
pearl culturing as a pillar industry (figure 8, C and D).

Stringent environmental policies enforced by
local governments since 2007 have driven significant
changes in freshwater pearl culturing areas. Along
with the adoption of fertilizer-free culturing (which
mitigates algal blooms by eliminating the use of
organic fertilizers such as chicken manure), freshwa-
ter culturing in large natural water bodies such as
lakes and reservoirs was officially banned in most
regions. Production in Zhejiang and Hubei declined
sharply, making Anhui and Jiangsu the leading pro-
ducers (figure 8E).

Under sustained pressure from environmental
policies, freshwater cultured pearl production fell to
arecord low in 2020 (figure 8F). Since 2021, increasing
international demand, the adoption of eco-friendly
techniques, and the rise of live streaming have
spurred a recovery (China Jewelry and Jade Industry
Association, 2024). By 2024, culturing areas had
expanded to 10 provinces, and the distribution of pro-
duction had shifted (figure 8G).

Zhejiang Province, an original pioneer of freshwa-
ter pearl culturing, offers a dramatic example of
volatility over the past four decades. In the mid-1990s,
epidemics of mussel disease resulting from unregu-
lated high-density culturing forced companies to
expand their production networks to Hunan, Hubei,
and Jiangxi. Zhejiang introduced mandatory water-
shed monitoring and imposed limits on nutrient

discharge for basins affected by culturing (Standing
Committee of the People’s Congress of Zhejiang
Province, 2009). These regulations sharply reduced the
scale of freshwater pearl culturing.

Zhejiang’s “Five Waters Governance” initiative,
launched in 2013, established integrated basin man-
agement protocols for coordinated water pollution
control, flood prevention, drainage, water conserva-
tion, and water supply improvement (G. Xu and Y.
Lu, 2019). By 2017, Zhejiang had instituted system-
atic elimination of substandard (Category V and
below) water bodies, representing China’s lowest
water quality grades in terms of pollution and eco-
logical degradation. As a result, freshwater pearl
culturing output contracted dramatically, hitting a
record low of 0.5 tonnes in 2021 (figure 9).

Hubei Province, known as the “Province of a
Thousand Lakes,” experienced rapid expansion of
freshwater pearl culturing following the phased
implementation of the Household Contract Respon-
sibility System in the late 1970s and early 1980s
(M.X. Yang et al., 2003). This rural reform policy,
which allowed households to lease farmland from
the collective and manage production independently,
stimulated aquaculture expansion, including fresh-
water culturing, across the Yangtze River basins.
According to provincial records, output rose from 1.7
tonnes in 1982 (Hubei’s second year of culturing) to
37 tonnes by 1984, exceeding 100 tonnes annually
after 1995 and peaking at 300 tonnes in 2008 (figure
9). Pearl culturing areas also expanded rapidly during
this period. By 2007, freshwater pearl culturing

ANNUAL FRESHWATER PEARL OUTPUT IN MAJOR CHINESE PROVINCES

Figure 9. Annual freshwa-
ter pearl output in major
Chinese provinces. Data
sourced from China Fish-
eries Statistical Yearbook
(1980-2025).
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covered about 13,333 hectares, with a 2007 output of
278 tonnes valued at RMB 100 million (US$14.6 mil-
lion) (F. Liu and L. Tu, 2007). Companies from Jiangsu
and Zhejiang expanded their operations to Hubei dur-
ing the 1990s, contributing to the province’s
emergence as a national production hub.

However, environmentally unfriendly culturing
practices induced severe eutrophication and wide-
spread algal blooms, causing heavy pollution in water
bodies such as those in Caidian District (Wuhan),
Huangshi, and Jingzhou. In 2007, Hubei banned fresh-
water pearl culturing in drinking water sources (Liu
and Tu, 2007), and subsequent policies (Standing Com-
mittee of the People’s Congress of Hubei Province,
2012; Hubei Provincial Department of Agriculture,
2016) further restricted the sector, collectively reduc-
ing output to 11 tonnes by 2016. Hubei completely
withdrew from pearl culturing by 2017 (figure 9).

Other provinces have implemented similar
measures to manage freshwater pearl culturing.
Hunan enacted the most stringent regulations,
reducing production from 1,113 tonnes in 2007 to
0.1 tonnes in 2022 through mandatory phase-out
policies in key regions including Yueyang, Changde,
and Yiyang (Zeng et al., 2007). Jiangsu Province,
once China’s largest freshwater pearl producer, saw
output grow from 11 tonnes in 1979 to a peak of
1,242 tonnes in 1995. Under increasing regulatory
pressure, Jiangsu gradually reduced production to 50
tonnes by 2022 through the establishment of non-
culturing buffer zones and policy-driven exits from
intensive production areas. Jiangxi Province, a later
entrant, initially maintained low output before rap-
idly expanding post-2000, reaching a peak of 997
tonnes in 2015. Since then, Jiangxi has also adopted
restrictive zoning and surface water protection
measures, resulting in a steady decline to a record
low of 210 tonnes in 2020. In Anhui, pearl culturing
expanded rapidly from 0.5 tonnes in 1980, peaking
at 530 tonnes in 2007. A series of environmental
regulations and rising concerns over water quality
gradually reduced that figure to approximately 156
tonnes by 2022 (figure 9).

After their respective troughs, output recovered in
most provinces except Hubei, which remained at
zero. Zhejiang rebounded most sharply from 0.5
tonnes in 2021 to 319 tonnes in 2024. Jiangxi climbed
from its 2020 trough of 210 tonnes to 435 tonnes by
2024. By contrast, Jiangsu and Anhui saw only mini-
mal increases, reaching just 55 and 167 tonnes,
respectively. Hunan, although previously reduced to
just 0.1 tonnes in 2022, recovered modestly to
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Figure 10. An aquaculture pond used for culturing pearl
mussels in Wuyi County. Photo by Yalan Xu.

3 tonnes by 2024, a level far below its historical peak
but signaling a limited return under strict environ-
mental controls. Sichuan, a newly emerging producer
with no significant previous output, expanded to 28
tonnes by 2024 (figure 9).

Types of Water Bodies Used for Freshwater Pearl
Culturing. Traditionally, freshwater pearl culturing
was carried out in both natural water bodies (lakes,
reservoirs, and rivers) and aquaculture ponds (J.L. Li et
al., 2019). Major basins such as Poyang Lake (Jiangxi),
Dongting Lake (Hunan), and Taihu Lake (Jiangsu) once
served as primary production zones for high-quality
cultured pearls. Characterized by moderate surface
area, high dissolved oxygen content, and stable physic-
ochemical properties, they provided optimal
conditions for culturing. However, local bans and
restrictions have shifted the focus away from large
natural water bodies. Aquaculture ponds have become
the primary sites, with only limited production in cer-
tain lakes and reservoirs under controlled conditions.
In addition, pearl mussels are used for wastewater
treatment in some degraded environments, such as
mining subsidence ponds (water-filled depressions
formed by ground collapse after underground mining
activities) and eutrophic urban waterways.

Aquaculture Ponds. These ponds typically range
from 0.8 to 6.7 hectares, with smaller ponds covering
less than 0.7 hectares, and depths generally from 1.5
to 2.0 meters (figure 10). Annual rent averages RMB
18,000-30,000 (US$169-$282) per hectare (based on
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interviews conducted by authors QZ, YX, and JH
with pearl farm managers and industry association
representatives in Zhejiang, Jiangsu, and Anhui in
2024). The shift to pond-based culturing has allowed
for more manageable water quality control and easier
compliance with environmental regulations. By con-
taining nutrient discharge within controlled systems,
ponds not only provide stable and predictable yields
but also help reduce the risk of eutrophication in sur-
rounding natural ecosystems. While pond-based
systems prioritize the prevention of new pollution,
the industry is simultaneously exploring the proac-
tive remediation of existing environmental damage.

Polluted Water Bodies. As environmental regula-
tions on freshwater pearl culturing tightened,
traditional fertilization-based practices were gradu-
ally phased out. The ecological function of pearl
culturing has been increasingly recognized, enabling
pearl culturing to expand beyond traditional aquacul-
ture zones into degraded environments. A prominent
example is the town of Taiping in Zoucheng, Shan-
dong Province, where a 53.3-hectare coal mining
subsidence pond was repurposed in 2019 using smart
biocycle culturing. This initiative yielded 300 kg of
pearls per hectare and generated RMB 600,000
(US$5,640) per hectare (Shao, 2021), successfully inte-
grating water purification with economic pearl
production (figure 11). Following this success, the
model was replicated in the coal mining subsidence
areas of Huaibei and Fuyang in Anhui Province (Y.
Yang and J. Liu, 2023; Y.M. Zhou, 2024). Furthermore,
this culturing method has proven effective in urban
water remediation. A pilot project in Binjiang District,

Hangzhou, utilized pearl mussels as natural biofilters
in the Xixinghou River (figure 12). The project suc-
cessfully improved water quality from Category V to
Category III (Binjiang District Water Treatment
Office, 2022). Similar ecological restoration efforts
have been extended to other severely polluted bodies,
such as Gehu Lake in Yixing, Jiangsu Province, which
serves as a critical upstream buffer for Taihu Lake
(C.Q. He, 2024). These diverse cases demonstrate that
pearl culturing has evolved from a traditional industry
into a powerful tool for ecological remediation, trans-
forming polluted water into productive assets. By
aligning economic output with environmental
restoration, this model offers a scalable win-win path-
way for global sustainable aquaculture.

Policy Disparities and Economic Ramifications in
China’s Freshwater Pearl Culturing Phase-Out.
China’s major freshwater pearl-producing provinces
have taken different approaches to phase out pearl
culturing. In Zhejiang, local governments in Shanx-
iahu Town (Zhuji) and Jindong District (Jinhua)
provided farmers with transitional subsidies of RMB
30,000 (US$290) per hectare to accelerate culturing
termination (Zhuji Water Resources and Hydropower
Bureau, 20173; Jindong District Government Office
of Jinhua City, 2017). Meanwhile, Hubei Province
ended farming without compensation, forcing farm-
ers to bear the full transition costs (Hubei Provincial
Department of Agriculture, 2016).

Enforcement timelines also varied significantly,
with implementation windows ranging from less
than 30 days to more than six months. This often
forced premature harvesting, leading to deterioration

Figure 11. Transformation of a coal mining subsidence pond in the town of Taiping (Zoucheng, Shandong Province),
before (left) and after ecological remediation with pearl mussel culturing (right). Courtesy of Zhejiang Qinghu
Holdings Co., Ltd.
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Figure 12. Xixinghou River in Binjiang District, Hangzhou. Left: Turbid water with low transparency before treatment.
Right: After treatment, water quality is noticeably improved. Mussels are submerged using an automated lifting system
and are not visible during normal operation. Courtesy of Zhejiang Qinghu Holdings Co., Ltd.

in both yield and quality. With standard stocking den-
sities of 6,667 mussels per hectare vyielding
market-grade pearls valued at RMB 10-25 (US$1.50-
$3.80) per mussel, premature termination caused
estimated losses of RMB 10,000-25,000 (US$1,500-
$3,750) per hectare. The heaviest losses occurred in
the wake of Hubei’s culturing restrictions. Qianzu
Pearl Group lost permits for 8,667 hectares of cultur-
ing waters, with verified losses exceeding RMB 100
million (US$15 million) by 2017. Ruan Shi Pearl
Company faced a similar setback, relinquishing 133
hectares of licensed aquaculture waters in compli-
ance with policy mandates. Angeperle, specializing
in premium freshwater pearl products, experienced a
20% decline in output from contracted farmers
between 2016 and 2018, while procurement prices
rose by approximately 30% (Zhu, 2017).

RECENT INNOVATIONS IN THE FRESHWATER
PEARL CULTURING INDUSTRY

While pear]l mussels have the potential to play a pos-
itive role in water purification and the absorption of
heavy metals, inadequate management practices
such as excessive stocking densities, overfeeding,
and lack of sediment treatment can exacerbate water
pollution and degrade pearl quality. Strict environ-
mental regulations have catalyzed technological
innovation in wastewater recycling and the adoption
of cleaner technologies. To maximize ecological,
economic, and social benefits, Chinese companies
and research institutes have implemented targeted
strategies to promote the healthy and stable devel-
opment of the industry. This section examines three

SUSTAINABILITY IN CHINA'S PEARL CULTURING INDUSTRY

pillars: sustainable practices, value chain optimiza-
tion, and cross-sector integration.

Sustainable Freshwater Pearl Culturing Practices. In
response to stricter environmental regulations, sev-
eral freshwater pearl-producing regions have begun
transitioning toward more sustainable models. A
leading example is Zhuji in Zhejiang Province, which
has pioneered ecologically responsible freshwater
pearl culturing models with measurable outcomes.
Since 2017, it has closed inefficient farms, strength-
ened oversight of operations, and established
standardized freshwater pearl culturing demonstra-
tion zones (Zhuji Municipal People’s Government
Office, 2017; Zhuji Water Resources and Hydropower
Bureau, 2017b). Eight demonstration zones, each cov-
ering 400 hectares, have been upgraded with internal
circulation systems and reduced stocking densities.
An investment of RMB 10 million (US$1.5 million)
established a centralized facility for mussel meat pro-
cessing (Pei et al., 2023).

By 2022, Zhuji’s Shanxiahu Town, the epicen-
ter of the city’s pearl culturing industry, had
decommissioned more than 190 hectares of cul-
turing zones and upgraded more than 540 hectares
with internal circulation-based ecological cultur-
ing systems. Water quality in pearl culturing areas
improved significantly, rising from Category V or
worse to Category III, with some areas even reach-
ing Category II standards (Yan and Meng, 2022).
Zhuji has also actively promoted new models such
as fish-mussel polyculture, smart biocycle cultur-
ing, and industrialized ecological culturing. These
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TABLE 1. Comparison of freshwater pearl culturing methods.

Traditional

freshwater pearl culturing

Fish-mussel
polyculture

Smart biocycle culturing

Industrialized ecological
freshwater pearl culturing

Culturing
characteristics

Stocking area
(hectares)

Culturing cycle?
(years)

Water quality

Open-pond culturing

<15,000
3-5

Natural purification
or wastewater

Symbiotic system
of fish and mussels

<15,000
BE5

Decomposition of fish
waste into algae nutrients;

Drip feeding; intelligent
water quality control

45,000-120,000

1.5-2.5

Wastewater
recycled after treatment

Automated feeding systems;
targeted algae expansion

Factory-based
greenhouse culturing

750,000

1.5

Wastewater
recycled after treatment

Network-connected
precision feeding and
real-time monitoring

management treatment facilities reduced fertilizer use
5 Manual fertilizer Ecological chain
Feeding L :
application; no (fish waste fuels algae
method o :
precision control and mussels filter algae)
High organic
Cost and fertilizer consumption; Lower fertilizer costs;
efficiency labor-intensive; moderate improved economic returns
cost; limited efficiency
Ecological Susceptible to
8 eutrophication; Reduced eutrophication
outcome

pollution risk

Labor reduction;
high yield; high cost of
supporting facilities

Energy-efficient; higher
economic output; high
cost of supporting facilities

Zero pollution;

A [pelltiter high resource utilization

2Using 9-13 mm “Edison” pearls as an example.

approaches, summarized in table 1, are driving
productivity enhancement, quality improvement,
and environmental restoration.

Fish-Mussel Polyculture. Ecological aquaculture refers
to a system in which organisms occupy distinct
niches within the habitat, utilizing natural nutrient
cycling mechanisms to maintain ecological balance
and enhance production efficiency (Hui, 2014). One
promising example is fish-mussel polyculture, which
integrates grass carp (Ctenopharyngodon idella), silver
carp (Hypophthalmichthys molitrix), bighead carp
(Hypophthalmichthys nobilis), and other compatible
species with pearl mussels such as Hyriopsis
cumingii. In this system, fish release nitrogen and
phosphorus through metabolic processes, contributing
dissolved nutrients that stimulate phytoplankton
growth. As filter-feeding bivalves, the mussels ingest
suspended phytoplankton and organic particulates,
reducing eutrophication risks through biofiltration.
This synergy optimizes water resource efficiency and
reduces nitrogen and phosphorus discharge. Cui et al.
(2012) demonstrated through enclosure experiments
that fish-mussel polyculture can suppress phytoplank-
ton proliferation, strengthen biological purification
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capacity, stabilize ecosystems, and effectively improve
water quality. Dai et al. (2013) found that optimizing
freshwater fish species, fish-mussel ratios, and feed
management all contribute to maximizing water qual-
ity. B. Wang et al. (2023) addressed a series of technical
challenges associated with fish-mussel polyculture,
including species compatibility, stocking density opti-
mization, feed management, and disease control. B.
Wang et al. (2023) also demonstrated that fish-mussel
polyculture yields higher economic benefits than tra-
ditional monoculture practices.

By 2021, the fish-mussel polyculture pond in
Lanxi City, Jinhua, Zhejiang Province, spanned 4,000
hectares, making Lanxi China’s largest county-level
city for this type of culturing (Ministry of Education,
2023). This model was published by the Department
of Science, Technology and Education of the Min-
istry of Agriculture (2012) and promoted nationwide
by the Ministry of Agriculture.

Smart Biocycle Culturing. Developed by Qinghu
Agricultural Technology Co., Ltd. and Huazhong
Agricultural University after a decade of research,
smart biocycle culturing is a system that integrates
precision culturing and targeted proliferation of
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beneficial algae (Guo, 2022). This innovation not
only significantly improves feed utilization and
reduces culturing costs but also purifies the water
and enhances the quality of pearls, earning it the rep-
utation of a next-generation “water purifier.”

The system moves the proliferation of benefi-
cial bacteria, algae, and plankton that are essential
for pearl mussel growth to an indoor environment.
Primary water pipelines are installed in the lake,
with mussels suspended beneath them. Mussel
elevation is adjusted via water pressure to deliver

Figure 13. Diagram of the smart biocycle culturing system.
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Figure 14. Industrialized ecological freshwater pearl culturing in Shanxiahu Town. Left: A greenhouse culturing
environment. Right: Pear]l mussels being cultured. Photos by Yalan Xu.

traditional models. Furthermore, this technology
requires only 20 tonnes of specialized nutrient solu-
tion per year for 100,000 mussels, compared to 200
tonnes of organic fertilizer using traditional models.
Network-connected management dramatically
reduces labor costs. For a pond covering 66 hectares,
only two personnel are needed to manage operations
(G. Zhang et al., 2020; G.Y. Zhou, 2021).

Smart biocycle pearl culturing not only enhances
efficiency and yield but also serves as an effective
solution for managing eutrophication pollution
while balancing ecological and economic benefits. In
2021, the Zhuji City Finance Bureau invested RMB
55 million (US$8.2 million) to further promote the
system (W. Liu, 2021).

Industrialized Ecological Freshwater Pearl Culturing
System. Since 2013, China has actively promoted
research and development on industrialized ecologi-
cal culturing, supported by national policies and
advances in precision aquaculture technologies. Fol-
lowing several years of pilot experiments and
technical refinement, Bairuila Agricultural Technol-
ogy Co., Ltd. established China’s first operational
industrialized ecological freshwater pearl culturing
system in 2019 (figure 14). This system replaces tra-
ditional open-air pond culturing by placing mussels
on multi-layer shelves, enabling three-dimensional
culturing within greenhouses. Meanwhile, the waste-
water generated undergoes precipitation, filtration,
disinfection, sterilization, and oxygenation before
being recirculated into the culturing tanks, achieving
zero discharge. The entire process is monitored in real
time with a computerized control system regulating
critical parameters including feeding schedules, water
temperature (maintained at 28°C), and water quality
(J.L. Li et al., 2025). With 9-13 mm “Edison” pearls,
for example, industrialized ecological pearl culturing
achieves a 50-fold increase in culturing density per
unit area while reducing the production cycle from
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3-5 years to 1.5 years (Zhuji City Association for Sci-
ence and Technology, 2023; Fu et al., 2024).

Optimizing the Quality and Competitiveness of
China’s Freshwater Cultured Pearls. Although China
has maintained its position as the world’s largest pro-
ducer of freshwater cultured pearls, quality remains
a critical concern. Chinese customs data indicate that
the average import price of pearls is significantly
higher than the average export price (figure 15). In
2024, imported pearls averaged RMB 7,046 (US$972)
per kg, while the export average was only RMB 1,236
(US$170) per kg. While import prices naturally reflect
added costs such as transport, processing, and brand-
ing, a 7.3-fold gap far exceeds typical logistics and
markup ratios in the pearl trade, which usually range
from 1.5 to 3 times. This substantial discrepancy
underscores persistent challenges in China’s pearl
industry, particularly in value creation, addition, and
retention. Addressing these issues is essential for
upgrading the industry’s position in the global value
chain. Enhancing the quality and increasing the yield
of high-grade freshwater pearls will be crucial to over-
coming the “low-end lock-in” dilemma in the global
value chain—a condition in which producers remain
trapped in low-value-added activities such as bulk
culturing and unbranded exports. This approach will
also serve as a fundamental driver for sustainable
growth (C.R. Wang, 2024). To promote healthy and
stable development, researchers have achieved
phased innovations in two critical areas: mussel vari-
ety improvement and BC freshwater pearls.

Genetic Improvement of Freshwater Pearl-Producing
Mussels. China’s freshwater pearl culturing industry
has entered a transition phase, shifting from volume-
focused to quality-driven approaches. Culturing
relies predominantly on Hyriopsis cumingii and its
hybrid strains (Fiske and Shepherd, 2007). N. Xie et
al. (2006) developed the kangle mussel (Hyriopsis
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CHINA’S PEARL IMPORT AND EXPORT TRENDS, 2015-2024

Figure 15. This graph is
based on Chinese customs
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schlegelii x Hyriopsis cumingii), achieving a nearly
fourfold increase in the yield of premium-quality
pearls (Li and Bai, 2007). G.F. Zhang et al. (2013)
enhanced the color traits of Hyriopsis cumingii
through mass and family selection, gradually devel-
oping four major donor mussel lines distinguished by
nacre color—purple-red, violet, silver-white, and
gold—as well as a recipient mussel line, known as
the “Eagle Mussel,” selected for its broad shell width
and large body, which are favorable for cultivating
larger pearls. These targeted breeding efforts enabled
the large-scale production of uniformly colored fresh-
water pearls.

2022 2023 2024

-e— Export unit price

Import unit price

export price gap revealed
by the data highlights the
Chinese industry’s “low-
end lock-in” in the global
value chain.

Subsequently, J.L. Li et al. (2019) investigated the
genetic mechanisms underlying pearl coloration in
Hyriopsis cumingii. In collaboration with Zhexing
Pearl Trading Co., Ltd., they developed two novel sub-
species: “Shen Zi No. 1” and “Shen Zhe No. 3" (figure
16). “Shen Zi No. 1" produces pearls with a 97.2% rate
of purple coloration (Sun et al., 2019), while “Shen Zhe
No. 3” has achieved an average 23% higher yield of
BC pearls larger than 10 mm compared with non-
hybrid Hyriopsis cumingii (J.L. Li et al., 2021).

Taken together, these genetic improvement efforts
have significantly advanced the large-scale marketing
of high-quality Hyriopsis cumingii varieties.

Figure 16. Selectively bred Hyriopsis cumingii mussels. Left: “Shen Zi No. 17 (11.43 x 17.05 cm), displaying the dis-
tinctive purple nacre characteristic of this line. Photo by Qishen Zhou. Right: “Shen Zhe No. 3,” showing multiple

bead implantations (bead diameter ~5 mm) in the mantle tissue for BC pearl culturing. Photo from Gao et al. (2024).
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Bead Cultured Freshwater Pearls. Before the 1990s,
BC freshwater pearls faced formidable technical bar-
riers, including high surgical mortality rates,
frequent bead rejection, and extremely low pearl
yield (S.H. Xie, 2010). In 1985, Xie Shaohe’s team
achieved a milestone by producing the world’s first
5 kg batch of BC freshwater pearls (Ye, 2015). This
breakthrough initiated a paradigm shift from NBC to
BC freshwater pearl production. Building on this
advancement, China’s BC freshwater pearl technol-
ogy underwent continuous refinement over the
following decades. Three core innovations matured
between the late 1980s and the early 2010s: multi-
site implantation, precision surgical instruments and
management systems, and regenerative culturing.
These advances significantly improved survival
rates, resource efficiency, and pearl yield, laying the
technical foundation for the industry’s scaling-up,
standardization, and global competitiveness.

1. Multi-site implantation: Traditional freshwa-
ter BC techniques were limited to single-site
implantation at either the mantle or the vis-
ceral mass (S.H. Xie, 2010; Liang, 2015).
Mantle implantation typically produces
small BC freshwater pearls, while visceral
mass implantation is used for cultivating
larger pearls. Mantle site selection is largely
standardized, with operations usually target-
ing the outer edge of the mantle tissue.
Visceral site selection varies among produc-
ers, but practical implantation is confined to
a few viable locations: beneath the labial
palps, below the pericardial cavity on the dor-
sal side, and at the junction between the foot
and the visceral mass (Akamatsu et al., 2001;
S.H. Xie and Y. Xie, 2011; Liang et al., 2015).
Of these, foot implantation yields the highest
mussel survival rates and pearl quality (S.H.
Xie and Y. Xie, 2014).

Multi-site bead implantation has long been
considered a key technical hurdle in the
development of the pearl culturing industry.
After years of systematic experimentation, a
team led by S.H. Xie (2004a) achieved simul-
taneous culturing in the mantle and visceral
mass, significantly increasing the yield (figure
17). This breakthrough improved mussel uti-
lization by two to three times and reduced
costs while shortening the culturing cycle,
making it a practical solution for increasing
production and income. Multi-site implanta-

154  SUSTAINABILITY IN CHINA'S PEARL CULTURING INDUSTRY

Anterior adductor muscle

Digestive
gland
Foot

Stomach

Gonad

Posterior adductor muscle

Figure 17. Simultaneous pearl culturing in the mantle
and visceral mass of Hyriopsis cumingii.

tion has promoted scaling-up, standardiza-
tion, and sustainable development (Ye, 2015).

2. Precision surgical instruments and efficient
culturing management technology develop-
ment: The development of specialized
nutritional supplements and antimicrobial
agents, along with a novel bead inserter offer-
ing adjustable functionality and precise
positioning, has significantly improved the
survival rates of pearl mussels undergoing
multiple bead implantations (S.H. Xie and Y.
Xie, 2009; H. Chen et al., 2015; X. He et al,,
2021; X.H. Li et al., 2023). These innovations
have overcome technical challenges in tradi-
tional devices, such as insufficient dynamic
control and blurred positioning. Furthermore,
pre- and post-surgical care protocols, dynamic
optimization of stocking density, and real-
time monitoring of water quality parameters
(e.g., oxygen levels, pH, and ammonia concen-
tration) have enhanced the precision and
sustainability of freshwater pearl culturing
(S.H. Xie and Y. Xie, 2009; S.H. Xie, 2010).

3. Freshwater cultured pearl regeneration tech-
nology: Traditional bead culturing techniques
are limited to producing a pearl only once per
site, severely limiting resource utilization.
S.H. Xie (2004a) patented regenerative pearl
culturing technology, which involves mini-
mally invasive extraction that preserves the
original pearl sac. Based on the size of the pearl
sac, appropriately sized beads are selected for
re-implantation, enabling the production of
regenerated BC pearls. This innovation allows
two or three sequential bead implantations
during the mussel’s typical eight-year lifespan.
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TABLE 2. Common Chinese BC freshwater pearls in the international market.

Baby pearl “Freshwater akoya” Gablil “Edison” Soufflé
Y P Yy Yy
Culturing cycle (years) 0.5-0.8 1-2 3-5 3-5 2-3
Implantation site Mantle Mantle Mantle Foot Original
pearl sac
Nacre thickness (mm) 0.5-1.5 1.0-3.0 1.5-3.1 0.8-3.0 2.0-4.0
. Highly iridescent,
Color White, pink White, light pink White, purple, Deep pur_ple, witﬁ aywide variety
/ / pink-orange bronze, violet
of overtones
Luster Strong to very strong Very strong Very strong Very strong Very strong
Dimension (mm) <5 3-9 8-12 11-20 >12

Note: All freshwater cultured pearl varieties referenced are trade names.

Regenerative culturing produces a variety of
high-quality BC pearls within a shorter time
frame, reducing waste while significantly
enhancing yield (S.H. Xie, 2004b; Y.S. Li and
J.L. Li, 2007).

These breakthroughs have dramatically shortened
culturing cycles, reduced costs, diversified BC fresh-
water pearl products, and enhanced the industry’s
economic, social, and ecological benefits (Gao et al.,
2024). They have led to a variety of commercially
available BC freshwater pearl products, including Baby
pearls, “Edison” pearls, Gablily pearls, soufflé pearls,?
and “freshwater akoya” pearls.® These varieties differ

in size, shape, luster, and culturing techniques, as
shown in table 2 and figure 18.

Industry Integration and Ecosystem Transformation.
Industrial integration is a fundamental trend in mod-
ern economic development and a critical pathway for

2Soufflé pearls are an important category of regenerated BC freshwa-
ter pearls, named for their resemblance to the French dessert. Their
bead is composed of a special composite material (a mixture of silt,
incense ash, and bioadhesive).

*Freshwater akoya” is a misnomer used by some producers to
describe small, round, high-luster freshwater BC pearls that resemble
traditional Japanese akoya pearls in appearance.

Figure 18. Commercial Chinese BC freshwater pearl varieties. A: Gablily pearl necklace, 11-13 mm round shape.
B: “Edison” pearl necklace, 7.3-8.5 mm round shape. C: Soufflé pearl necklace, 13-19 mm baroque-shaped.
Courtesy of Angeperle (A), Zhejiang Dongfang Shenzhou Pearl Group Co., Ltd. (B), and Nanchuang Beibei Ji (C).
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achieving sustainable growth (Heo and Lee, 2019). The
freshwater pearl culturing industry is shifting away
from its traditional role as a primary sector activity
(i.e., the extraction of raw materials). It is increasingly
integrating with the secondary sector, which focuses
on processing and value-added production, and the ter-
tiary sector, which entails marketing, branding, and
distribution. The “triple-industry integration” strat-
egy is essential for extending, diversifying, and
strengthening industrial chains in rural development
contexts (Y. Wang, 2024).

Integration of Tourism, Culture, and Fisheries. The
ecological resources of freshwater pearl culturing
farms can be converted into added value through
tourism, thereby increasing revenue and incentiviz-
ing farmers to adopt sustainable practices. For
example, Deqing County in Zhejiang Province has
developed an integrated “pearl culture and industrial
tourism” model around its freshwater pearl culturing
industry. This includes pearl-themed study tours (fig-
ure 19), museum-based science communication, live
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pearl harvesting experiences, and intangible cultural
heritage workshops, showcasing how pearl culturing,
culture, and tourism are jointly driving local income
and employment (Shen, 2025). As a result of its
achievements in sustainable culturing, Deqing’s
freshwater pearl composite culturing system was rec-
ognized by the Food and Agriculture Organization as
a Globally Important Agricultural Heritage System
in 2025 (Deqing County Bureau of Agriculture and
Rural Affairs, 2025).

Value Chain Expansion. The freshwater pearl cultur-
ing industry must balance ecological protection with
strategic leveraging of its ecological, social, and eco-
nomic resources. The city of Zhuji, with strong
support from the Collaborative Innovation Center for
the Freshwater Pearl Culturing Industry since the
center’s establishment in 2021, has taken the lead in
restructuring and upgrading the entire freshwater
pearl culturing value chain. At the upstream level,
Zhuji has integrated internal rural resources, such as
local pearl farmers, culturing facilities, and traditional

Figure 19. Deqing County
provides educational
programs related to its
freshwater pearl culturing
industry, including the
one shown here at the
Osmun Pearl Museum.
Courtesy of Zhejiang
Osmun Group Co., Ltd.
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know-how, with external inputs: university research
teams, e-commerce platforms, and cross-regional
investment. The city has also strengthened industry
governance by promoting quality certification sys-
tems, traceability standards, and intellectual property
protection (Pei et al., 2023).

Midstream, Zhuji has focused on technological
upgrading and product diversification through the
development of value-added pearl-derived products
and the upcycling of low-value or residual pearl
resources. For example, local enterprise Fenix Bio-
Tech has applied nanotechnology to convert low-grade
freshwater pearls into micrometer-sized powder for
skincare, increasing product value more than tenfold
(R. Xu and X. Lu, 2024). Similarly, pearl powder has
been used in textile manufacturing, producing pearl
fiber socks with UV resistance and far-infrared health
benefits (Miao, 2018; P. Liu et al., 2020).

Downstream, Zhuji has embraced digital com-
merce to support industry transformation. Livestream

Figure 21. Official media reports indicate that annual
gross revenue in Zhuji exceeded RMB 50 billion (US$7.1
billion) in 2023 and 2024, with more than 60% of sales
occurring online (C.R. Wang, 2024; X. Huang, 2025). Data
sourced from the 2023 World Pearl Conference
promotional brochure.
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Figure 20. Livestreaming
from Shanxiahu Town, this
host displays pearl jewelry
and discusses product fea-
tures for an online audience.
Livestreaming has become
an integral component of
digital commerce in the
freshwater cultured pearl
value chain. Photo by
Qishen Zhou.

selling has become a powerful tool to connect produc-
ers and consumers, enabling the transparent display
of product, real-time interaction, and origin-based sto-
rytelling (figure 20). This innovation has strengthened
consumer trust and brand identity, particularly
among younger consumers. Online sales in Shanxi-
ahu Town surged from RMB 1 billion (US$150
million) in 2017 to RMB 25 billion (US$3.8 billion) in
2022 (figure 21), highlighting the transformative
impact of livestreaming and digital marketing.

FRESHWATER CULTURED PEARL SALES
IN SHANXIAHU TOWN, 2017-2022
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FUTURE PATHWAYS FOR CHINA’S FRESHWATER
PEARL CULTURING INDUSTRY

Although China’s freshwater pearl culturing industry
has largely transitioned to a sustainable development
model, it is still at the early stage of developing a
pearl production system grounded in circular econ-
omy principles (i.e., a closed-loop model in which
waste is minimized, byproducts are reused, and
nutrient cycles are restored to mimic natural ecosys-
tems). Efforts to implement ecological culturing and
closed-loop circular economy models such as
resource recycling remain largely confined to the
basic environmental management practices of pollu-
tion control and waste minimization. Such limited
interventions fall short of establishing a comprehen-
sive, regenerative circular system that fully
integrates ecological, economic, and social dimen-
sions. Despite the increasing emphasis on quality
improvement, there are still notable weaknesses in
research and development capacity, particularly in
developing high-value-added pearl products. Diversi-
fying the industry’s value chain and fully aligning
ecological sustainability with global value chain
integration remains a long-term goal.

Supply and Demand. Between 2017 and 2020, due
to the tightening of environmental protection poli-
cies, the global production of freshwater cultured
pearls, as well as in China, declined year by year.
Conversely, Chinese market demand rebounded in
2021 (China Jewelry and Jade Industry Association,
2024), driven in part by “revenge spending” after the
COVID-19 pandemic—a phenomenon in which
consumers compensated for prolonged lockdowns
and suppressed desires through unusually high lev-
els of consumption (Liu et al., 2023). The same
lockdown conditions also accelerated the adoption
of livestreaming e-commerce (Lu et al., 2025). This
trend was particularly evident in Shanxiahu Town,
China’s foremost pearl distribution center, where
online sales increased from 13% of total sales in
2017 to 63% in 2022, and online sales grew by
nearly 25 times over the same period (again, see fig-
ure 21). This micro-market boom coincided with a
strong global macroeconomic recovery in 2021, in
which real gross domestic product (GDP) growth
surged to 6.1% following the 3.1% decline in 2020
(International Monetary Fund, 2026). This release
of pent-up consumer demand, coupled with the
macroeconomic tailwinds, further bolstered the
market’s buoyancy.
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Under the dual effects of supply contraction and
surging demand, the supply-demand imbalance
intensified, leading to a general rise in pearl prices.
The price of ordinary freshwater pearls rose by 30~
50%, while high-quality freshwater pearls increased
by approximately 80% (CCTV Finance, 2023; Guan,
2023). Stimulated by high prices, Chinese pearl farm-
ers significantly expanded production. However, the
biological cycle of pearl cultivation created a delay
in supply response. After bottoming out in 2020,
China’s freshwater pearl output began a steady recov-
ery, climbing to 1,125 tonnes in 2024 (China
Fisheries Statistical Yearbook, 1980-2025). The
upstream segment of the culturing industry bene-
fited significantly from this development. Mussel
pond lease rates soared from RMB 4,500-7,500
(US$46-77) per hectare to RMB 30,000 (US$307) per
hectare; daily wages of culturing technicians
increased from RMB 200 (US$31) to RMB 600-800
(US$92-123); and mussel seeding spat prices more
than tripled (based on author YX’s field research data
from October 2024).

However, the post-pandemic momentum soon
dissipated. Following the 2021 rebound, global eco-
nomic growth settled, stabilizing at a moderate level
between 3.2% and 3.5% from 2022 to 2025 (Interna-
tional Monetary Fund, 2026). This macroeconomic
deceleration, coupled with the fading of the post-
pandemic “revenge spending,” steered consumer
behavior toward a more cautious and rational
approach. Starting in 2024, the surge in supply coin-
cided with a decline in demand, placing significant
downward pressure on both the volume and price of
ordinary pearls (Zhao and Huang, 2025). Over the
next two to three years, as supply-and-demand
dynamics gradually rebalance, production growth is
expected to slow significantly, with a potential risk
of decline.

Innovation and Sustainable Development. Disrup-
tive technologies and frontier innovations have
consistently driven industrial transformation (Mus-
son and Robinson, 1989). China’s freshwater pearl
culturing sector currently stands at a strategic inflec-
tion point, where resource-intensive production
models yield increasingly diminishing returns. Next-
generation culturing technologies that are currently
in the pilot phase require 7-10 years for nationwide
adoption. Despite achieving vertical integration, the
industry’s global brand equity lags behind produc-
tion. The industry’s growth is now driven by
innovation rather than resource inputs such as labor,
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land, and capital. Firmly establishing “innovation
empowerment” as the primary strategy and targeting
the weaker segments of the value chain are essential
for culturing enterprises to gain market advantage.

Overcoming longstanding technological bottle-
necks in culturing and adopting advanced
technologies will help boost production. Priority
should be given to intelligent aquaculture systems
and bleaching techniques to enhance luster. Enhanc-
ing pearl quality and developing new varieties that
align with market demand are also critical. In terms
of value chain integration, China’s industry should
pursue a strategic upgrade by making the culturing,
processing, and design stages more advanced, intel-
ligent, and eco-friendly. This approach will help
transform China’s production capacity advantage
into a value advantage. Continuous investment in
research and development is key to enhancing added
value and competitiveness. Ultimately, the goal is to
shift from outdated traditional production methods
to more eco-friendly techniques. This transition will
also redefine the industry from a source of water pol-
lution to a water restoration and management
contributor.

Digital-Intelligent Economy. Digital technologies and
artificial intelligence are a natural fit for China’s fresh-
water pearl culturing industry. The entire culturing
process demands the kind of precision control that
only advanced intelligent systems can provide. Digital
transformation makes it possible to track multiple
parameters (e.g., temperature, humidity, and micro-
biome dynamics) in real time, all managed visually
through network-connected platforms. To advance the
industry further, strategic investments from venture
capital and e-commerce entities should be used to
develop dedicated digital trading platforms. Emerging
approaches such as livestream-enabled commerce
should be embraced, supported by an integrated serv-
ice architecture spanning culturing, sales, certification,
and logistics. Finally, industry associations and local
regulators should integrate critical resources—techno-
logical, financial, and market-related. By applying
these integrated resources throughout the value chain,
from culturing to product design and marketing, the
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industry can move toward a comprehensive ecosys-
tem powered by intelligent systems.

Standardized Accountability Systems. As a global
leader in water pollution control, China has tight-
ened its environmental governance in recent years.
However, unregulated culturing operations by cer-
tain producers jeopardize the sector’s reputation,
potentially hindering development in production
and trading. Culturing associations, working jointly
with provincial freshwater pearl culturing represen-
tatives, should establish eco-friendly standards
addressing industrial sustainability and environ-
mental protection and implement long-term
pollution control mechanisms.

Moving forward, freshwater pearl culturing
wastewater treatment projects should strictly adhere
to the “Technical guideline for the development of
local discharge and control standards of water pollu-
tants for aquaculture” (Ministry of Ecology and
Environment of the People’s Republic of China,
2023). Specific measures include: (1) raising environ-
mental awareness among members of the industry
to ensure they understand the importance of waste-
water treatment; (2) conducting regular wastewater
monitoring, strengthening supervision and inspec-
tion efforts to promptly identify and resolve issues,
and ensuring that wastewater treatment meets the
required standards; and (3) exploring the potential of
“carbon labeling” within the industry chain. By fully
leveraging the carbon capture and storage potential
of freshwater pearl culturing, the industry can estab-
lish carbon footprint and labeling management
systems to certify products and mussel-shell-based
crafts with carbon labels. This initiative not only
enhances the value and low-carbon appeal of pearl
and mussel shell products but also contributes to the
industry’s carbon reduction goals.

In conclusion, stakeholders across the freshwater
pearl value chain—producers, processors, brands,
and distributors—must recognize ecological chal-
lenges, eliminate outdated practices, and harmonize
production with environmental responsibility to
advance the industry toward eco-friendly, safe, and
integrated development.
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GLASS-CERAMICS AS IMITATION
GEMSTONES: A STUDY ON A SILICON-
ALUMINUM-MAGNESIUM-ZINC SYSTEM

Wasura Soonthorntantikul, Wim Vertriest, and Karen Avakyan

Glass-ceramics are materials consisting of crystalline phases dispersed in an amorphous glassy matrix, produced
by the controlled nucleation of forming crystallites from the molten glass host. With characteristics of both glasses
and ceramics, they can be created in any color and transparency and in a wide array of refractive indices
depending on their composition, making them ideal for use as imitation gemstones. Accurate identification
requires a combination of standard and advanced gemological testing, using instruments available in major
gemological laboratories. For glass-ceramics with a composition dominated by silicon, aluminum, magnesium,
and zinc, the most effective identification method combines refractive index, major chemical composition, and
photoluminescence and infrared absorption data. Key characteristics of this material include: a single refractive
index between 1.60 and 1.63; an unusual combination of elements—mainly silicon, aluminum, magnesium, zinc,
titanium, and zirconium—determined through bulk analysis with energy-dispersive X-ray fluorescence
spectroscopy; infrared absorption bands around 3380 and 3440 cm™ (which are absent in natural and
manufactured glass); and a photoluminescence spectrum resembling that of spinel-group minerals. The properties
of silicon-aluminum-magnesium-zinc glass-ceramics are consistent across the range of colors and transparencies.

t first, the concept of glass-ceramics might

sound counterintuitive. Glasses are an

amorphous solid lacking any crystal struc-
ture, while ceramics are typically composed of
fine-grained crystallites fused together. Glass-
ceramics combine characteristics of both, resulting
in good mechanical strength, thermal shock resist-
ance, and zero porosity or permeability, making
them very suitable for gem and jewelry applications
(figure 1).

This study examines the nature of glass-ceramic
material and its use as an imitation gem, focusing
on identification criteria for glass-ceramics of a
specific chemical composition—silicon-aluminum-
magnesium-zinc—to distinguish these from natu-
ral and laboratory-grown gemstones as well as glass
imitations.

See end of article for About the Authors and Acknowledgments.
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BACKGROUND

Glass-ceramics are inorganic, nonmetallic materials
that start as a glass and, through controlled nucle-
ation, form fine crystalline grains evenly dispersed in
the glassy matrix. Within a glass-ceramic, the volume

In Brief

e Glass-ceramics form a unique category of materials,
defined by one or more fine-grained crystalline phases
dispersed in a glassy matrix. This structure results in
improved mechanical strength, high thermal tolerance,
and the ability to introduce a wide variety of coloring
agents, making these materials ideal for use as imitation
gemstones.

e Class-ceramics can be produced in practically any
color and transparency. They can be readily separated
from natural stones and glasses through a combination
of standard and advanced gemological methods.

e Their low cost, ease of manufacturing, and variety of
colors and transparencies make them a popular
choice for mass-produced fashion jewelry.
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Figure 1. Glass-ceramics can be created in a full spectrum of colors to imitate a wide range of natural gemstones.
Shown here are transparent samples (0.10-0.37 ct) donated for this study by the Formica Group, from left to right:
GC-01 to GC-10 (top row) and GC-11 to GC-24 (bottom row). Photo by Nuttapol Kitdee.

percentage of crystalline phases is wide ranging and
can vary from nearly 100% to less than 0.0001%
(Deubener et al., 2018). Glass-ceramics have been
used for decades in many industries, largely for their
combination of mechanical strength and heat resist-
ance (Holand and Beall, 2020). A familiar example is
the glass-ceramic cooktop on induction stoves found
in many kitchens. This surface is designed to with-
stand high heat and thermal shock, as well as
constant impact from pots and pans.

For gem and jewelry applications, glass-ceramic
materials are engineered to contain elements that act
as chromophores to impart a desired color and highly
uniform color distribution. A virtually unlimited
array of hues, saturations, and transparencies can be
created with the addition of certain trace elements.
Glass-ceramics exhibit high heat tolerance, which
facilitates their use in large-scale jewelry manufactur-
ing processes. Most common gems (natural,
laboratory-grown, and imitation) must be manually
set after metal mountings are cast, because the tem-
peratures required during casting exceed the gems’
heat tolerance; setting them during the casting
process would result in mechanical failure and color
fading of the stones. Glass-ceramics, with their high
heat tolerance, can be used in a direct casting process
without losing their color. These physical properties
make the material particularly suitable for use in jew-
elry (Vyshnevskyi et al., 2017; Dymshits and Zhilin,
2017). Nonetheless, significant development of glass-
ceramics for the jewelry industry only started about
a decade ago.

Glass-ceramics are conducive to large production
volumes and high yields of finishable material,
resulting in very low costs for finished goods—often
retailing for less than US$1 per carat. This combina-
tion of affordability, variety and versatility, and ease

GLASS-CERAMICS AS IMITATION GEMSTONES

of manufacturing makes them an attractive option
for mass-produced costume jewelry.

This article will refer to the initial glass (prior to
the development of internal crystalline phases) as
“optical glass” to clearly differentiate it from the final
glass-ceramic material. The phase diagram of silicon-
aluminum-magnesium oxides shown in figure 2
approximates the composition of glass-ceramics in
this study. In producing glass-ceramics, internal

Figure 2. Simplified ternary diagram of the silicon oxide
(810, )-aluminum oxide (AL,O,)-magnesium oxide (MgO)
system for producing silicon-aluminum-magnesium-zinc
glass-ceramics. Modified from Levin et al. (1964).
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Box A: PRODUCING GLASS-CERAMICS FOR GEM AND JEWELRY APPLICATIONS

A team of GIA scientists observed the full process of cre-
ating glass-ceramics, from raw material to finished gems,
at Formica’s plant in Thailand in August 2024. These
steps are outlined below.

First, the required chemicals are mixed thoroughly
in large batches, each exceeding 40 kg. The bulk of the
mixture consists of oxides of the major elements that
make up the glass (silicon, aluminum, magnesium, and
zine). Oxides of zirconium and titanium are also added
and serve as nucleating agents in aluminosilicate glasses,
triggering the (controllable) formation of crystalline
phases (Beall and Pinckney, 1999; DeCeanne et al., 2022).
A specific combination of color-causing elements is also
added to the mixture, ranging from just a few ppm up to
3% by weight. The exact ratios are important for the
color of the final product.

After mixing, the powder is loaded into a large crucible
and heated to a very high temperature while stirred con-
tinuously, resulting in a melt with the same composition
as the original mixture. The molten glass is then poured

crystallization is carefully controlled with respect to
temperature and duration, and the process is stopped
before crystallization is brought to completion. Com-
plete crystallization would result in the cordierite
phase, (Mg,Fe),Al,Si;O,;. This controlled process
yields various crystalline phases within glass-
ceramics, most notably spinel (MgAl,O,). Adding
significant concentrations of zinc oxide to the mix-
ture can produce glass-ceramics based primarily on
spinel crystals, ranging from traditional spinel
(MgAl,0,) to gahnite (ZnAl,O,) (Pinckney and Beall,
1997; Beall and Pinckney, 1999). In glass-ceramics of
the silicon-aluminum-magnesium-zinc oxide system,
titanium and/or zirconium oxides are also added to
act as heterogeneous nucleating agents (Holand and
Beall, 2020). See box A for more details on the cre-
ation of glass-ceramics.

MATERIALS AND METHODS

Samples. Two sets of glass-ceramic imitation gem-
stones, 60 samples in all, were investigated for this
study. The first set (GC-01 to GC-40), produced and
donated by the Formica Group, consisted of 24 trans-
parent round brilliants (again, see figure 1) and 16
translucent to opaque cabochons (figure 3, top) in a
wide range of colors and weighing between 0.10 and
0.47 carats. The second set (GC-101 to GC-120), an
additional 20 glass-ceramic imitation gemstones
with compositions similar to the first set, was
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into a slab (the added zinc helps lower viscosity at this
stage) and cooled under a controlled temperature gradient.
This gradual cooling prevents not only unwanted crystal-
lization of certain minerals, but also thermal shock that
could lead to mechanical defects during this stage.

When the glass cools to room temperature, it goes
through quality control to remove any areas containing
trapped gas bubbles—it is still a glass during this stage—
or cloudy areas caused by unwanted crystallization.
Only the clearest glass moves on to the next stage. The
rejected material can be remelted and poured again or
reused in subsequent batches.

In the final stage, the glass is placed in another fur-
nace and subjected to a heating and cooling regime that
determines the degree of crystallization. This in turn
determines the final color and transparency of the
glass-ceramic.

The final product can be manufactured just like any
other gemstone or ornamental stone, through cutting,
polishing, cabbing, sawing, or carving.

purchased by the authors (figure 3, bottom). The
manufacturer of these samples is unknown. They
had various colors, shapes, and transparencies,
weighing between 0.03 and 1.13 carats. See table S1
in the supplementary material for descriptions of
individual samples (https://www.gia.edu/gems-
gemology/summer-2026-glass-ceramics).

For comparison, three optical glasses (OG-01 to
OG-03) used to create green, blue, and red transpar-
ent glass-ceramics were also analyzed (see table 2).
These were donated by the Formica Group.

Methods. In the field of materials science, glass-
ceramics have been well studied, as evidenced by the
many publications on this topic. These studies relied
on methods for analyzing the crystalline phase
development in the materials, such as X-ray diffrac-
tion, electron microscopy, and differential thermal
analysis (Liu et al., 2018; Holand and Beall, 2020).
However, these methods are generally not available
in gemological laboratories.

To develop identification criteria for glass-ceramics
of the silicon-aluminum-magnesium-zinc system
from the perspective of gemologists, the glass-
ceramics and the optical glass samples were examined
at the GIA laboratory in Bangkok using the following
analytical techniques.

Standard Gemological Testing. Standard gemologi-
cal properties were recorded on all samples.
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Refractive index (RI) was measured with a GIA-
built refractometer, and specific gravity (SG) was
determined by the hydrostatic method. A polar-
iscope was used to determine whether the samples
were singly refractive, doubly refractive, or uniaxial
in optic character. A standard UV lamp with long-
wave (365 nm) and short-wave (254 nm) excitation
was used to observe fluorescence reaction. Micro-
scopic examination was conducted at 10x to 60x
magnification, using darkfield, brightfield, diffused,
and fiber-optic illumination.

Fourier-Transform Infrared (FTIR) Spectroscopy.
FTIR absorption spectra of all samples were recorded
using a Thermo Nicolet iS50 FTIR spectrometer
equipped with an XT-KBr beam splitter, a cryogenic
MCT detector, and a DRIFT'S accessory for cut glass-
ceramics or a 4x beam condenser accessory for the
optical glasses. The resolution was set at 4 cm™.

Ultraviolet/Visible/Near-Infrared (UV-Vis-NIR)
Spectroscopy. UV-Vis-NIR absorption spectra of
the transparent samples (GC-01 to GC-24, GC-101
to GC-103, GC-105 to GC-117, GC-119, and

GLASS-CERAMICS AS IMITATION GEMSTONES

Figure 3. Top: Translucent
to opaque glass-ceramic
samples (0.10-0.16 ct)
examined in this study,
from left to right: GC-25 to
GC-32 (top row) and GC-
33 to GC-40 (bottom row).
Bottom: Samples weighing
0.03-1.13 ct, from left to
right: GC-101 to GC-110
(top row) and GC-111 to
GC-120 (bottom row).
Photos by Nuttapol Kitdee.

P

GC-120) were collected using a GIA custom-built
UV-Vis-NIR system. The system included a DH-
2000-BAL Ocean Optics deuterium and halogen
light source, a QE Pro high-performance spec-
trometer, and a bifurcated fiber-optic probe for
routing UV-Vis-NIR radiation from the light
source to the sample and collecting its transmit-
ted signal. Spectra were collected from 300 to 980
nm with an integration time of 1000 ms and one
accumulation.

Photoluminescence (PL) Spectroscopy. PL spectra of
all samples were collected at room temperature
using a Renishaw inVia Raman microscope fitted
with a 514 nm laser, 1800 lines/mm grating, and a
5x objective lens. The spectra were recorded
between 520 and 850 nm.

Energy-Dispersive X-Ray Fluorescence (EDXRF)
Spectroscopy. EDXRF spectra of all samples were col-
lected for qualitative elemental analysis using a
Thermo Quant’X EDXRF spectrometer, operating at
20 keV without a filter. The spectra were recorded
between 0 and 20 keV.
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Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometry (LA-ICP-MS). Trace element concentra-
tions were measured quantitatively in all samples
using LA-ICP-MS. Analyses were performed with a
Thermo Fisher Scientific iCAP Q ICP-MS coupled
with a Q-switched Nd:YAG laser ablation device oper-
ating at a wavelength of 213 nm. Faceted samples
were analyzed on the girdle, while cabochons were
analyzed close to the base. Laser ablation was carried
out using 55 um diameter spots, with a fluence of
around 10 J/cm? and a 10 Hz repetition rate. The dwell
time for each spot was 40 seconds. The ICP-MS was
operated at a forward power of 1350 W, with a typical

PL SPECTRA

687
689
698

nebulizer gas flow of about 0.80 L/min. External cali-
bration was performed using National Institute of
Standards and Technology (NIST) 610 and U.S. Geo-
logical Survey glasses GSD-1G and GSE-1G as
reference standards. The analyzed isotopes included
¥Na, Mg, ¥Al, ¥Si, Ca, 'Ti, **Cr, ®*Mn, *"Fe, ¥Co,
GONiI 63Cul GGZn’ SSSI-’ 89Y/ 9OZr/ HSSn/ 137Ba, 139]_:3, 140Ce,
141Pr’ 146Nd’ 147Sm’ 157Gd/ 166Er’ 174Hf’ and 197Au‘

RESULTS

The studied glass-ceramics generally showed consis-
tent gemological properties, FTIR and PL spectra, and

A
Glass-ceramic (GC-14)

B

Glass-ceramic

with high nickel (GC-10)
Figure 4. Representative

PL spectra, collected using

~650

a 514 nm laser excitation
C at room temperature, for
the glass-ceramic samples
with a silicon-aluminum-
magnesium-zinc composi-
tion (patterns A to E),

Glass-ceramic
with cobalt (GC-03)

~545 _559

654/656

NORMALIZED INTENSITY

showing emission bands at
D approximately 676, 687,
Glass-ceramic 689, 698, 709, 718, and 724
with erbium (GC-23) nm—similar to chromium
emission patterns in
heated spinel (pattern F,

from a spinel in GIA’s

E colored stone reference
Glass-ceramic

with samarium (GC-22)

collection).

F
Heated spinel
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FTIR SPECTRA
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Glass-ceramic (GC-08)
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C
Optical glass (OG-01)

D 3520
Laboratory-grown spinel

Figure 5. FTIR spectra com-
paring two representative
blue glass-ceramics in the
study with a blue optical
glass and a blue labora-
tory-grown spinel produced
by the flame-fusion method
(from GIA’s colored stone
reference collection). The
glass-ceramics show three
absorption bands at 3640-
3670 cm™, 3430-3450 cm,
and 3380-3390 cm™; weak
bands at approximately
2260, 2670, 4250, and 4520
cm™; and strong absorption
below 2150 cm . Based on
relative band intensity, the
blue glass-ceramic spectra
can be divided into two
groups: 3640-3670 cm™ >
3380-3390 cm™! (pattern A)
and 3380-3390 cm™ <
3640-3670 cm™ (pattern B).
Spectra are offset vertically
for clarity.
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major chemical compositions, regardless of color and
transparency (again, see the supplementary material).
All were singly refractive, with RIs between 1.60 and
1.63, and hydrostatic SGs ranged between 2.85 and
3.42. Polariscope testing usually revealed single
refraction, with occasional anomalous double refrac-
tion. A uniaxial optic character could be observed in
some translucent samples. Most samples were inert
under long-wave UV fluorescence but appeared
chalky white, blue, or green under short-wave UV.

Microscopic examination revealed that the trans-
parent stones were relatively clean, with uniform
color distribution throughout. The inclusions in
transparent samples were limited to minute gas bub-
bles, straight internal graining, and conchoidal
fractures. Some of the transparent samples had light
cloudy patches that were visible with fiber-optic illu-
mination, while the translucent ones usually
appeared milky throughout. In addition, semitranslu-
cent blue samples (GC-35 and GC-37) appeared red
when observed with transmitted light.

PL spectra of the glass-ceramics generally showed
several emission peaks between 670 and 730 nm

GLASS-CERAMICS AS IMITATION GEMSTONES
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(figure 4). The main peaks were a doublet at 687 and
689 nm, with minor peaks at 676, 698, 709, 718, and
724 nm. Certain samples displayed additional PL fea-
tures, such as a broad emission band at approximately
650 nm, or two emission peaks at around 545 and 559
nm. The series of peaks between 670 and 730 nm was
not detected in three opaque samples—GC-35 (blue),
GC-36 (greenish blue), and GC-40 (black)—or in
transparent samples GC-119 (bluish green) and GC-
120 (yellowish green).

FTIR spectra of the silicon-aluminum-magnesium-
zinc glass-ceramic samples were generally consistent
(figure 5), with three main broad absorption bands at
~3640-3670 cm™', 3430-3450 cm™!, and 3380-3390
cm!. These results align with previous reports
(Shen, 2010; Srisataporn et al., 2022). FTIR spectra
of the studied glass-ceramics can be separated into
two patterns. The majority of the samples (about
70%) showed a prominent band at 3640-3670 cm™,
with weaker bands at 3430-3450 cm™' and 3380-
3390 cm™ (figure 5A). The other pattern had a strong
absorption band at 3380-3390 cm™!, with weaker
bands at 3430-3450 cm™ and 3640-3670 cm™
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(figure 5B); this was often observed in samples with
green and yellow hues or black opaque samples.
Some of the studied glass-ceramics had spectra that
varied from these two patterns. The spectra for sam-
ples GC-35, GC-104, and GC-120 lacked the broad
bands at 3430-3450 cm™' and 3380-3390 cm™'. Sam-
ple GC-119 had a distinct spectrum, with only a
broad band at ~3520 cm™.

Figure 6. Representative EDXRF spectrum of sample

GC-17 collected at 20 keV without a filter. This spec-
trum shows the six elements that were present in
every silicon-aluminum-magnesium-zinc glass-
ceramic. The combination of these six elements
(silicon, aluminum, magnesium, zinc, titanium, and

zirconium) is not seen in any natural material and
serves as a strong indicator of a glass-ceramic.

EDXREF spectra of the glass-ceramics displayed
several visible bands consistently, confirming the
presence of silicon, aluminum, magnesium, zinc,
titanium, and zirconium (figure 6). Also detected
were some additional elemental peaks corresponding
to the color of the glass-ceramics: cobalt in blue sam-
ples, nickel in green, manganese and praseodymium
in yellow, and neodymium and erbium in pink to red.

Analysis by LA-ICP-MS revealed a chemical
composition mainly consisting of silicon (~36-44
wt.%) and aluminum (~22-34 wt.%) and other ele-
ments including magnesium, zine, titanium, and
zirconium. As shown in figure 7, a slight variation
of each element concentration was observed in most

Figure 7. Variation in major chemical composition among the glass-ceramic samples from this study, measured by
LA-ICP-MS. The silicon-aluminum-magnesium-zinc glass-ceramics show relatively consistent compositions in
various colors and transparency. Each color represents an element: silicon, aluminum, zirconium, magnesium, zinc,
and titanium, measured in transparent samples (open circles) and translucent to opaque samples (filled circles).
See supplementary table S2 at https://www.gia.edu/gems-gemology/summer-2026-glass-ceramics for concentrations

of all detectable elements.

CHEMICAL COMPOSITION: LA-ICP-MS
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UV-VIS-NIR SPECTRA
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Figure 8. Representative UV-Vis-NIR spectra of variously colored glass-ceramics show different absorption features

depending on the coloring agent(s) in each sample.

of the glass-ceramic samples, regardless of color and
transparency. A variety of elements, including rare
earth elements (REEs) and transition metals, were
also detected at lower concentrations (see supple-
mentary table S2). Significant concentrations of
sodium and hafnium were detected in every sample.
Consistent with the EDXRF results, some minor to
trace elements correlated with sample color, as they
were present in higher concentrations in samples of
similar color. Any other elements detected at much
lower concentrations (i.e., less than 500 ppm or
0.05%) are assumed to be accidental contaminants
and not additives during the glass-ceramic manu-
facturing process.

UV-Vis-NIR spectra collected in the 300-980 nm
range showed consistent absorption features in
transparent glass-ceramics of similar colors (figure
8). Blue glass-ceramics mainly displayed broad bands

GLASS-CERAMICS AS IMITATION GEMSTONES

at approximately 545, 585, and 625 nm, with absorp-
tion edges between 340 and 400 nm (figure 8A).
Green samples generally showed broad bands at
approximately 598 and 635 nm, with an absorption
increase above 870 nm toward the near-infrared
region and absorption edges between 365 and 445
nm (figure 8B). The green-yellow and some yellow
samples showed similar absorption bands at ~445,
472, 484, and 590 nm and an absorption edge at
approximately 380-400 nm (figure 8C). Many yellow
and yellow-orange glass-ceramics showed strong
absorption from the UV region to the visible spec-
trum at 520-590 nm (figure 8D). The red samples
predominantly featured an absorption band at
approximately 540 nm (figure 8E), while the pink
glass-ceramics exhibited several bands at ~365, 378,
407,442,450, 488,519, 523, 543, 585, 654, 745, 800,
878, and 970 nm (figure 8F).

GEMs & GEMOLOGY SuMMER 2026 171



TABLE 1. Summary of gemological, spectroscopic, and chemical properties of the studied glass-ceramics by color.

Purple, pink, Other colors (e.g.,
Blue Green Yellow to orange and red white, black)
RI 1.61-1.63 1.61-1.63 1.61-1.62 1.60-1.63 1.61-1.62
SG 2.86-3.19 2.89-3.42 2.94-3.17 2.93-3.24 2.90-3.15
PL Spinel-like features, mainly consisting of doublet peaks at 686.7 and 689 nm
FTIR Three prominent broad absorption bands at ~3640-3670 cm™, ~3430-3450 cm™, and ~3380-3390 cm™
Major chemical ' A ' — q . .
. Aluminum, silicon, magnesium, titanium, zinc, zirconium
composition
Dominant Cobalt, erbium, Nickel, Manganese, Gold, neodymium, na?
chromophores nickel praseodymium praseodymium erbium

Not analyzed due to the samples’ lack of transparency.

DISCUSSION

Characterization of Silicon-Aluminum-Magnesium-
Zinc Glass-Ceramics. The glass-ceramic samples
generally showed consistent results when tested
with standard and advanced gemological methods
(table 1). However, samples with different colors
often exhibited distinct properties, depending on
their respective color-causing elements.

Standard Gemological Properties. Glass-ceramics
can be used to imitate a variety of natural gemstones,
including citrine, peridot, emerald, tsavorite, topaz,
tourmaline, spinel, sapphire, ruby, garnet, and kun-
zite. The separation of glass-ceramics from these
natural stones is straightforward with standard
gemological testing. Many of the natural stones have
an RI outside the range of glass-ceramics (1.60-1.63);
those with a similar RI are generally doubly refrac-
tive, unlike glass-ceramics.

Variations in the properties of glass-ceramics (RI
and SG) can be attributed to slight differences in
chemical composition. A higher concentration of
heavier elements can result in a denser material,
while certain additives in the glass phase can affect
optical properties such as refractive index. Trans-
parency also varies, depending on the size of the
crystal grains in the glassy matrix. When the grain
size is smaller than the wavelength of visible light,
light is not scattered and the sample appears trans-
parent. Above a certain size threshold, the crystals
start to reduce transparency due to light scattering
(Beall and Pinckney, 1999). This scattering effect
caused by very small crystallites can be observed as
hazy/milky clouds in transparent and translucent
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glass-ceramics, as well as a reddish appearance in
semitranslucent samples viewed in transmitted light
(Jin et al., 202.3).

While the goal of producing glass-ceramic imita-
tion gemstones is to create an inclusion-free
material—and this is technically feasible—it is also
entirely possible to purposely introduce flaws to
make the material appear more natural.

PL Spectra. PL spectroscopy is a very sensitive tech-
nique (Eaton-Magana et al., 2024) and can detect
chromium at extremely low concentrations. The
series of emission peaks between 670 and 730 nm
shown in figure 4 closely resembles chromium emis-
sion peaks in spinel (Widmer et al., 2015; Chen et al.,
2024), consistent with previous reports for blue to
green glass-ceramics (Srisataporn et al., 2022).

Based on the main chemical composition of glass-
ceramics in the silicon-aluminum-magnesium-zinc
system (Beall and Pinckney, 1999; Holand and Beall,
2020), a spinel-like PL spectra observed in the sam-
ples matched the main crystalline phases present,
which ranged from spinel to gahnite. Certain ele-
ments had a significant impact on the PL spectrum.
For example, cobalt (figure 4C) and erbium (figure
4D) were associated with additional emission bands
at 650 nm and 545-559 nm, respectively. Notably,
glass-ceramic samples containing relatively high
nickel concentrations (~2000 ppm and higher)
tended to show weaker spinel-like PL features, with
broad bands below 650 nm (figure 4B). High nickel
concentrations can act as a quencher for the typical
chromium photoluminescence in spinel (Jouini et
al., 2007).
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FTIR Spectra. In figure 5, prominent broad bands
between 3300 and 3700 cm™! appear to be associated
with hydroxyl stretching of water molecules and
silanol groups in glass (Faulques et al., 2001; Efimov
and Pogareva, 2006). These bands could also be
related to the vibrations of hydroxyl groups in
spinel-group materials, which make up the main
crystalline phases of the studied glass-ceramics.
These FTIR features have been observed in annealed
gahnite produced using hydrothermal growth (Miron
and Grozescu, 2012), as well as spinel grown by
flame fusion (figure 5D). The glass-ceramic samples
from this study also showed a discernible band at
~2260 cm™, caused by a combination of hydroxyl-
group modes from the silica glassy matrix (Efimov
and Pogareva, 2006).

FTIR spectra of natural glasses (e.g., moldavite
and obsidian) and artificial glasses show a broad band
around 3400-3600 cm™!, similar to the region seen in
silicon-aluminum-magnesium-zinc glass-ceramics.
However, the FTIR spectra of glass-ceramics are
clearly different from those of glasses, lacking both
peaks in the 3380-3450 cm™! region. The distinctive
FTIR signature of glass-ceramics can be used to sep-
arate them from natural and laboratory-grown
gemstones, as well as natural and artificial glasses.

Major Chemical Composition. Most of the glass-
ceramic samples contained silicon, aluminum,
magnesium, zing, titanium, and zirconium oxides.
The presence of a combination of silicon, alu-
minum, magnesium, and zinc oxides is directly
related to the glass that is ultimately crystallized pri-
marily to spinel or gahnite crystal phases in the
glassy matrix (Beall and Pinckney, 1999; Holand and
Beall, 2020). Zinc oxide is a common additive in
glassmaking to help reduce viscosity. This allows
the glass to be poured into slabs, and it is important
for fast, temperature-controlled transfer of the mate-
rial. During the annealing phase, the zinc is included
in the growth of the spinel-like phases through dif-
fusion. Titanium and zirconium oxides are
introduced as nucleating agents to promote uniform
crystal growth (Holand and Beall, 2020). The right
amount of titanium and zirconium oxides results in
a homogeneous distribution of crystals growing
throughout the material. Notably, hafnium was
detected in every sample, with the amount of
hafnium oxide at approximately 2 wt.% of the zir-
conium oxide content. This strongly suggests that
hafnium is a contaminant in zirconium oxide (again,
see table S2 in the supplementary material).

GLASS-CERAMICS AS IMITATION GEMSTONES

Color-Causing Agents and Notable Trace Ele-
ments. Coloration in glass-ceramics can be created
by transition metal ions, REE ions, metal nanopar-
ticles, or a combination of the three. For the
samples from this study, color appearance and UV-
Vis-NIR spectra (again, see figure 8) corresponded
well with the minor to trace element compositions
measured using EDXRF and LA-ICP-MS. Glass-
ceramics can be colored by various dominant
elements, as follows:

e Blue: Cobalt was the primary cause of blue col-
oration. The blue samples had a typical cobalt
UV-Vis-NIR absorption spectrum, with three
broad absorption bands between 540 and 650
nm (Shen, 2010; D’Ippolito et al., 2015). This
was consistent with the significant cobalt con-
centrations detected.

e Green: Nickel was responsible for light blue to
green colors in many of the samples. A consid-
erable nickel concentration was measured in
these samples, which corresponded with two
broad UV-Vis-NIR absorption bands between
590 and 640 nm (Shen, 2010; Jollands et al.,
2023). Praseodymium, another chromophore
detected, also contributed a green hue, with a
unique UV-Vis absorption spectrum in the 440
600 nm range (Khomenko et al., 2017).

e Yellow to Orange: Yellow to orange coloration
in the samples was generally created by man-
ganese (Bosi et al., 2007). Strong absorption in
the UV and blue regions below ~550 nm was
observed in yellow samples, while strong
absorption extended to ~610 nm to produce
orange colors in samples with higher man-
ganese concentrations. Praseodymium also
contributed to a yellow-green coloration.

e Purple, Pink, and Red: Many gem materials
with pink to red coloration would be expected
to show similar absorption patterns with dif-
ferent absorption intensity—weaker for pink
and more intense for red colors. This is not the
case for pink to red glass-ceramics, however.
Two main groups of chromophores were found
in the samples within this color range:

1. REEs, including neodymium and erbium,
created a pinkish hue. REEs typically
showed multiple narrow absorption peaks
in the UV-visible region (Khomenko et al.,
2017), consistent with the presence of
these elements at high concentrations.
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2. Gold nanoparticles in the glassy matrix
resulted in a strongly saturated red color.
The UV-Vis absorption caused by gold
nanoparticles has a characteristic absorp-
tion spectrum defined by a broad
absorption band at ~540 nm (figure 8E)
(Alex and Tiwari, 2015). In this study, the
red glass-ceramics colored by gold
nanoparticles had gold concentrations
around 20-40 ppm.

Multiple chromophores can be combined to pro-
duce a range of colors. Several other elements were
detected in this study, but they are not known as
chromophores (e.g., calcium, barium, sodium, lead,
tin, and arsenic). Some of these elements, such as
sodium and arsenic, are known additives in the glass-
making process to adjust viscosity, but they might
also be contaminants from other compounds.

Comparison Between Optical Glasses and Their
Glass-Ceramic Products. Three optical glasses (OG-
01 to OG-03) that would ultimately produce blue,
red, and green glass-ceramics after controlled crys-
tallization (table 2) were also examined. The

differences in RI and SG values before and after crys-
tallization were insignificant. In addition, the optical
glasses and the glass-ceramics both showed a
stronger chalky green-yellow fluorescence reaction
to short-wave UV than to long-wave UV. These sim-
ilarities indicate that standard gemological testing
alone is not sufficient to differentiate optical glass
from glass-ceramic products.

As shown in table 2, optical glasses can either
resemble the final color of the glass-ceramic prod-
ucts, or the final color can be altered through a
post-growth annealing process. For the blue optical
glass (OG-01) and the blue glass-ceramic material
(GC-02), a combination of cobalt and erbium was
added to produce a blue hue. Co?* is known to create
blue coloration when incorporated in glass phases
(Calas et al., 2021), so the color difference between
the blue optical glass and the blue glass-ceramic
product was insignificant.

Meanwhile, a significant color difference was
observed between the near-colorless optical glass
(OG-02) and its red glass-ceramic counterpart (GC-
20), as well as between the dark brown optical glass
(OG-03) and its green glass-ceramic counterpart (GC-
12). The shift from near-colorless optical glass to a

TABLE 2. Three optical glasses (OG-01 to OG-03) and their faceted glass-ceramic products in blue (GC-02),

red (GC-20), and green (GC-12).

W

0G-01 GC-02 0G-02 GC-20 0G-03 GC-12

Color Blue Blue Colorless Red Dark brown Green
RI 1.618 1.622 1.600 1.618 1.610 1.618
SG 3.06 3.06 2.89 2.93 291 2.97
L Strong chalky

ong-wave UV green Moderate green Weak red Inert Inert Inert

Strong chalk Strong chalk Strong chalk WEEIS GRS Tz Weak chalk
Short-wave UV 8 Y 8 Y 8 Y with strong : Y Inert
greenish yellow green greenish yellow chalky green greenish yellow
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Figure 9. PL spectra of the three optical glasses in table 2,
collected at room temperature, using a 514 nm laser,
show distinct emission features compared to those
typically observed in glass-ceramics (e.g., GC-20).

red glass-ceramic was due to the precipitation of gold
nanoparticles with the presence of tin (Tilley, 2011;
Calas et al., 2021). Nano-scale gold particles that
developed next to the crystalline phases (e.g.,
spinel/gahnite) qualify the red sample as a glass-
ceramic (Deubener et al., 2018). The dark brown
optical glass contained a significant nickel concen-
tration. When the optical glass was converted to a
glass-ceramic, the nickel became incorporated into
the spinel/gahnite-like crystalline phases, producing
a green color. This determination that the nickel was
incorporated into the spinel/gahnite crystalline
phases is based on the UV-Vis-NIR absorption spec-
trum of green glass-ceramics (again, see figure 8B;
e.g., Jollands et al., 2023).

Since the conversion of optical glasses to glass-
ceramics requires no additives, chemical analysis
using EDXRF and LA-ICP-MS showed no change in
composition. In contrast, the FTIR (again, see figure

GLASS-CERAMICS AS IMITATION GEMSTONES

5) and PL (figure 9) spectra of the glass-ceramics dis-
played a significant shift from that of the optical
glasses. These differences are related to the develop-
ment of desired crystalline phases after controlled
heat treatment.

As shown in figure 9, the glass-ceramics had a set
of emission peaks between 670 and 730 nm that
resembled spinel/gahnite PL features but were
absent from the optical glass. Over the 650-750 nm
range, the brown optical glass exhibited no emission
peaks; the colorless optical glass showed narrow
doublet peaks at 693 and 694.4 nm, similar to the
Cr** emission peaks in corundum (Powell, 1998).
The blue optical glass exhibited broad bands at
around 659 and 670 nm, possibly related to REEs
such as erbium. Although the corundum PL feature
was detected in the colorless optical glass, this mate-
rial is not considered a glass-ceramic, as corundum
phases in this stage likely resulted from uncon-
trolled spontaneous crystallization.

CONCLUSIONS

Glass-ceramic materials can be produced in a broad
range of colors and transparencies to imitate a wide
variety of natural gemstones. Their gemological,
spectroscopic, and chemical properties are generally
consistent and can be used to distinguish glass-
ceramics of the silicon-aluminum-magnesium-zinc
system from natural and laboratory-grown gems as
well as glass imitations.

The transparent glass-ceramic material currently
being produced for gem use is inclusion-free, but
manufacturers may eventually introduce flaws to
more closely resemble natural stones. However,
accurate identification can be achieved through a
combination of standard and advanced gemological
methods.

The proposed identification criteria for silicon-
aluminum-magnesium-zinc system glass-ceramics
are an RI between 1.60 and 1.63; a chemical compo-
sition dominated by magnesium, aluminum, silicon,
titanium, zinc, and zirconium; spinel-like PL fea-
tures; and a unique FTIR feature with a broad
absorption band at ~3640-3650 cm™!, together with
bands at ~3430-3440 cm™ and/or ~3380-3390 cm™.

It is important to note that these criteria are only
valid for glass-ceramics of the silicon-aluminum-
magnesium-zinc system. Creation of glass-ceramics
in other chemical composition systems is possible,
which could result in different gemological, spectro-
scopic, and chemical properties.
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A ARTICLES

CHARACTERIZATION OF RED AND ORANGE
SPINEL FROM MYANMAR AND VIETNAM

Boonyapak Aksorn, Thitiphan Assawincharoenkij, Doan Thi Anh Vu, Dietmar Schwarz, Bhuwadol
Wanthanachaisaeng, and Chakkaphan Sutthirat

This study investigated the gemological characteristics of red and orange spinel from Mogok in Myanmar and
from Lang Chap and An Phu in Vietnam. In terms of standard gemological properties, all samples displayed a
refractive index ranging from 1.710 to 1.728, specific gravity of 3.528 to 3.692, and red fluorescence under
ultraviolet light. Advanced gemological methods, including ultraviolet/visible/near-infrared spectroscopy,
electron probe microanalysis, and laser ablation-inductively coupled plasma-mass spectrometry, were employed
to investigate chemical compositions, particularly focusing on chromophores and determination of diagnostic
origin criteria. Both red and orange spinel samples exhibited chemical properties close to stoichiometric spinel.
It was found that the diverse coloration in red and orange samples resulted from variations in chromium-to-
vanadium ratios. The studied red spinels were chromium-rich, with chromium-to-vanadium ratios >1.7, whereas
the orange spinels were vanadium-rich, with chromium-to-vanadium ratios <1.0. Trace element plots of titanium
versus zinc for red spinel revealed separation between the three sources (Mogok, Lang Chap, and An Phu).
Regarding orange spinel, plotting of vanadium versus zinc showed separation for Lang Chap and An Phu samples
but due to the wide range of composition found in the Mogok samples, there was overlap between samples
from Mogok and the two Vietnamese sources. Therefore, separation of the orange spinel from these sources is
more difficult and will require investigating additional samples.

in popularity in recent years (figure 1). Despite

high demand for this gem among collectors and
in the jewelry trade, obtaining fine-quality spinel has
proven challenging due to limited availability. Conse-
quently, the price of spinel has consistently trended
upward; moreover, the gemstone’s geographic origin
also plays a pivotal role in pricing. The origin of spinel
is becoming an increasingly significant determinant
of its value and is expected to soon be as significant as
for emerald, ruby, and sapphire. For instance, blue
spinel from Tanzania and Vietnam is more renowned
than that from Madagascar or Myanmar, while red
spinel from Myanmar and Vietnam is more highly
regarded than that from other origins. However, reli-
able origin determination of spinel requires
dependable data. Therefore, a comprehensive analysis

E ; pinel, as a gemstone, has continued to increase

See end of article for About the Authors and Acknowledgments.
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of the physical and chemical characteristics of spinel
from various origins is necessary. Color variation alone
is insufficient to determine country of origin; similar
appearing pink spinel might come from quite different

In Brief

e Red and orange spinels from Myanmar and Vietnam
in this study revealed significant trace element
composition data for further uses in gem-testing
laboratories.

e Red spinel was characterized by a chromium-
dominant chromophore composition with chromium-
to-vanadium ratios 1.7, whereas orange spinel had a
vanadium-dominant chromophore composition with
chromium-to-vanadium ratios <1.0.

e UV-Vis-NIR spectroscopy confirmed that Cr3* and V3*
were the primary chromophores controlling color
variation in the studied spinels.

e Trace element plots (particularly titanium versus zinc)
showed potential for partial separation of red spinel
from different geographic origins.
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geological environments. For instance, Tajikistan
spinel occurs in forsterite lenses within magnesian
skarn (Liu et al., 2022), whereas the spinels studied
here from the main commercial deposits in Myanmar
(Mogok) and Vietnam (Lang Chap and An Phu) are
both situated in marble hosts. These marbles formed
under high-grade (granulite facies) metamorphic con-
ditions and tectonic activity linked to the Himalayan
orogeny (Garnier et al., 2005; Khoi et al., 2011; Huong
et al., 2012; Fallick et al., 2019; Phyo et al., 2019;
Chankhantha et al., 2020). The similarities in the mar-
ble hosts may result in comparable trace element
chemistries and identical mineral inclusion assem-
blages. Consequently, these complicate the separation
and origin determination of the studied spinels.
Spinel is the magnesium- and aluminum-contain-
ing member (MgAl,O,) of the spinel group of minerals
with the general formula (X**)(Y?*),0, (Sickafus et al.,
1999) and crystallizes in the isometric (cubic) system.
For spinel, the refractive index and specific gravity are
approximately 1.72 and 3.55, respectively (Deer et al.,
2013). However, solid solutions may form where dif-
ferent metals substitute for magnesium and
aluminum in the X** and Y** sites and may slightly
change those physical properties, introducing color.
For instance, red, pink, and orange spinel may be
attributed to the presence of Cr** and V3* presumably
in the octahedral (Y®) site, whereas blue spinel is
attributed to Co?* and/or Fe?* predominantly in the

SPINEL FROM MYANMAR AND VIETNAM

Figure 1. Gem-quality
spinel, such as these red
(3.31 ct) and orange (2.53
ct) examples from Mogok,
Myanmar, have increased
in popularity in recent
years. Photos by Robert
Weldon; courtesy of GIA’s
Dr. Edward ]. Giibelin col-
lection (left) and Pillar e)
Stone International (right).

tetrahedral (X**) site. However, spinel with a blue hue
originating from cobalt tends to exhibit a more satu-
rated and brighter color compared to spinel with a
blue hue from iron. Chauviré et al. (2015) and Krzem-
nicki et al. (2023) also reported the presence of cobalt
in blue spinel from Vietnam and Tanzania. Purple
spinel can form when combinations of chromium
and vanadium are accompanied by iron and/or cobalt
substituting in the X?>* and/or Y** sites (Peretti and
Ginther, 2003; Chauviré et al., 2015; Andreozzi et al.,
2019; Belley and Palke, 2021; Krzemnicki et al., 2023).
However, the flexible nature of the octahedral and
tetrahedral structures in spinel allows both sites to
potentially accommodate either 2+ or 3+ ions (DIp-
polito et al., 2015; Andreozzi et al., 2019; Zhang et al.,
2023). Investigations using quantitative analytical
methods for trace element concentrations have been
employed to separate natural from synthetic spinel,
as well as to identify treatments (Saeseaw et al., 2009;
Pluthametwisute et al., 2022). However, the trace ele-
ment profiles of spinel from various origins remain
largely unexplored.

GEOLOGICAL BACKGROUND

Mogok, Myanmar. Mogok is a significant global
source of ruby, sapphire, and spinel. Gem mining has
taken place in both primary and secondary deposits
in this region since the fifteenth century (Iyer, 1953).
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Mogok is located in central Myanmar and is geolog-
ically part of the Mogok Metamorphic Belt (MMB]
(figure 2) (Tyer, 1953; Phyo et al., 2019; Chankhantha
et al., 2020), which experienced two major metamor-
phic events. The first occurred during the late
Cretaceous to Paleocene, while the second took place
during the late Eocene to Oligocene. Both events are
linked to the collision between the Indian and Asian
tectonic plates, which resulted in the formation of
the Himalayan mountain range (Iyer, 1953; Searle et
al., 2007, 2020; Phyo et al., 2019). The geologic set-
ting of the Mogok region is highly complex, mainly
consisting of high-grade metamorphic schists,
gneisses, marble, calc-silicate rocks, and quartzite.
Additionally, various igneous intrusions are present,
including gem crystal-containing pegmatites and
ultramafic rocks (Iyer, 1953; Thu, 2007; Phyo et al.,
2019). Spinel has typically been found in marbles
associated with metamorphism in granulite facies.
Other minerals discovered in these marble forma-
tions include apatite, chondrodite, clinohumite,
diopside, dravite, forsterite, graphite, phlogopite,
pyrite, and corundum (ruby) (Zaw et al., 2015;
Chankhantha et al.,, 2020). Moreover, anhydrite,
apatite, calcite, chondrodite, dolomite, graphite,
ilmenite, magnesite, forsterite, phlogopite, potas-
sium feldspar, pyrite, quartz, rutile, sulfur, titanite,
uraninite, and zircon have also been found as mineral
inclusions in Mogok spinel (Phyo et al., 2019).
Although mineral inclusions can provide valuable
information for gemological characterization and ori-
gin determination, most of the samples examined in
this study were free of inclusions, which limited
detailed inclusion analysis.

Lang Chap, Vietnam. Here, gem spinel has been
mined mostly from secondary deposits, beginning in
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February 2010. This area is particularly renowned for
red to orange spinel (Khoi et al., 2011; Huong et al.,
2012). The small village of Lang Chap is located in
the Luc Yen District, Yen Bai Province, within the
Day Nui Con Voi range. This area is positioned
between the Red River Fault to the southwest and
the Chay River Fault to the northeast (Trinh et al.,
2012; again, see figure 2). In the Red River Fault zone,
two main tectonic events contributed to the forma-
tion of gemstones; the Indosinian orogeny resulted
from the collision between the Yangtze craton and
the Indochinese shield in the Upper Proterozoic
(Kusnir, 2000); the subsequent Himalayan orogeny
produced similar high-grade metamorphic conditions
to those of the MMB. Additionally, spinel from Lang
Chap is associated with high-grade metamorphic
rocks under amphibolite facies’ conditions, including
calc-silicates, gneisses, and marbles (Malsy et al.,
2012; Chauviré et al., 2015; Giuliani et al., 2017). As
a newly discovered deposit, detailed information on
mineral inclusions in Lang Chap spinel is limited.

An Phu, Vietnam. This renowned gem mining loca-
tion is also in Yen Bai Province and is known for
high-quality spinel. These spinels formed within
marble during granulite facies metamorphism; other
minerals found in these marbles include chlorite,
clinohumite, forsterite, pargasite, and phlogopite
(Garnier et al., 2005; Fallick et al., 2019). In addition,
inclusions of apatite, calcite, dolomite, goethite,
graphite, magnesite, potassium feldspar, titanite,
and zircon were discovered in these spinels (Giu-
liani et al., 2003). An Phu is part of a geological
terrane, the Lo Gam zone, to the east of the Red
River Fault (Malsy et al., 2012; again, see figure 2).
Two significant tectonic processes in the Lo Gam
zone were crucial to the formation of gemstones
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along the Red River Fault area. These were the
Indosinian orogeny, resulting from the collision
between the Yangtze craton and the Indochinese
shield during the Upper Proterozoic, and the subse-
quent Himalayan orogeny, which is also associated
with the metamorphic evolution of the MMB (Gar-
nier et al., 2005; Chauviré et al., 2015; Giuliani et
al., 2017; Chankhantha et al., 2020).

MATERIALS AND METHODS

Samples. All spinel samples for this study were
acquired by the authors from either miners or local
markets around the mining areas. Author DS
bought all Mogok spinels directly from the local
market around the mining area, and author DTAV
bought spinels directly from the local miners in
Lang Chap and An Phu, Vietnam. Red and orange
spinels were meticulously selected and categorized
based on their color and hue according to the Mun-
sell color system. The red spinels’ color codes
ranged from 2.5R to 5R, and the orange spinels’

SPINEL FROM MYANMAR AND VIETNAM

Figure 3. Representative
red (left) and orange (right)
spinel samples from Mogok
(A:0.19-0.60 ct and B:
0.35-2.59 ct), Lang Chap
(C:0.33-0.54 ct and D:
0.31-2.82 ct), and An Phu
(E: 0.42-4.31 ct and F:
0.24-1.55 ct). Photos by
Boonyapak Aksorn.

color codes ranged from 7.5R to 10R. The red spinel
collection comprised 13 samples from Mogok, 25
samples from Lang Chap, and 25 samples from An
Phu. The orange spinel collection included 14 sam-
ples from Mogok, 25 samples from Lang Chap, and
25 samples from An Phu. All samples were labeled
using abbreviations of locations followed by a num-
ber (e.g., MK 17). Double-sided polished wafers were
fabricated from all 127 spinel samples for standard
gemological testing, including determination of
refractive index (RI), specific gravity (SG), ultravio-
let (UV) reaction, and optical character with a
polariscope. Furthermore, ultraviolet/visible/near-
infrared (UV-Vis-NIR| spectroscopy, electron probe
microanalysis (EPMA), and laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS)
were applied to select samples representing each
unique color (figure 3).

UV-Vis-NIR Spectroscopy. Absorption spectra in the
UV-Vis-NIR range (250-1500 nm) were collected by
a Perkin-Elmer Lambda 1050 spectrophotometer at
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the Gem and Jewelry Institute of Thailand (GIT).
Scan speed was set at 405 nm/min with a resolution
of 3 nm. The thin double-sided polished wafer sam-
ples (<4 mm thick) allowed for the use of
transmission mode. The absorption coefficient was
calculated using the formula o = 2.303A/t, where «
represents the Napierian true absorption coefficient
in cm™, A is the decadic true absorbance (unitless),
and t is the thickness of the sample in centimeters
(Dubinsky et al., 2020).

EPMA. A JEOL model JXA-8100 electron probe micro-
analyzer at the Department of Geology,
Chulalongkorn University, was used to determine
major and minor oxide compositions. Standard mate-
rials for calibration included synthetic quartz (SiO,) for
silicon, synthetic rutile (TiO,) for titanium, synthetic
corundum (Al,Q,) for aluminum, lead vanadium ger-
manium oxide (PbV Geoxide) for vanadium, synthetic
eskolaite (Cr,O;) for chromium, gadolinium gallium
garnet (GGG) for gallium, fayalite (Fe,SiO,) for iron,
synthetic periclase (MgO) for magnesium, synthetic
manganosite (MnO) for manganese, cobalt oxide (CoO)
for cobalt, zinc oxide (ZnO) for zinc, and wollastonite
(CaSiO,) for calcium. An acceleration voltage of 15 kV
and a probe current of about 2.5 x 10-* A with a focused
electron beam (<1 pm) were applied to all analytical
spots. Detection limits were empirically below 0.005
wt.%. Three spots were analyzed for each sample.

LA-ICP-MS. Trace element analyses were performed
with LA-ICP-MS. This unit was comprised of a

Thermo Scientific iCAP RQ ICP-MS attached to an
Elemental Scientific Laser NWR-213 (laser ablation
unit) based at GIT. The parameters employed for ICP-
MS were a carrier gas flow of 0.75 L/min of helium,
a plasma gas flow of 14 L/min of argon with plasma
power set at 1550 W, and a radiofrequency generator
supply of 40 V. Supplementary parameters for laser
ablation included an output energy of 0.246 m], flu-
ence around 10 J/cm?, laser energy set at 65%, spot
size of 85 pum, repetition rate of 10 Hz, dwell time of
60 s, and three analyzed spots for each sample. Exter-
nal standard calibration was performed using NIST
SRM 610 (with lithium, beryllium, and boron con-
centrations of 485.0, 465.9-466.1, and 357.0 ppm,
respectively) and NIST SRM 612 (with lithium,
beryllium, and boron concentrations of 41.5, 36.2—
38.4, and 35.0 ppm, respectively). The following
masses were collected: ¥Ti, °'V, %Cr, *>Mn, *°Fe, *°Co,
®Ni, Zn, and ®Ga. All analyses were reported as
ppmw and converted to ppma on the basis of the
molecular weight per atom approach, which is as fol-
lows: Molecular weight of spinel (MgAl,O,) is
divided by the total number of atoms per formula
unit (7 atoms) to obtain the average mass per atom.
This value is then divided by the atomic weight of
the target element and multiplied by its ppmw value
to obtain the atomic concentration (ppma).

RESULTS

Standard Gemological Properties. A summary of the
standard gemological properties for the red and orange
spinels tested is presented in table 1. The samples

TABLE 1. Standard gemological properties of red and orange spinel samples.

Color group Deposit Color code Refractive index Specific gravity Ultraviolet fluorescence
1) Nyearmar 2513 ARSI S SW: red 0 strong ed
o e25) et 2.5% 17101725 3.554-3.653 SW red 0 tiong ed
Sy e s eas s e
82”&‘; Q"yﬁ?ﬁ;r 7.5R-10R 1.710-1.719 3.552-3.621 LW:SmVJf o song red
(?fjnzgse) Li/”ifztg:;p/ 7.5R-10R 1.710-1.720 3.571-3.649 SWEVV\teztliorzgd rtidre 4
82”2*‘556) o ha‘in 7.5R-10R 1.711-1.721 3.570-3.659 o {rfgrtt‘iosaoer;i rri%

Note: n = number of samples; LW = long-wave; SW = short-wave.
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ranged in RI from 1.710 to 1.728, all displaying single
refraction. The SG values varied within a range of
3.528 to 3.692. Notably, all red spinel samples dis-
played red fluorescence under both long-wave (365
nm) and short-wave (254 nm) UV, while some orange
spinel samples exhibited red fluorescence under long-
wave UV but were inert or exhibited weak to
medium red fluorescence under short-wave UV.

UV-Vis-NIR Spectroscopy. UV-Vis-NIR absorption
spectra corrected for path length of all red and orange
spinel samples showed absorption peaks at 390 nm
and 534-540 nm (figure 4), attributed to overlapping

UV-VIS-NIR SPECTRA

contributions from Cr** and V*. Notably, the absorp-
tion feature associated with Cr** in red spinel shows
a shoulder at 430 nm. In addition, orange spinels
exhibited a reduced absorption intensity from 470 to
600 nm compared to their red counterparts, while
also displaying a less pronounced peak at
534-540 nm. Moreover, their Cr* absorption range
(350-490 nm) was broader than that observed in red
spinels (350-470 nm). The referenced absorption
peaks of Cr** and V3* are from Belley and Palke (2021)
and D’Ippolito et al. (2015).

Distinct absorption bands were evident for red
spinel in the violet range (350-470 nm) and green to

‘ B

— MK 30
10R 6/12: orange
Cr: 177 ppma

V: 1416
(534) Ppma

V3

T T T
500 600 700

WAVELENGTH (nm)

Figure 4. Representative
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TABLE 2. Representative EPMA analyses (in wt.%) of red spinel samples from Mogok, Lang Chap, and An Phu.

Mogok Lang Chap An Phu

MK 15 MK 16 MK 17 LC1 LC2 LC3 AP 27 AP 28 AP 32
Sio, 0.04 0.03 bdl? bdl bdl bdl bdl bdl bdl
TiO, 0.07 0.13 0.13 0.08 0.05 bdl 0.10 bdl 0.03
Al, O, 65.79 67.44 68.63 68.55 69.25 69.86 69.29 68.71 68.76
V,0, 0.21 0.37 0.23 0.39 0.10 0.34 0.36 0.11 0.18
Cr,0, 5.38 3.33 1.74 2.06 1.87 1.54 1.47 2.09 1.33
Ga,0, bdl 0.06 0.05 0.07 bdl 0.01 0.10 bdl bdl
FeO,,u 0.15 0.15 0.20 0.45 0.94 0.40 0.20 0.58 0.36
MnO bdl bdl bdl 0.01 0.02 bdl bdl 0.03 0.02
MgO 28.56 27.56 28.25 27.92 27.18 27.82 27.49 27.37 27.53
CoO bdl bdl bdl bdl bdl bdl bdl bdl bdl
ZnO 0.17 1.13 0.57 0.19 0.88 0.16 0.36 0.24 0.45
CaO 0.03 0.02 0.02 0.01 bdl bdl 0.01 0.01 bdl
Total 100.39 100.22 99.81 99.72 100.29 100.13 99.37 99.14 98.66

Cation atoms per formula unit, based on four oxygen atoms per formula unit

Si 0.001 0.001 — — — — — — _

Ti 0.001 0.002 0.002 0.001 0.001 — 0.002 — 0.001
Al 1.869 1.915 1.942 1.942 1.957 1.964 1.964 1.956 1.964
\% 0.004 0.007 0.005 0.008 0.002 0.006 0.007 0.002 0.004
Cr 0.103 0.064 0.033 0.039 0.036 0.029 0.028 0.040 0.026
Ga — 0.001 0.001 0.001 — — 0.002 — —

Fe¥* 0.014 0.005 0.010 0.005 0.002 — — 0.001 0.004
Fe?* 0.003 0.003 0.004 0.004 0.017 0.008 0.004 0.010 0.003
Mn — — — — — — — 0.001 0.001
Mg 1.026 0.990 1.011 1.000 0.972 0.990 0.986 0.986 0.994
Co — — — — — — — — —

Zn 0.003 0.020 0.010 0.004 0.016 0.003 0.006 0.004 0.008
Ca 0.001 0.001 — — — — — — —

Total 3.024 3.009 3.018 3.004 3.002 3.000 2.998 3.001 3.003
YR* 1.033 1.014 1.025 1.008 1.004 1.000 0.996 1.001 1.006
X(Mg) 0.984 0.992 0.986 0.991 0.981 0.992 0.996 0.989 0.993
X(Fe) 0.016 0.008 0.014 0.009 0.019 0.008 0.004 0.011 0.007
YR3* 1.991 1.995 1.992 1.996 1.998 2.000 2.002 2.000 1.997
Y(Al) 0.946 0.964 0.981 0.976 0.981 0.982 0.982 0.979 0.985
Y(Cr) 0.052 0.032 0.017 0.020 0.018 0.015 0.014 0.020 0.013
Y(V) 0.002 0.004 0.003 0.004 0.001 0.003 0.004 0.001 0.002

ahdl = below detection limit (<0.005 wt.%).
Note: Fe?* and Fe* recalculated using method described by Droop (1987).
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TABLE 3. Representative EPMA analyses (in wt.%) of orange spinel samples from Mogok, Lang Chap, and An Phu.

Mogok Lang Chap An Phu

MK 30 MK 31 MK 34 LC 32 LC 33 LC 35 AP 53 AP 54 AP 57
Sio, bdl bdl bdl bdl bdl bdl 0.01 bdl bdl
TiO, bdl 0.11 bdl bdl 0.08 0.04 0.04 bdl bdl
Al,O, 70.77 70.63 70.36 70.89 70.62 70.49 70.51 71.17 71.66
V,0, 1.10 0.84 1.01 1.06 0.85 1.05 0.36 0.31 0.32
Cr,0, 0.10 0.24 0.15 0.20 0.45 0.51 0.12 0.07 0.23
Ga,0, 0.13 bdl bdl bdl bdl 0.01 0.09 0.07 bdl
FeO,. 0.03 0.09 0.11 0.11 0.24 0.32 0.58 0.83 0.28
MnO bdl 0.01 bdl bdl bdl bdl 0.01 0.01 bdl
MgO 28.65 28.40 28.22 27.72 27.58 27.30 28.65 27.16 27.76
CoO bdl bdl bdl bdl bdl bdl bdl bdl bdl
ZnO 0.09 0.01 0.31 0.05 0.08 0.16 0.14 0.06 bdl
CaO 0.01 bdl 0.01 0.02 0.01 bdl bdl 0.03 bdl
Total 100.88 100.33 100.19 100.04 99.91 99.86 100.51 99.69 100.25

Cation atoms per formula unit, based on four oxygen atoms per formula unit

Si — — — — — — — — —
Ti — 0.002 — — 0.001 0.001 0.001 — —
Al 1.968 1.973 1.972 1.986 1.983 1.982 1.970 2.002 1.999
\% 0.021 0.016 0.019 0.020 0.016 0.020 0.007 0.006 0.006
Cr 0.002 0.005 0.003 0.004 0.009 0.010 0.002 0.001 0.004
Ga 0.002 — — — — — 0.001 0.001 —
Fe¥* 0.004 0.001 0.004 — — — 0.011 — —
Fe?* 0.001 — 0.002 0.002 0.005 0.006 — 0.017 0.006
Mn — — — — — — — — —
Mg 1.008 1.004 1.001 0.982 0.980 0.971 1.013 0.966 0.980
Co — — — — — — — — —
Zn 0.002 — 0.006 0.001 0.001 0.003 0.002 0.001 —
Ca — — — 0.001 — — — 0.001 —
Total 3.007 3.001 3.006 2.995 2.995 2.993 3.009 2.995 2.995
YR 1.010 1.004 1.009 0.986 0.986 0.980 1.016 0.985 0.985
X(Mg) 0.995 0299 0.994 0.998 0.995 0.994 0.989 0.983 0.994
X(Fe) 0.005 0.001 0.006 0.002 0.005 0.006 0.011 0.017 0.006
YR3* 1.997 1.997 1.998 2.009 2.009 2.013 1.993 2.010 2.010
Y(Al) 0.988 0.989 0.989 0.988 0.988 0.985 0.995 0.997 0.995
Y(Cr) 0.001 0.003 0.002 0.002 0.004 0.005 0.001 0.000 0.002
Y(V) 0.011 0.008 0.010 0.010 0.008 0.010 0.004 0.003 0.003

ahdl = below detection limit (<0.005 wt.%).
Note: Fe?* and Fe’* recalculated using method described by Droop (1987).
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yellow range (500-600 nm), resulting in transmission
in the blue and red regions of the spectrum (figure 4,
A, C, and E). On the other hand, orange spinels exhib-
ited similar absorption in the violet range
(350470 nm), extending into part of the blue region
(490 nm), along with reduced absorption in the green
to yellow range (500-600 nm), resulting in increased
transmission in the orange region, as depicted in fig-
ure 4, B, D, and E.

The representative red spinel sample (LC 6 in fig-
ure 4C) revealed a chromium-rich and vanadium-poor
composition, with 4076 ppma chromium and 168
ppma vanadium, and exhibited a peak at 390 nm, a
shoulder peak at 430 nm, and a distinct absorption
intensity at 534-540 nm. In contrast, the representa-
tive orange spinel sample (MK 30 in figure 4B)
yielded chromium-poor and vanadium-rich contents
of 177 ppma chromium and 1416 ppma vanadium
and showed a peak at 390 nm, a broader peak width
compared to the red spinel, and a much reduced peak
at 534-540 nm.

Mineral Chemistry. EPMA. Representative EPMA
analyses and the resulting calculated stoichiometric

formulas based on four oxygen atoms are presented
in tables 2 and 3. Moreover, Fe?* and Fe®* were recal-
culated using the method described by Droop
(1987). According to the classification of Haggerty
(1991) and Deer et al. (2013), spinels with major ele-
ments of magnesium and aluminum in an
approximate stoichiometric ratio of 1:2 are classi-
fied as spinel (MgAl,O,).

Chemical analyses of red spinel samples from
Mogok, Lang Chap, and An Phu demonstrated that
all contained Al,O, (65.79-69.86 wt.%) and MgO
(27.18-28.65 wt.%). Consequently, the red samples
exhibited 1.869-1.964 Al** atom per formula unit
(apfu), incompletely occupying the octahedral site
(2 apfu). The presence of Cr® (0.026-0.103 apfu) was
observed, substituting for Al** in the octahedral site.
Consequently, the mole fraction at the tetrahedral
site showed that X.. ranged from 0.981 to 0.996,
while X, ranged from 0.004 to 0.019. At the octa-
hedral site, Y, ranged from 0.946 to 0.985, Y.
ranged from 0.013 to 0.052, and Y. ranged from
0.001 to 0.004 (table 2).

Orange spinel samples from Mogok, Lang Chap,
and An Phu were predominantly comprised of Al,O,

TABLE 4. Representative LA-ICP-MS analyses (in ppmw) of red spinel samples. Corresponding ppma values

are shown in parentheses.

Mogok Lang Chap An Phu Detection limit
MK 15 MK 16 MK 17 LC1 LC2 LC3 AP 27 AP 28 AP 32 (ppmw)
Ti 1110 522 939 155 41 140 45 16 19 0.88
(461) 217) (390) (65) 17) (58) (19) (7) (8) ’
v 1630 1230 1490 1175 423 1270 2307 882 1080 0.04
(650) (491) (595) (469) (169) (507) (920) (352) (431) ’
Cr 23623 13785 7166 6842 6374 6002 8393 12149 7967 0.43
(9243) (5394) (2804) (2677) (2494) (2348) (3284) (4754) 3117) ’
8 11 5 7 150 7 10 206 172
M N
n 3 4) @ 3) (55) 3) ) 76) (64) 0.13
e 6158 7554 10274 1909 4298 1893 1756 4565 3577 3.02
(2238) (2745) (3733) (694) (1562) (688) (638) (1659) (1300) ’
3 2 4 5 4 4 12 1
C bdl2 0.07
© (1) 0.7) (1) (2) (2) (2) (4) (0.3)
Ni 13 142 82 18 7 19 79 42 1 0.27
(5) (48) (28) (6) (2) (7) 27) (14) 0.2) ’
7n 2402 10569 6713 2046 9920 1799 1325 1116 1456 0.25
(764) (3360) (2134) (650) (3154) (572) (421) (355) (463) ’
Ga 107 225 169 184 175 177 258 206 393 0.11
(31) (66) (50) (54) (51) (52) (76) (61) (116) ’
abdl = below detection limit.
186  SPINEL FROM MYANMAR AND VIETNAM GEms & GEMOLOGY SUMMER 2026



TABLE 5. Representative LA-ICP-MS analyses (in ppmw) of orange spinel samples. Corresponding ppma

values are shown in parentheses.

Mogok Lang Chap An Phu Detection limit
MK30  MK31  MK34 | LC27 LC 32 LC 35 AP 53 AP 54 AP 57 (ppmw)

Ti 209 415 79 95 77 152 116 79 149 0.88
! (87) (46) (33) (40) (32) (63) (48) (33) (62) ’

v 3549 2867 470 3031 3688 4041 1626 1340 1529 0.04
(1416) (1144) (188) (1209) (1471) (1612) (649) (535) (610) !

Cr 452 1541 265 1005 728 2431 904 589 1397 0.43
(177) (603) (104) (393) (285) (951) (354) (230) (547) :

4 8 4 5 5 7 12 71 7

Mn @) 3) M @) 2 @) 5) (26) 3) 013

Fa 1877 5318 5224 1120 829 1994 3912 6736 2244 3.02
(682) (1932) (1898) (407) (301) (725) (1421) (2447) (815) :

. 1 1 2 2 6 5 2

Co bdl 02) (0.4) 0.8) bdl 0.7) @) @) 0.5) 0.07

Ni 9 32 167 120 38 37 29 13 7 0.27
3) an (57) 1) 13) (13) (10) ) ) :

7n 1145 588 725 1330 980 1291 1042 325 753 0.25
464 (87 300 | @22 Gin @iy | 63 (03 (39 :

Ga 152 52 101 76 155 98 146 109 136 0.11
(45) (15) (30) (22) (46) (29) (43) (32) (40) :

abdl = below detection limit.

(70.36-71.66 wt.%) and MgO (27.16-28.65 wt.%).
Therefore, recalculated Al* ions (1.968-2.002 apfu)
occupied most of the octahedral sites. In addition, V3
(0.006-0.021 apfu) was observed, substituting for Al
in the octahedral site. As a result, the mole fraction
at the tetrahedral site showed that Xy, ranged from
0.983 t0 0.993, while Xp.. ranged from 0.001 to 0.017.
At the octahedral site, Y, ranged from 0.985 to
0.997, Ycp ranged from O to 0.005, and Y. ranged
from 0.003 to 0.011 (table 3).

LA-ICP-MS. Representative trace analyses of impu-
rities in red and orange spinel samples are presented
in tables 4 and 5, respectively. It is well recognized
that the red and orange colorations in spinel are pri-
marily attributed to chromium and vanadium, as
seen in these samples. The relationship between
chromium and vanadium is illustrated in figure 5,

highlighting the significantly higher chromium con-
tents in red spinel compared to vanadium, while the
reverse is observed in orange spinel. Notably, the
chromium-to-vanadium ratios are >1.7 for red spinel

COLOR SEPARATION: LA-ICP-MS
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Figure 5. Plot of vanadium vs. chromium showing trends
corresponding to red and orange colors in spinel samples
from Mogok, Lang Chap, and An Phu.
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TABLE 6. LA-ICP-MS analyses (in ppmw) of chromium, vanadium, and chromium-
to-vanadium ratios affecting coloration in representative spinel samples.

Corresponding ppma values are shown in parentheses.

Red spinel MK 17 LC 6 AP 27 AP 35 LC9
Cr 7166 10417 8393 4380 4776
(2804) (4076) (3284) (1714) (1869)
v 1490 420 2307 2565 145
(595) (168) (920) (1023) (58)
4.8 24.8 3.6 1.7 32.9
Cr/v (4.7) (24.3) (3.6) (1.7) (32.2)
Orange spinel MK 30 LC 33 AP 56 LC 32 MK 33
Cr 452 3016 1371 728 16
(177) (1180) (536) (285) (6)
v 3549 2919 1625 3688 1203
(1416) (1164) (648) (1471) (480)
0.1 1.0 0.8 0.2 0.01
S (0.1) (1.0) (0.8) 0.2) (0.01)

and <1.0 for orange spinel (table 6). These ratios were
determined using both ppmw and ppma and yielded
similar values because chromium and vanadium
have very similar atomic weights.

Trace analyses of red spinel (table 4) determined
a vanadium range of 169 to 920 ppma, a chromium
range of 2348 to 9243 ppma, and an iron range of
638 to 3733 ppma. The chromium-to-vanadium
ratios displayed a range of 1.7 to 32, indicating
chromium is always predominant over vanadium
(mostly >1.7 times). Additionally, titanium versus
zinc plots distinctly highlight a variation among dif-
ferent sources, with a decreasing trend in titanium

Figure 6. Plot of titanium vs. zinc shows clear separa-
tion among red spinels from Mogok, Lang Chap, and
An Phu.
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content from Mogok to Lang Chap and An Phu,
respectively (figure 6).

The orange spinel samples (table 5) were deter-
mined to have a range of vanadium from 188 to
1612 ppma, chromium from 104 to 951 ppma, and
iron from 301 to 2447 ppma. In particular,
chromium-to-vanadium ratios were clearly <1.0
(table 6). Iron content in orange spinel appears to
be lower than in red spinel. Additionally, plots of
vanadium versus zinc are distinctively different
between Lang Chap and An Phu orange spinel;
however, they both overlap with Mogok spinel
(figure 7).

Figure 7. Plot of vanadium vs. zinc reveals clear separa-
tion between orange spinels from Lang Chap and An
Phu, but both sets overlap with Mogok spinel samples.
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DISCUSSION

The colors observed in spinel are predominantly
influenced by trace elements substituting in tetra-
hedral and/or octahedral sites, resulting in
spin-allowed or spin-forbidden transitions that con-
tribute to a diverse range of colors (Chauviré et al.,
2015; Andreozzi et al., 2019). Specifically, the red
and orange hues in spinel are attributed to Cr®* and
V3* in spin-allowed transitions, leading to the
absorption of light within the violet spectrum
(350-470 nm) and the green to yellow spectrum
(500-600 nm). The red spinel samples, characterized
by chromium-to-vanadium ratios >1.7, exhibited a
distinct peak at 390 nm (with a shoulder peak at
430 nm) and a band at 534-540 nm, resulting in a
pronounced red hue. Conversely, the studied orange
spinel, with chromium-to-vanadium ratios <1.0,
exhibited a distinct peak at 390 nm (without a
430 nm shoulder peak) and a band at 534-540 nm,
showed enhanced light absorption in the blue to
green spectrum (350-490 nm), and displayed
decreased absorption intensity in the green to yellow
spectrum (500-600 nm), producing a distinct orange
color due to the partial cancellation of the red range
by the complementary green range. For example,
samples LC 6, MK 17, and AP 27, with chromium-
to-vanadium ratios of 24, 4.7, and 3.6, respectively
(table 6), clearly demonstrated this effect. In con-
trast, sample MK 30, with a color code of 10R 6/12
and a chromium-to-vanadium ratio of 0.01, dis-
played a more prominent orange color compared to
samples LC 33 and AP 56, which have chromium-
to-vanadium ratios of 1.0 and 0.83, along with color
codes of 7.5R 5/14 and 7.5R 6/10, respectively (again,
see figure 4, D and F). Notably, spinel samples with
chromium-to-vanadium ratios between 1.0 and 1.7
require further investigation, although their colors
may be continuously superimposed within the
ranges of orange and red. Consistent with the rela-
tive proportions of chromium and vanadium
discussed above, higher vanadium versus chromium
concentrations in spinel should exhibit an orange
shade, whereas a prominent chromium content
would result in a red coloration in spinel. Moreover,
beyond relative chromium and vanadium concen-
trations in spinel, the absolute concentrations of
chromium and vanadium in spinel play a substantial
role in indicating the intensity of the resultant color.
In red spinel, sample LC 6 (2.5R 4/12), with
chromium and vanadium concentrations of 4076
and 168 ppma, respectively, displayed a deeper red
hue compared to sample LC 9 (2.5R 6/10), with

SPINEL FROM MYANMAR AND VIETNAM

chromium and vanadium concentrations of 1869
and 58 ppma. Similarly, in orange spinel, sample
LC 32 (7.5R 6/12), with chromium and vanadium
concentrations of 285 and 1471 ppma, exhibited a
deeper orange hue than sample MK 33 (7.5R 7/6),
where chromium and vanadium concentrations
were 177 and 1416 ppma.

Fluorescence of spinel under short-wave and long-
wave UV light was evaluated in relation to
chromium, vanadium, and iron contents. The results
indicate that fluorescence in both red and orange
spinel samples is significantly influenced by
chromium content. In particular, chromium-rich red
spinel exhibits strong red fluorescence under long-
wave UV light, which is notably more intense than
that observed in more chromium-poor orange spinel.
On the other hand, the fluorescence appears to show
no correlation with vanadium and iron contents. It
is important to note that the presence of significant
fractures in a few samples may have interfered with
fluorescence observation and potentially affected the
accuracy of the analysis.

The titanium versus zinc plots of red spinel can
be used to clearly distinguish spinel from Mogok
(high titanium) relative to those from Lang Chap or
An Phu (much lower titanium), respectively. The
titanium and zinc contents of Mogok spinel align
with previous studies. Chankhantha et al. (2020)
reported titanium concentrations ranging from 441
to 1270 ppmw and zinc concentrations ranging from
482 to 4320 ppmw. Similarly, Zhao et al. (2023) doc-
umented titanium concentrations ranging from 408
to 497 ppmw and zinc concentrations ranging from
339 to 549 ppmw, further supporting the composi-
tional similarities of Mogok spinel. For orange
spinel, Lang Chap’s samples show notably higher
concentrations of vanadium and zinc, whereas sam-
ples from An Phu have lower concentrations of
these two trace elements. However, orange spinel
from Mogok exhibits vanadium and zinc ranges
overlapping with those from both Lang Chap and
An Phu (again, see figure 7). This remains an issue
requiring further investigation. However, the geo-
logic settings of these deposits are similar; they
appear to have all been closely related to the
Himalayan orogeny. Moreover, their marble host
rocks underwent granulite facies metamorphism
within, leading them to resemble mineral assem-
blages found both in marbles and as mineral
inclusions in spinel (Garnier et al., 2005; Khoi et al.,
2011; Huong et al., 2012; Fallick et al., 2019; Phyo
et al., 2019; Chankhantha et al., 2020).
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CONCLUSION

Red and orange spinel from Mogok in Myanmar and
from Lang Chap and An Phu in Vietnam are predom-
inantly comprised of Al,O; and MgO. The presence
of Cr* imparts the distinctive red coloration in
spinel, while a combination of V3 and Cr®* is respon-
sible for an orange hue. Spectral analysis revealed
prominent absorption peaks at 390 nm, a shoulder
peak at 430 nm, and a band at 534-540 nm attrib-
uted to Cr¥* absorption, with V3* peaks overlapping
with Cr3* peaks at 390 nm and 534-540 nm, charac-
terized by a broader peak width at 390 nm and a
minor contribution at 534-540 nm. The ratios of
Cr3 to V3 correlate with the colors observed for the

ABOUT THE AUTHORS

Boonyapak Aksorn is a gemologist at the Gem and Jewelry
Institute of Thailand (GIT) and has a master’'s degree in geology
from Chulalongkorn University in Bangkok, Thailand. Dr. Thitiphan
Assawincharoenkij is an associate professor at the Applied
Mineral and Petrology of Research Unit (AMP RU), Chulalongkorn
University. Dr. Doan Thi Anh Vu is a lecturer at the University of
Science, Vietnam National University in Ho Chi Minh City. Dr.
Dietmar Schwarz is a senior gemologist at Zmpery Gemology
Laboratory in Shanghai, China. Dr. Bhuwadol Wanthanachaisaeng
is chief of research and standard development at GIT. Dr.
Chakkaphan Sutthirat is a professor of earth science at
Chulalongkorn University and vice president of Thailand Science,
Research and Innovation.

REFERENCES

Andreozzi G.B., D'Ippolito V., Skogby H., Hélenius U., Bosi F.
(2019) Color mechanisms in spinel: A multi-analytical inves-
tigation of mnatural crystals with a wide range of
coloration. Physics and Chemistry of Minerals, Vol. 46, pp.
343-360, https://doi.org/10.1007/s00269-018-1007-5

Belley P.M., Palke A.C. (2021) Purple gem spinel from Vietnam
and Afghanistan: Comparison of trace element chemistry,
cause of color, and inclusions. Ge)G, Vol. 57, No. 3, pp. 228—
238, https://doi.org/10.5741/GEMS.57.3.228

Chankhantha C., Amphon R., Rehman H.U., Shen A.H. (2020)
Characterisation of pink-to-red spinel from four important
localities. Journal of Gemmology, Vol. 37, No. 4, pp. 393-403.

Chauviré B., Rondeau B., Fritsch E., Ressigeac P., Devidal J.-L.
(2015) Blue spinel from the Luc Yen district of Vietnam. G&)G,
Vol. 51, No. 1, pp. 2-17, https://doi.org/10.5741 /GEMS.51.1.2

D’Ippolito V., Andreozzi G.B., Hilenius U., Skogby H., Hametner
K., Giinther D. (2015) Color mechanisms in spinel: Cobalt and
iron interplay for the blue color. Physics and Chemistry of
Minerals, Vol. 42, pp. 431-439, https://doi.org/10.1007/
s00269-015-0734-0

Deer W.A., Howie R.A., Zussman J. (2013) An Introduction to the
Rock-Forming Minerals. Mineralogical Society of Great Britain
and Ireland, Middlesex, UK.

190 SPINEL FROM MYANMAR AND VIETNAM

spinel samples studied, with ratios >1.7 indicating
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Part of the GIA team in Vietnam, from left to right, including Jessa
Rizzo, Yusuke Katsurada, Alex Goodsuhm, and Narint Jaisanit, along
with a local ruby and spinel miner (center), in Luc Yen, Vietnam.

GEMSTONES

Deep in the hills of northern Vietnam lies the town of Luc
Yen. The surrounding valleys, caves, and hill flanks are rich
in gems, but were only discovered in the late 1980s. Since
then, the region has been growing in popularity among
gemstone connoisseurs, with more gems being discovered
across a wider area in recent years.

Ruby was the primary gemstone that initiated the mining
boom in northern Vietnam, with large-scale operations
active in the surrounding valleys during the early 1990s.
Today, ruby production is limited, as most of the easily
accessible deposits have been depleted; however, material
continues to be recovered from less accessible areas. While
the relatively limited quantity of facet-grade material is
typically directed to the international market, lower-grade
rubies remain readily available in local markets, along
with crystal specimens such as this ruby cluster shown to
the right.

Editors’ note: Questions or topics of interest should be directed to Wim
Vertriest (wvertrie@gia.edu).

Gems & GEMOLOGY, VoL. 62, No. 2, pp. 192-199.
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Currently, most of the mining and trading inter-
est is focused on spinel in a wide range of colors,
with reds and pinks predominating. Large parcels
are routinely seen in the market, such as those
shown above, although evaluating them can be
extremely complex. The exact hues and intensi-
ties of the pink and red stones have a significant
impact on value, with prices ranging from only
a few USS$ per gram to several thousand per gram
for large, clean, and brightly colored stones.

The highly prized cobalt blue spinel commands
an absolute premium. While blue spinel is found
in multiple localities around the world, the &

est blue stones are almost synonymous with this
region in Vietnam. In these saturated colors, sizes
exceeding half a carat are exceptionally rare and
clean material is extremely scarce.
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MINING

Most of Luc Yen’s gem resources can be traced to the
abundance of marble that dominates the local geology.
Initially regarded as the host rock for gems, marble has
since become an important economic pillar for the
local industry. In recent decades, numerous marble
mining operations have established quarries to cater
to the growing international demand for high-quality
white marble. The photos to the right, taken 35 years
apart from the same viewpoint, show the develop-
ment of a large marble mining operation.

Near the village of An Phu lies a mining area
known as Cuong Troi, which translates roughly to
“gate to the sky.” Higher on the hillsides, crews
break the marble in pursuit of spinel crystals, leav-
ing a prominent white scar across the landscape,
where freshly exposed marble contrasts sharply
with the surrounding jungle, as seen below.




In the early days of gem mining around Luc Yen, attention
was focused on alluvial deposits located at the bases of nar-
row valleys. Over time, natural forces broke down the
marble and released the gemstones from its matrix, result-
ing in thick beds of sediment that were rich in gems and
easy to exploit. This photo to the right from 1992 illus-
trates how rubies were mined during that period, when
heavy machinery enabled the efficient washing and screen-
ing of gravels to recover the stones.

Mining in Luc Yen continues today, though it is markedly
different. Much of the easily accessible thick sediment lay-
ers have been depleted, and the remaining gem-bearing
material is largely confined to small cracks and caves
between boulders and rocks, where the use of heavy equip-
ment is not feasible. Small crews of miners work these
deposits manually, pumping water in to turn the accumu-
lated mud into a slurry that drains away, leaving behind
the heavier pebbles. This material is then scooped out and
manually washed to reveal the gems. Throughout the nar-
row valleys and higher elevations of the surrounding
jungles, small mining crews can be observed digging
between boulders in search of gems.

FrOM THE FIELD

SUMMER 2026 197

Gems & GEMOLOGY



THE MARKET

Given the abundance of gem material in the region, a vibrant trad-
ing scene quickly developed. While the majority of goods on display
are locally sourced, globalization has extended to these mountain-
ous areas of Vietnam. Gems from southern Vietnam, including
sapphire and peridot, as well as stones from other continents, are
increasingly available in the markets.

The main markets are located in Luc Yen city center, where gem
traders set up tables every morning to display their stones. This
allows potential buyers to efficiently scan the available goods; how-
ever, rare and high-value stones are not always openly exhibited.

198 From THE FIELD
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With the strong demand for fine rough and the rapid devel-
opment of the trading sector, the presence of fraudulent
material is inevitable. During this most recent visit to the
Luc Yen markets, this suspiciously large, clean, and bright
piece of rough shown to the right attracted attention. Based
on visual features (color concentrations and conchoidal
fractures), it was immediately clear that the specimen was
unusual. Examination with a 10x loupe revealed distinct
gas bubbles, confirming this was a piece of glass fashioned
to imitate a blue spinel crystal. Such stones highlight that
even in close proximity to the mines, caution should
always be exercised.

In the alleys around the Luc Yen markets, multiple work-
shops produce “gem paintings,” such as the one pictured
below. Using gems of intense color but small size and low
clarity, artists create delicate patterns and scenes that often
hold strong cultural meaning. This side industry comple-
ments traditional gem trading, as it relies on a steady supply
of gem minerals not suitable for faceting.

Thanks to Hiep Tran (Hiep Tran Gemstones) and Geir Atle
Gussias and Mai Tran (Baldergems) for assistance in Vietnam.

All images by Wim Vertriest,
with the exception of pp.
196 and 197 (top photos)
by Robert Kammerling.

For videos from this recent
field expedition, visit:
gla.edu/gems-gemology/
summer-2026-from-the-field
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Figure 1. The 5.22 ct very light pinkish brown pear brilliant diamond (left) and the originally submitted 11.07 ct

rough (right).

DIAMONDS

Atypical Color Center in Natural
Pinkish Brown Diamond

GIA’s New York laboratory received a 5.22 ct natural
type IaAB pear brilliant diamond, graded as very light
pinkish brown (figure 1, left). The finished diamond was
matched to its previously submitted 11.07 ct rough
(figure 1, right) through identical ultraviolet/visible and
mid-infrared spectra.

An atypical absorption band centered at 525 nm and a
triplet feature at 600, 608, and 618 nm were detected in the
visible/near-infrared (Vis-NIR) absorption spectrum (figure
2). These spectral features are distinct from the typical
broad 550 nm absorption band associated with pink color-
ation from plastic deformation of the diamond structure.
The N3 center (415 nm), a defect involving three nitrogen
atoms and a vacancy (3N+V), was also present. Mid-
infrared spectra showed a natural type [aAB diamond in the

Ediitors’ note: All items were written by staff members of GIA laboratories.
Gems & GemoLocy, Vol. 62, No. 2, pp. 200-207.
© 2026 Gemological Institute of America
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one-phonon region (~1332-400 cm™!), revealing nitrogen
aggregation from prolonged residence at high mantle
temperatures. The A-center (1282 cm™) results from two
adjacent substitutional nitrogen atoms (N-NJ, and the B-
center (1175 cm™) from four adjacent substitutional
nitrogen atoms surrounding a vacancy (4N+V).

Microscopic observation revealed a cloud composed of
needle-like inclusions, transparent internal graining, and
color zoning caused by plastic deformation of the crystal
structure. Mottled strain patterns were observed with high
interference colors under cross-polarized light (figure 3, left),
indicative of internal stress and crystal structure distortion
during natural diamond formation. DiamondView
fluorescence showed crystal growth patterns and blue emis-
sion caused by the presence of the N3 center in the crystal
structure (figure 3, right). Gemological testing supported a
natural diamond and natural color origin, with no evidence
of surface coating, treatment, or laboratory growth.

The cause of the 525 nm absorption band and triplet
feature at 600, 608, and 618 nm remains unknown. A prior
study of a pink diamond with a 525 nm absorption band
found high concentrations of nickel- and hydrogen-related
defects (S. Caplan and W. Wang, “Natural pink diamond
colored by the 525 nm absorption band,” GSA Abstracts
with Programs, Vol. 54, No. 5, 2022). However, no such

Gems & GEMOLOGY SUMMER 2026



VIS-NIR SPECTRA

Typical 550 nm band diamond at liquid nitrogen temperature

— Rough diamond at liquid nitrogen temperature

Finished diamond at liquid nitrogen temperature
Finished diamond at room temperature

Figure 2. Overlay of the
natural rough and finished
diamond Vis-NIR spectra
verifies matching
absorption features. These
spectra show the 415 nm

415 525

ABSORBANCE ——>

peak, an atypical 525 nm
band, and triplet at 600,
608, and 618 nm. The
room temperature spec-
trum of the finished
diamond shows more
resolved features due to a
higher signal-to-noise
ratio. The typical broad
550 nm band from a dif-
ferent pinkish brown

diamond is shown for
comparison, highlighting

T
400 500 600 700
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impurities were detected in this diamond, suggesting that
the 525 nm absorption band, to the author’s knowledge,
has not been previously documented. Weak 600 and
609 nm peaks appear more prominently in type Ila and low
nitrogen pink diamonds colored by the 550 nm band (S.
Eaton-Magana et al.,, “Comparison of gemological and
spectroscopic features in type Ila and Ia natural pink
diamonds,” Diamond and Related Materials, Vol. 105,
2020, article no. 107784), possibly originating from

the atypical absorption
features. Spectra are offset
vertically for clarity.

T 1
800 900

unidentified point defects in the diamond structure, which
differ from the spectral features seen in this diamond. The
525 nm band and triplet feature observed in this diamond
are likely an atypical naturally occurring previously undoc-
umented color center. These atypical absorption spectral
features demonstrate the complexity of diamond color
origin and the need for further research into natural
diamond color centers.

Erica Watts

Figure 3. Left: Mottled strain patterns with high interference colors observed under cross-polarized light. Photomicro-
graph by Christopher Vendrell; field of view 7.19 mm. Right: DiamondView fluorescence image showing crystal
growth patterns and the blue color commonly observed in type IaAB diamonds.
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Figure 4. This piece, a diamond cut into the shape of a
panther face and set with two natural Zambian
emeralds, has a total weight of 67.18 ct. Photo by
Gourav Bera.

Carved Natural Diamond Panther Face

Recently, the Mumbai laboratory received an intriguing
submission for an identification report. The opaque gray
stone was carved and faceted to resemble a panther’s face,
with two green marquise mixed-cut stones for eyes (figure
4). The piece weighed 67.18 ct and measured 28.45 x
24.17 x 11.37 mm.

Microscopic examination revealed no major surface-
reaching features in the heavily included gem. The item,
analyzed using Fourier-transform infrared absorption and
photoluminescence (PL) spectroscopy at room temperature
with 405 nm excitation, exhibited absorption features

202 LA NoTES

typical of a type Ia diamond, along with the presence of a
hydrogen-related 3107 cm™ peak. The PL spectroscopy
showed emissions associated with the N3 defect.

According to the client, the finished piece, titled “Jade
Fang,” took nearly a year of dedicated craftsmanship to
complete. The diamond initially weighed 113 carats and
required the use of advanced cutting tools due to its heavy
inclusions. Two natural Zambian emeralds weighing 0.29
ct and 0.27 ct, previously submitted to GIA, were added to
finish the panther’s face.

Unlike traditional cuts designed to maximize brilliance
through symmetry, unique shapes such as this one
challenge the cutter. This piece reminds us that the true
value of a diamond lies not just in its gemological
characteristics but also in the artistry that brings it to life.

Roxane Bhot Jain and Manisha Bhoir

PEARLS

Large South Sea Bead Cultured Pearl with
Mille-Feuille Structure

An extraordinarily large undrilled light gray pearl (figure 5)
was recently examined at GIA’s New York laboratory.
Despite its impressive size (76.79 ct and 42.97 x 33.43 x
31.00 mm), the pearl exhibited an unexpectedly light heft,
suggesting the presence of a hollow interior. Real-time X-
ray microradiography (RTX) imaging revealed an unusual
internal structure for a bead cultured pearl characterized
by widely spaced concentric nacre layers separated by
translucent veil-like organic material (figure 6), rather than

Figure 5. The South Sea
bead cultured pearl meas-
uring 42.97 x 33.43 x 31.00
mm and a large chicken
egg (57 x 43 mm). Photo by
Sood Oil (Judy) Chia.
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Figure 6. RTX image showing concentric nacre layers
separated by translucent organic material.

the compact, continuous nacre typically observed in solid
bead cultured pearls. The bead measured approximately 11
mm in diameter and was securely attached at one end of
the pearl, with no internal movement or rattling detected
when gently shaken. The thin nacre, measuring approx-
imately 0.5 mm at its thickest portion, and hollow internal
structure made the pearl extremely fragile.

Based on the gemological examination and the size of
the pearl and the bead, the sample was identified as a South
Sea bead cultured pearl. Patchy, uneven gray to brown
material present underneath the surface appeared to be
associated with an organic-rich internal structure; these
features contributed to the pearl’s bodycolor. While some
South Sea pearls may be cultured with organic or inorganic

materials to intentionally produce larger baroque-shaped
pearls, this was not the case for this sample (L.E. Cartier
and M.S. Krzemnicki, “New developments in cultured
pearl production: Use of organic and baroque shell nuclei,”
Australian Gemmologist, Vol. 25, No. 1, 2013, pp. 6-13).
In this instance, the mollusk may have been affected by
unknown environmental or health factors, causing the
pearl sac to inflate irregularly by gas or fluid accumulation,
trapping organic materials between layers of nacre,
ultimately creating a mille-feuille-like internal structure
similar to a puff pastry layered with cream (L. Otter et al.,
“A look inside a remarkably large beaded South Sea
cultured pearl,” Spring 2014 GeJG, pp. 58-62).

While average sizes of South Sea bead cultured pearls
range between 10 mm and 13 mm, exceptional examples
may occasionally exceed 20 mm. This remarkable South
Sea bead cultured pearl, with its extraordinary size and
uncommon structures, provides interesting insights into a
highly unusual growth pattern.

Emiko Yazawa

Microscopic Marine Organisms in South Sea
Cultured Pearls

GIA’s Bangkok laboratory recently received five pearls
ranging from cream to orangy yellow, weighing between
2.33 and 5.54 ct and measuring approximately 0.96 x 0.64
mm to 1.03 x 0.83 mm (figure 7). The pearls appeared
similar to South Sea cultured pearls produced from
Pinctada maxima mollusks. X-ray fluorescence imaging
was used to confirm their saltwater origin; all samples

Figure 7. Five cream to orangy yellow South Sea cultured pearls (Pinctada maxima), ranging from 0.96 x 0.64 mm to

1.03 x 0.83 mm. Photo by Nuttapol Kitdee.

LaB NOTES

SUMMER 2026 203

Gems & GEMOLOGY



Weight Macro
(ct)
2.33 ‘
» )
2.97 ‘
3.90 ( s /
-y
4.51 f ‘
5.54 f .
.

e —

Figure 8. RTX and u-C'T images reveal varying forms of
elongated void or linear features associated with one or
two microscopic spheres of marine organisms. The
spheres measure from 1.23 to 2.28 mm in diameter.

were inert when exposed to X-rays, resulting from the
absence of, or a very low level of, manganese, characteristic
of saltwater pearls. The four orangy yellow pearls exhibited
typical ultraviolet/visible/near-infrared reflectance spectra
of natural color yellow South Sea pearls (S. Jin et al.,
“Application of UV-Vis-NIR spectroscopy to gemology,”
Winter 2024 Ge)G, pp. 456-473).

Real-time X-ray microradiography (RTX) analysis
revealed that each sample contained one or two intriguing
spherical radial objects in the center, positioned along the
length of the pearl (figure 8). The objects were associated
with varying forms of elongated void or linear features
known to be diagnostic growth structures commonly found
in South Sea non-bead cultured (NBC) pearls (A. Homkrajae
et al, “Internal structures of known Pinctada

204 LA NoTES

Figure 9. A distinctive porous and radial structure
extends outward from the chamber central core of the
two white microscopic marine organisms within the
elongated dark gray void of the 2.33 ct pearl.

maxima pearls: Cultured pearls from operated marine
mollusks,” Fall 2021 GeJG, pp. 186-205). The pearls were
further analyzed using X-ray computed microtomography
(1-CT) to enhance image resolution, which provided a more
comprehensive understanding of the internal structures.

The spherical objects, along with the typical void and
linear structures, were clearly visible in the p-CT analysis.
The 3D images revealed that each sphere possessed a dis-
tinctive porous and radial structure extending outward
from the central core (figure 9; see video at
www.gia.edu/gems-gemology/summer-2026-lab-notes-
marine-organisms-in-cultured-pearls). Their morphology
closely resembled foraminifera spheres found in a natural
pearl previously examined at GIA’s Bangkok laboratory
(Winter 2015 Lab Notes, pp. 434-436). RTX analysis was
used to obtain measurements of all the spherical objects,
ranging from 1.23 to 2.28 mm in diameter, which are con-
sistent with the size of previously reported
microorganisms. However, the previously studied natural
pearl exhibited dark organic- and conchiolin-rich growth
layers around the rounded microorganism’s central core
and growth arcs within the surrounding nacre, a structural
characteristic comparable with the formation of natural
pearls. Conversely, all five studied pearls displayed a tight
structure or minimal growth arcs in the surrounding
nacre, consistent with NBC pearls and the so-called
“atypical bead cultured pearls” previously studied
(“Atypical ‘beading’ in the production of cultured pearls
from Australian Pinctada maxima,” GIA Research News,
February 13, 2017).

Although previously reported microscopic marine
organisms found within pearls were related to natural for-
mations, the internal void and linear features of these
studied samples, as well as their close resemblance to

Gems & GEMOLOGY SUMMER 2026



South Sea cultured pearls, indicated that these were likely
of cultured origin. Moreover, it is very unusual to
encounter similar-looking pearls with identical internal
structures of microorganisms rarely found inside pearls.
These findings indicated that microorganisms were
intentionally inserted into the host mollusk as bead nuclei
for culturing. The use of these organisms may be intended
to imitate natural pearl formation; thus, gemologists must
take caution when interpreting organic materials as
evidence of natural origin, and comprehensive analysis is
needed for identification. This is the first reported dis-
covery of microscopic marine organisms in South Sea
cultured pearls at GIA’s laboratories.

Kwanreun Lawanwong

Reversible Photochromism in a Heat-Treated
Sri Lankan SAPPHIRE

A 2.38 ct very light blue gemstone was recently submitted
to GIA’s Bangkok laboratory for identification and geo-
graphic origin determination. Standard and advanced
gemological testing results were consistent with a Sri
Lankan sapphire that had undergone high-temperature
heat treatment.

During routine gemological examination, an unexpected
color change was observed. After approximately 30 to 40
seconds of exposure to short-wave (254 nm) ultraviolet
radiation, the stone’s bodycolor changed from an initial very
light blue to a light yellow color. Given the unusual nature
of this observation, the stone was subsequently subjected to
fade testing under GIA color-stability testing conditions
using a 150W halogen lamp. After approximately six hours,
the yellow color gradually faded, and the bodycolor returned

to an appearance similar to its original very light blue
coloration (figure 10), confirming that the color change was
temporary and reversible.

This behavior is consistent with activation of an
unstable trapped-hole color center that can exist in either
an inactive (ground) state or an activated state following
exposure to ultraviolet radiation (K. Nassau and G.K.
Valente, “The seven types of yellow sapphire and their
stability to light,” Winter 1987 GeJG, pp. 222-231). In
this case, short-wave UV radiation provided sufficient
energy to activate the color center and produce a
temporary yellow color. However, the induced color was
not stable and gradually returned to its inactive state over
time or under incandescent illumination. Color
descriptions should be based on the color observed after
color-stability testing.

Although color-stability testing is not routinely per-
formed for sapphires in this color range, this behavior is
consistent with previously documented examples of sap-
phires containing unstable color centers, particularly some
Sri Lankan material. Similar reversible color changes have
been reported in sapphires with color influenced by
trapped-hole color centers, including yellow, orange, and
pinkish orange to orangy pink sapphires (“An update on
sapphires with unstable color,” GIA Research News,
December 12, 2022).

Ultraviolet/visible/near-infrared spectroscopic data
support this interpretation. Before UV exposure, the stone
showed spectral features typical of metamorphic blue sap-
phire; absorption in the 380-390 nm region (associated
with Fe’') was relatively weak, consistent with low iron
content, while a distinct absorption peak at 450 nm
(attributed to Fe’+-Fe’* pair interactions) was observed,
together with an Fe?*/Ti* intervalence charge-transfer band

Figure 10. Reversible photochromism in a 2.38 ct heat-treated Sri Lankan sapphire. Exposure to short-wave ultraviolet
radiation for 30 to 40 seconds produced a temporary yellow color. After approximately six hours under GIA color-sta-
bility testing conditions, the stone returned to an appearance similar to its original very light blue coloration. Photos

by Lhapsin Nillapat.
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Figure 11. Left: The original state (before UV exposure) shows spectral features typical of metamorphic blue sapphire,
including an Fe*-Fe® pair-related absorption peak at 450 nm and an Fe? /Ti* intervalence charge-transfer band near
580 nm. Right: After short-wave UV exposure, the spectrum is dominated by an absorption band centered near 475
nm, attributed to the activation of Fe*-related trapped-hole color centers. Different y-axis scales are used to better

highlight the spectral changes following UV exposure.

near 580 nm. After short-wave UV exposure, the 580 nm
absorption feature was no longer resolved, and the spec-
trum became dominated by an absorption band centered
near 475 nm, consistent with the activation of Fe*-related
trapped-hole color centers (figure 11) (E.V. Dubinsky et al.,
“A quantitative description of the causes of color in
corundum,” Spring 2020 GeJG, pp. 2-28). After fading, the
spectrum returned to its original state.

Importantly, this UV-activated and reversible color
change is unrelated to the stone’s high-temperature heat
treatment. Previous studies have shown that heating does
not stabilize color derived from unstable color centers (C.P.
Smith et al., “Heated sapphires with unstable colour cen-
tres,” Journal of Gemmology, Vol. 36, No. 7, 2019, pp.
602-604). The observations in this case, therefore, are con-
sistent with established theoretical models and previously
documented examples of unstable color-center behavior in
Sri Lankan corundum.

Aprisara Semapongpan

Heat-Treated Red SPINEL

The Hong Kong laboratory recently received a 3.37 ct
transparent purplish red oval mixed cut for identification
(figure 12). Although the stone was submitted as a ruby, sub-
sequent testing suggested a different identity. Standard
gemological testing revealed a single refractive index (RI) of
1.717, consistent with spinel rather than doubly refractive
ruby (1.760-1.768). Additionally, ruby and red spinel exhibit
distinct absorption spectra. Ruby is characterized by a bright
chromium fluorescent emission line at 693 nm, along with
two fine dark lines in the blue portion of the spectrum at
468 nm and 476 nm. In the blue region where ruby shows
distinct doublet lines, spinel typically shows a broad,
featureless absorption band and lacks the sharp 476 nm line.

Microscopic examination revealed several features:
altered crystal inclusions with discoidal fractures (figure
13), whitish healed fissures, and the presence of exogenous
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materials within surface-reaching fractures and cavities.
Based on the combination of RI, specific gravity, absorption
spectrum, and observed natural inclusion features, as well
as laser ablation-inductively coupled plasma-mass spec-
trometry chemistry, the stone was identified as a natural
spinel. Additionally, certain cavities displayed a granular
texture with lower luster, indicative of filler material,
suggesting artificial treatment (figure 14).

Heat treatment of spinel is considerably less common
than that of ruby; however, heat-treated spinel does exist
in the marketplace. For spinel specimens with exceptional
clarity, microscopic examination alone is generally
insufficient to detect evidence of heating. All spinel sam-
ples submitted to GIA are analyzed wusing
photoluminescence (PL) spectroscopy as a primary
method for evaluating potential heat treatment. The spec-
trum of the unheated reference spinel shows the peak with
the highest counts positioned at 685.5 nm, with a full

Figure 12. This 3.37 ct purplish red oval mixed cut was
submitted as a ruby. Photo by Tony Leung Yik Hang.
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Figure 13. Heat-altered crystal inclusions surrounded by
a discoid fracture, proving that the spinel underwent
high-temperature treatment. Photomicrograph by Tsz
Wing Lai; field of view 2.40 mm.

width at half maximum (FWHM) of 0.88 nm (figure 15).
In contrast, the sample spectrum exhibits a peak shifted
to 687.5 nm, with a significantly broader FWHM of 4.10
nm. This peak broadening and wavelength shift are con-
sistent with characteristics typically observed in heated
spinel spectra (S. Saeseaw et al., “Distinguishing heated
spinels from unheated natural spinels and from synthetic
spinels,” GIA Research News, April 2, 2009). Raman spec-
troscopic analysis further characterized the studied stone’s
filler as glass.

Historical evidence demonstrates that reliance on stone
color alone can result in misclassification, underscoring
the necessity of comprehensive analytical approaches for
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Figure 15. Comparison of the sample’s PL spectrum to
that of a natural unheated spinel proves that the sample
is a heat-treated spinel.

accurate gemstone identification. Red spinel has been the
ultimate “imposter,” famously misidentified as ruby for
centuries. The most notable example is the Black Prince’s
Ruby set in the British Imperial State Crown.

The submitted spinel appears to have undergone
unusually aggressive heating, possibly because it was
misidentified as ruby prior to treatment. Such a scenario
in the studied sample could explain the presence of glassy
surface material and severely damaged inclusions, features
atypical of heated spinel. While speculative, this possibility
highlights the importance of accurate identification before
treatment and the role of advanced spectroscopic methods
in detecting such interventions.

Tsz Wing Lai and Amy Cooper

Figure 14. By manipulating different light sources, the filler material is uncovered. While standard lighting shows
dull, low-luster patches in the filled cavities (left), fiber-optic illumination reveals a whitish granular texture
(right). Photomicrographs by Tsz Wing Lai; fields of view 4.00 mm (left) and 1.50 mm (right).
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Figure 1. Left: Contact-twinned calcite host with scattered red realgar inclusions. Right: A closer view of one of the
vivid inclusions. Photomicrographs by Wingtak Lui; fields of view 12 mm (left) and 3.2 mm (right).

Twinned Calcite with Realgar Inclusions

Microscopic examination of a transparent contact-twinned
calcite crystal from the Jiepaiyu mine in Shimen County,
Changde, Hunan, China, revealed vivid red to orange-red
blebby to platy realgar (As,S,) inclusions scattered through-
out the host, consistent with calcite’s common e-twin law
(figure 1). Raman microspectroscopy was targeted directly
on the red inclusions using 785 nm excitation over shorter

About the banner: An opaque plate of hematite displays iridescence in its
rock crystal quartz host from the Rist mine in Alexander County, North
Carolina. Photomicrograph by Nathan Renfro; field of view 5.99 mm.
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wavelengths. This approach was followed since the light-
induced realgar-to-pararealgar conversion is reportedly
most efficient under ~500-670 nm and is markedly
decreased at longer wavelengths (>~670 nm) (D.L. Douglass
et al, “The light-induced alteration of realgar to
pararealgar,” American Mineralogist, Vol. 77, No. 11-12,
1992, pp. 1266-1274). The resulting spectrum showed
calcite bands together with diagnostic realgar bands. The
occurrence of well-preserved realgar inclusions within
transparent contact-twinned calcite is mineralogically
noteworthy given realgar’s tendency to alter under pro-
longed light exposure.

Wingtak Lui and Rui Rui Xing
Min De Minerals & Gem Research Co., Ltd.
Nanjing, China

Yu-Chen Huang
Taiwan Central Gem Laboratory Co., Ltd.
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“Fungal Hyphae” in a Mabe Pearl

Recently, the authors examined an intriguing white
button-shaped assembled cultured shell blister, commonly
referred to in the trade as a mabe pearl. This mabe pearl,
which measured approximately 15.31 x 15.10 mm and was
mounted in an earring, exhibited a semitranslucent surface
with iridescence. When examined wunder higher
magnification with fiber-optic illumination, an intricate
network of fine branch-like structures was observed just
beneath the nacreous surface. Closer examination revealed
channels resembling a mass of fungal hyphae, the micro-
scopic thread-like filaments found in fungi and molds
(figure 2). These channels were likely formed by shell-
boring parasites; parasitic worms often infest
pearl-producing mollusks, resulting in the formation of
elongated channels with varying patterns. Although
parasitic boreholes have been previously documented in

Figure 2. A fine, complex
| network of microscopic
shell-boring parasitic tun-
nels with intersecting
nodes resembling fungal
hyphae in a mabe pearl.
Photomicrograph by
Gauri Sarvankar; field of
view 1.65 mm.

both shells and pearls (Spring 2024 Ge)G Micro-World, p.
78), this unique arrangement of intersecting tunnels dis-
plays a striking resemblance to the microscopic
morphology of fungal hyphae, highlighting the complex
biological interactions that can influence nacre formation.

Gauri Sarvankar and Abeer Al-Alawi
GIA, Mumbai

Leaf-Like Imprint on Non-Nacreous Pearl

Recently, a vein-like structure similar to that of a leaf was
observed on the surface of a baroque-shaped non-nacreous
natural pearl. The white and yellowish brown pearl
weighed 12.54 ct and measured 13.40 x 13.12 x 12.22 mm
(figure 3, left). Visually, it displayed a striking contrast
between its white frosty surface and its underlying
yellowish brown bodycolor. Higher magnification unveiled

Figure 3. A 12.54 ct natural non-nacreous pearl (left) with formations displaying a leaf-like imprint on its surface (right).
Photos by Gourav Bera (left) and Jayesh Surve; field of view 1.30 mm (right).
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captivating formations resembling leaves with intricate
vein structures (figure 3, right). While non-nacreous pearls
exhibit various surface patterns, the distinctive leaf-like
pattern observed on this specimen identifies it as a
particularly intriguing non-nacreous natural pearl.

Jayesh Surve and Abeer Al-Alawi
GIA, Mumbai

Reticulated Pattern on Pearls’ Surfaces

Pearls formed in an organic environment often show
unique external and internal features. In a recently
examined multistrand necklace composed of small natural
pearls ranging from 3.45 x 2.49 mm to 6.51 x 6.30 mm,
some pearls displayed an interesting surface pattern.
Unlike typical hammering effects, which produce a series
of flat facets or shallow indentations (Summer 2025 Gem
News International, pp. 210-212), these pearls featured a
reticulated pattern with deeper indentations and distinct
ridges (figure 4). This unique surface texture is a result of
natural pearl growth; no post-harvest treatment or
alterations were detected.

Emiko Yazawa
GIA, New York

Two-Phase Inclusion in Peridot

Pakistani peridot is known for its diagnostic ludwigite
inclusions, but something far rarer was recently observed
in a 7.44 ct faceted stone—a fluid-filled cylindrical void

210 Micro-WORLD

Figure 5. A cylindrical-shaped void encapsulates liquid
and a gas bubble within a myriad of needle-like Iudwigite
inclusions in a Pakistani peridot. Photomicrograph by
Britni LeCroy; field of view 1.42 mm.

among a myriad of needle-like ludwigite crystals (figure 5).
The void also contained a spherical gas bubble that shifted
within the liquid as the stone was moved. This feature is
known as a two-phase inclusion due to the negative space
containing a liquid and a gas. Cylindrical-shaped inclusions
are uncommon in any stone, as cylinders do not conform
to any crystallographic habit; however, a similar example
has been documented in a pink euclase crystal (Fall 2021
Ge)G Micro-World, pp. 274-275).

Britni LeCroy
GIA, Carlsbad

Figure 4. A small natural
pearl displays a reticulated
pattern with indentations
and distinct ridges, differing
from the hammered texture
commonly observed in

| pearls. Photomicrograph by
Emiko Yazawa; field of view
3.57 mm.
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Colorful Mosaic Pattern in Heated
Orange Sapphire

When viewing this inclusion scene (figure 6), one might
wonder whether it represents a gemstone inclusion at all.
This image has invoked comparisons to fireworks
illuminating a night sky, a mosaic-like stained glass
window, and the plates used in the Ishihara test for color
blindness. In reality, the scene is composed of tiny thin-
film decrepitation inclusions inside a beryllium-diffused
orange sapphire. While this inclusion scene is not itself
diagnostic of diffusion, it is likely the result of high-
temperature heat treatment.

E. Billie Hughes
Lotus Gemology, Bangkok

MicrRo-WORLD

Figure 6. Thin-film decrepi-
tation inclusions create a
colorful mosaic pattern in a
beryllium-diffused orange
sapphire under diffused
fiber-optic lighting. Photomi-
crograph by E. Billie Hughes;
field of view 1.6 mm.

“Shooting Stars” in Sapphire

The author recently examined a 3.46 ct bluish violet to
purple color-change sapphire measuring 9.04 x 7.61 x 5.47
mm. Microscopic examination revealed a scene rem-
iniscent of shooting stars in a night sky, created by
numerous Rose channels against a backdrop of scattered
zircon crystals (figure 7). Commonly occurring in various
gems including calcite, diamond, and sapphire, Rose chan-
nels are created by intersecting twin lamellae, formed by
twinning along the rhombohedral faces (F. Notari et al.,
“‘Boechmite needles’ in corundum are Rose channels,” Fall
2018 G&)G, p. 257).

Michaela Damba
GIA, Carlsbad

Figure 7. Numerous Rose
channels with scattered
zircon crystal inclusions in
a 3.46 ct color-change sap-
phire. Photomicrograph by
Michaela Damba; field of
view 4.79 mm.
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Figure 8. Elongated, rod-shaped vesuvianite crystal in
sapphire associated with a partially healed fissure.
Photomicrograph by Keith Chow; field of view 3.10 mm.

Vesuvianite in Sapphire

The author recently examined a sapphire containing an
elongated, rod-shaped crystal associated with a partially
healed fissure (figure 8). Due to its morphology and color,
the inclusion appeared to be pargasite. However, sub-
sequent analysis using Raman spectroscopy identified the
inclusion as vesuvianite.

Vesuvianite is an accessory sorosilicate mineral that
typically forms in skarn during metasomatism of
carbonate rocks such as limestone. Exceptionally rare as
an inclusion in gemstones, vesuvianite has previously
only been documented in two rubies from Mogok,
Myanmar (Winter 2017 GeG Micro-World, p. 469; C.P.
Smith and R. Zellagui, “Vesuvianite (idocrase) and
apatite inclusions in ruby identifiable by infrared spec-
troscopy,” Journal of Gemmology, Vol. 37, No. 4, 2020,
pp. 346-348). Given the association of vesuvianite with
skarns, these inclusions may also occur in sapphires from
skarn deposits, such as those in Andranondambo,
Madagascar, and Kataragama and Elahera, Sri Lanka (G.
Giuliani and L.A. Groat, “Geology of corundum and

emerald gem deposits: A review,” Winter 2019 Ge&)G, pp.
464-489).

To the author’s knowledge, this is the first report of
vesuvianite as an inclusion in sapphire.

Sharon Tao
Giibelin Gem Lab, Lucerne, Switzerland

Distinctive Fluorescent Crystal Inclusions in Spinel

The authors examined a 7.01 ct spinel reportedly from
Tanzania. Under short-wave (254 nm) ultraviolet light, a
small fluorescent spot was observed on the stone’s surface,
caused by cut-through crystal inclusions. Micro-Raman
analysis identified the inclusions as diopside, phlogopite,
and edenite, forming a cluster of transparent crystals
associated with a dark, opaque pyrite grain (figure 9A). In
reflected light, the inclusions showed luster distinct from
the spinel host, with the pyrite exhibiting a golden metallic
luster (figure 9B). Under short-wave ultraviolet light, the
crystals fluoresced in different colors: white for diopside,
yellow for phlogopite, and blue for edenite (figure 9C).
Fluorescence from inclusions is often overlooked but can
provide important identification clues.

Natcha Rattana-anan and E. Billie Hughes
Lotus Gemology, Bangkok

Quarterly Crystal: Chromite in Diamond

Recognizable mineral inclusions in diamond are rather
unusual. The most common inclusion in gem-quality
diamond is often referred to as a “carbon spot,” which is
a collective term used to describe any dark inclusion in
diamond. The most prominent dark mineral inclusions
in diamond, carbon spots are typically chromite, graphite,
or sulfides. Of the three, only graphite is composed of
carbon. Sulfides are fairly common as inclusions, and
chromite crystals are the only type of carbon spot that is
actually rare.

This quarter’s subject is a transparent, colorless, and
partially etched diamond octahedron, which came from

Figure 9. A cluster of diopside, phlogopite, and edenite inclusions in spinel, associated with a dark, opaque pyrite crystal,
shown in diffused fiber-optic light (A), reflected light (B), and short-wave ultraviolet light (C). Photomicrographs by

Natcha Rattana-anan; field of view 3.6 mm.
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Figure 10. Weighing 1.17 ct and measuring 6.61 mm in the
largest dimension, this partially etched colorless diamond
octahedron hosts numerous opaque black chromite
crystals. Photo by Rhonda Wilson.

situated along octahedral planes (figure 10). Laser Raman
microspectrometry identified one of the included crystals
as chromite. As an inclusion in diamond, chromite is
generally opaque and black with a submetallic to vitreous
luster and typically forms as angular mineral grains (figure
11, top). In polarized light, the chromite inclusions are
observed to cause strain in the diamond host (figure 11,

Sierra Leone, by way of David New in Tucson, Arizona. ~ bottom).
The diamond crystal, weighing 1.17 ct and measuring 6.61 John I. Koivula and Nathan Renfro
x 5.94 x 3.09 mm, hosts numerous opaque black solids GIA, Carlsbad

Figure 11. Top: Sometimes
referred to as “carbon
spots,” opaque black
crystals of chromite are
uncommon inclusions in
diamonds. Bottom:
Polarized light reveals the
strain surrounding the
scattered chromite
crystals. Photomicro-
graphs by Nathan Renfro;
field of view 3.73 mm.
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Figure 1. Left: The polished pegmatite plate measures 3.28 m x 1.80 m x 2.5 cm and originates from the Governador
Valadares area, Minas Gerais, Brazil. At the top of the plate, an unidentified bluish green translucent mineral is pres-
ent (indicated by the arrow). Right: An enlargement of the 7.1 x 2.9 cm bluish green mineral, which formed in a
vacuole between two crystals of perthitic microcline. Photo by Pierre Barbey.

COLORED STONES AND ORGANIC MATERIALS

Determination of aquamarine in a Brazilian pegmatite plate.
A remarkable Brazilian pegmatite plate hangs on the
ground-floor wall of the Centre for Petrographic and Geo-
chemical Research (CRPG) in Vandceuvre, France. This
rock, called “Patagonia granite” by the trade in reference
to the granitic mountain peaks in southern Argentina,
came from the Galiléia region, near Governador Valadares,

Editors’ note: Interested contributors should send information and
ilustrations to gandgeditorial@gia.edu.
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in the state of Minas Gerais, Brazil. Famous for its gem-
bearing pegmatites, the region, located north of Rio de
Janeiro, is marked by the presence of granitoids belonging
to the Neoproterozoic Galiléia magmatic suite formed by
tonalites, granodiorites, granites, and pegmatites. Dating
of these rocks by the uranium-lead method on zircon has
given ages between 594 and 570 million years, character-
istic of the Brasiliano or Pan-African orogeny.

The polished pegmatite plate, measuring 3.28 m x
1.80 m x 2.5 cm, exhibits three distinct mineral assem-
blages from the border to the core (figure 1, left): (1) the
edges composed of quartz, feldspar, and large brownish laths
of mica (black in the photo) ending at the top with a close
association of wedge-shaped quartz and potassium-feldspar
(graphic texture); (2) large and zoned euhedral perthitic
microcline feldspar crystals hosting disseminated centimet-
ric schorlite and an unidentified 7.1 x 2.9 cm bluish green
translucent mineral (figure 1, right); and (3) the whole core
filled by translucent and healed grayish quartz.
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Figure 2. Comparison of Vis-NIR reflectance spectra for
four samples from the CRPG standards database to the
spectrum of the unknown mineral, matching the aqua-
marine reference. Thus, the unknown mineral belongs to
the beryl family. Spectra are offset vertically for clarity.

The unidentified bluish green mineral was analyzed
using visible/near-infrared (Vis-NIR) reflectance spec-
troscopy with an analytical point-spectrometer. The
technique allows for the acquisition of a reflectance spec-
trum of a 1 cm diameter surface area. Spectra collected in
the 500-2500 nm range are sometimes used to analyze the
mineralogical composition of rocks based on the position
and shape of the absorption band.

The spectrum of the bluish green mineral was com-
pared with that obtained from sample standards in the
CRPG database (amazonite, green apatite, aquamarine, and
green quartzite; figure 2). The positions of the two absorp-
tion bands at 1400 nm and 1900 nm are linked to the
vibration of water molecules in the structure, while the
wide absorption band centered at 800 nm is due to an elec-
tronic transition of iron. Therefore, the unknown mineral
was positively identified as a member of the beryl family.

Chemical analysis on the bluish green beryl by a hand-
held X-ray fluorescence (XRF) spectrometer showed the
following analytical ranges for trace elements, in ppmw:
iron = 3000 (+100), titanium = 447-474 (+27), zinc = 305~
350 (+13), and cesium = 157-180 (+6). Chromium and
vanadium were not detected, ruling out emerald and iden-
tifying the mineral as aquamarine, with its color attributed
to the combination of iron and titanium. The presence of
cesium confirmed the magmatic source of the aquamarine.

GEM NEWS INTERNATIONAL

The determination of aquamarine on the large plate
of Brazilian pegmatite combining handheld Vis-NIR
reflectance and XRF spectrometers underscores the
importance of the use of nondestructive methods on pol-
ished petrological sections in galleries of mineralogical
museums. These qualitative point chemical analyses
offer insight into the knowledge of mineral associations
across diverse geological environments and enhance
understanding of the genesis of gems.

Gaston Giuliani, Marie Barthez,
Jean-Marc Montel, and Pierre Barbey
Université de Lorraine, CRPG/CNRS-UL,
Vandceuvre, France

Rare colors of Chinese freshwater cultured pearls. The Gem-
mological Institute at the China University of Geosciences
recently received 53 freshwater cultured pearls displaying
rare colors (figure 3): 21 purple, 7 green, 7 blue, and 18 orange
pearls with rich hues. While white, orange, pink, and purple
freshwater cultured pearls are common in the market, green,
blue, and yellow colors are scarce. These pearls were nearly
round, ranging from 7 to 14 mm in diameter, with most
exhibiting good luster and smooth surfaces. The pearls were
sourced from Menghao Jewelry, a supplier working directly
with local pearl farmers in Zhejiang Province. With the
increasing advancement of nucleated freshwater pearl cul-
tivation technology in China, dozens of farms are capable of
producing such rare-colored pearls, which typically range
from 4 to 15 mm in diameter and require one to two years

Figure 3. These 10 representative pearls from the 53
studied, selected for Raman analysis, range in color from
deep purple to orange-red. Photos by Chuting Zhang.
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L*=50

Figure 4. The color parameters of all samples are pre-
sented as point plots on the two-dimensional cross
section at L* = 50. The colorimetric data are defined in
the CIE L*a*b* color space as follows: L* (lightness)
represents the brightness of color, ranging from 0
(absolute black) to 100 (absolute white); a* represents
the position on the red-green axis (positive values indi-
cate red tones, while negative values indicate green
tones); and b* represents the position on the yellow-
blue axis (positive values indicate yellow tones, while
negative values indicate blue tones).

to grow. The main mollusk species used for their cultivation
are Hyriopsis cumingii and Hyriopsis schlegelii.

Microscopic observation of the studied pearls revealed
clear surface contour textures with no artificial staining. The
ultraviolet/visible spectroscopy analysis exhibited a stable
characteristic absorption peak at 280 nm, typical of natural
pearls, with no abnormal absorption signals, thus confirm-
ing the natural coloration of the samples. L*a*b* color
parameters were collected for all samples, captured under a
standard D65 light source and measured from the edges of
pearl images. The L*a*b* parameters were widely distrib-
uted in CIE L*a*b* color space. The L* values of the
purple-hued pearls were relatively lower than those of the
orange-yellow-hued pearls. To provide an intuitive under-
standing of the color distribution, the data points were
projected onto a two-dimensional cross section at L* = 50
(figure 4). The a* values of the 53 studied pearls ranged from
a more greenish hue (a* = -11) to a more reddish hue (a* =
15). The b* values ranged from -20 to 25, covering both yel-
low and blue tones.
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Figure 5. Raman spectra of the 10 representative pearls
studied. Spectra are offset vertically for clarity.

Of the 53 pearls, 10 representative samples were
selected for Raman analysis (again, see figure 3). Two sets
of Raman peaks related to natural polyenic pigments were
detected in the pearls, including 1127/1509 c¢cm™ and
1134/1525 cm™ (figure 5). The former is associated with
purple pigment, while the latter is linked to orange pig-
ment. Interestingly, the pearls with 1509 ¢cm™ Raman
peaks not only exhibited the common hue of purple, but
also rare hues of green and blue. The pearls with 1525 cm™
Raman peaks were not limited to the yellow color, but pre-
sented a gradient series ranging from light yellow to
orange-red. Additionally, two unusual Raman peaks were
detected. The greenish yellow and greenish blue pearls
exhibited double peaks at 1509 and 1518 ¢cm™!, indicating
the presence of mixed pigments within the pearls (S.
Karampelas et al., “Role of polyenes in the coloration of
cultured freshwater pearls,” European Journal of Mineral-
ogy, Vol. 21, No. 1, 2009, pp. 85-97).

According to scientific studies, the rare colors of these
types of pearls are primarily determined by the donor oys-
ter’s nacre color (S. Karampelas and A. Lombard,
“Gemological characteristics of saltwater cultured pearls
produced after xenotransplantation,” Spring 2013 Ge)G,
pp. 36-41; Z. Wang et al., “How cultured pearls acquire
their colour,” Aquaculture Research, Vol. 51, No. 10,
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2020, pp. 3925-3934). For example, Hyriopsis cumingii
“Shenzi No. 1,” cultivated in China, can grow purple
pearls, while another golden strain of Hyriopsis cumingii
can grow yellow pearls.

However, some artificial treatments, such as dyeing,
irradiation, bleaching, or coating, may be used to change
the natural color to rare yellow, green, or blue colors, thus
misleading less experienced buyers. Therefore, careful
analysis is required to accurately distinguish between nat-
ural and artificial colors.

Chuting Zhang, Jing Yu, and Kexin Zhang
Gemmological Institute, China University of
Geosciences, Wuhan

Six-rayed star quartz containing exsolved rutile needles.
Asterism, the optical phenomenon producing a star-like
pattern on the surface of a cabochon, arises from the reflec-
tion and scattering of light due to the presence of oriented
groups of parallel needle-like inclusions. In quartz, two dis-
tinct forms of asterism have been reported: the star effect
in rose quartz, typically caused by multiple sets of oriented
fibrous inclusions (K. Schmetzer and M. Krzemnicki, “The
orientation and symmetry of light spots and asterism in
rose quartz spheres from Madagascar,” Journal of Gemmol-
ogy, Vol. 30, No. 4, 2006, pp. 183-191), and three-rayed
asterism induced by intersecting rutile needles (Summer
2022 GNI, pp. 249-252).

Recently, author JL acquired two quartz specimens
from the Donghai Crystal Market in Jiangsu Province,
China, each displaying a well-defined six-rayed star under
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Figure 6. Six-rayed star quartz specimens: 5.77 ct, 13 x
9.5 x 6.5 mm (left) and 13.23 ct, 15.5 x 13 x 9 mm (right).
Photo by Haoran Zhu.

point-source illumination (figure 6). Standard gemological
analysis yielded a refractive index of 1.54 and a specific
gravity of 2.68, with Raman spectroscopy confirming the
specimens as quartz. Microscopic observation revealed
reflective layers composed of three mutually interlaced
sets of parallel acicular inclusions oriented at approxi-
mately 120° to one another (figure 7). These inclusions
caused the observed asterism and consisted of two mor-
phologically distinct types: fine silvery white needles and
thicker yellowish brown needles.

Both the silvery white and yellowish brown needles
exhibited Raman peaks at 142, 238, 446, and 614 cm™!,

Figure 7. Three sets of
interwoven needle-like
hematite and rutile inclu-
sions within a six-rayed
star quartz. Photomicro-
graph by Haoran Zhu;
field of view 5.00 mm.
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characteristic of rutile, whereas certain inclusions dis-
played additional peaks at 225, 244, 290, 410, 493, 614,
and 663 cm™!, consistent with hematite. These findings
suggested that some rutile needles contained hematite
precipitates. This coexistence likely originated from
titanium- and iron-rich hydrothermal fluids; under
highly oxidizing conditions, titanium crystallized pref-
erentially as rutile, followed by iron oxidation and
subsequent hematite precipitation, resulting in a tightly
intergrown microstructure responsible for the distinct
six-rayed star effect.

Although rutile-induced asterism is common in quartz
and the three-rayed star effect associated with asteriated
rutile networks has been previously reported, the phenom-
enon observed in this specimen—arising from the
synergistic presence of hematite and rutile needles—is
both attractive and unique. To the best of the authors’
knowledge, it has not been documented previously.

Jie Luo, Xiaoxu Yan, Xia Deng, and Zida Tong
Guangzhou City University of Technology, China

Suwei Yue
Guangzhou Polytechnic University, China

An unusual yellow raindrop turquoise. Recently, author
YYL encountered a unique specimen of turquoise charac-
terized by yellow raindrop-like patterns in the Zhushan
County turquoise market in Hubei Province, China. The
sample exhibited a blue-green substrate, with bright yellow
spots distributed individually and in clusters across its sur-
face. Both the substrate and the spots were opaque, with
the individual spots nearly round and measuring between
2 mm and 1 c¢m in size (figure 8).

TABLE 1. XRF analysis (in wt.%) of the sample
substrate and spot regions. Average values are
shown in parentheses.

Oxide Substrate Raindrops turlgjzlise liaei:tte(:\fvtti.o"r/l)
sio, | | ?15 ._929')1 b '?18 .517565 - 03
P.O. 44.(14 1;;;3}.56 43.(941%[24151).49 42.41 0.1
FeO, 5{55;;;)1 4 5.?2;%65 _ 0.004
ww | o.at%.—g (())).70 1 o.(?%.—; g).87 11.89 0.004
wo | O CUST — oo
K0 0'3(8._3%341 0.2((5)3‘—3%41 — 0.006
Ca0 O'(()S.E)?;')% 0'?35(&)3506 - 0005
Total e - 100 _

Fourier-transform infrared (FTIR) analysis of both the
substrate and the raindrop-like spots revealed turquoise
vibrational peaks. Two absorption peaks attributed to a
stretching vibration were noted at 2858 and 2979 cm,
indicative of wax (Fall 2015 GNI, pp. 343-345). The
stronger absorptions for these two features in the substrate
suggested a higher wax content, likely from residual wax
after polishing due to the sample’s lower hardness.

To determine the compositions of the substrate and
the spots, four points in each of these regions were tested
with X-ray fluorescence (XRF) spectroscopy using a quan-
titative method developed by the School of Jewellery
laboratory, China University of Geosciences, Wuhan,
with the total content of major oxides ranging from 98 to
100 wt.%. The results indicated that the primary chemi-
cal compositions of the yellow spots and the substrate
were largely consistent (table 1). Specifically, the average
Al,O; content was 35.57 wt.% for the yellow spots and
35.62 wt.% for the substrate. Similarly for the yellow
spots and substrate, the CuO content was 10.78 wt.% and
10.60 wt. %, respectively, while the total iron oxide (FeOx)
content was 6.44 wt.% and 5.85 wt.%, respectively.

Trace element analysis was performed using laser
ablation-inductively coupled plasma-mass spectrometry
on three spots each in the substrate and raindrop areas
across both sides of the sample, with the results demon-
strating broadly consistent element enrichment patterns
between the substrate and raindrops. No significant con-

Figure 8. An unusual raindrop turquoise measuring 23 x 23
x 5 mm. Photo by Yunyu Liu.

218 GeEM NEWS INTERNATIONAL GEms & GEMOLOGY SUMMER 2026



UV-VIS-NIR SPECTRA

— Substrate
— Raindrop

429

V: 1479 ppm
U: 30.19 ppm

REFLECTANCE —>

V: 2247 ppm
U: 1319 ppm

T T T T T
200 300 400 500 600 700

WAVELENGTH (nm)

Figure 9. In the UV-Vis-NIR spectrum, both the sub-
strate and the spots exhibit absorption in the blue-violet
and red regions, with stronger absorption observed in
the spots.

centration differences between the yellow raindrop
regions and the blue-green substrate were observed for the
trace elements analyzed, with the exception of vanadium
and uranium, which were both significantly higher in
concentration in the yellow regions.

The ultraviolet/visible/near-infrared (UV-Vis-NIR ) reflec-
tance spectra of the substrate exhibited characteristics typical
of turquoise (figure 9). In contrast, the yellow spots displayed
a strong absorption band at 415 nm, accompanied by a
shoulder band at 430 nm. The violet-blue region showed sig-
nificant absorption, while the red region exhibited a broader
absorption band, albeit with lower intensity compared to
the blue-violet region. From a compositional perspective,
the primary distinction between the substrate and the yel-
low spots lies in their uranium and vanadium contents.
Uranium exhibits a strong absorption band at 415 nm in the
violet region, forming a broad absorption feature. The low-
energy end of this absorption extends to approximately 460
nm, which is attributed to the magnetic dipole transition of
the uranyl ion (A.N. Platonov and C. Jin, “Color of uranyl-
containing minerals,” World Nuclear Geoscience Journal,
Vol. 1, 1975, pp. 38-42). An increase in vanadium content
causes the absorption related to iron ions (Fe**) at 422 nm to
shift toward the red region, resulting in an absorption feature
at 430 nm (X. Wang and Y. Guo, “The impact of trace metal
cations and absorbed water on colour transition of
turquoise,” Royal Society Open Science, Vol. 8, No. 2, 2021,
article no. 201110). In summary, absorption in the violet
region is primarily caused by uranium, vanadium, and iron,
while copper contributes to absorption in the red region.
These elemental contributions collectively account for the
intense yellow coloration observed in the spots.
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Although this raindrop turquoise exhibits distinct color
variations, there were no significant differences observed in
the FTIR spectral characteristics or bulk chemical compo-
sition between the substrate and the yellow spots. However,
when looking at trace element chemistry, significantly
higher levels of vanadium and uranium were identified in
the spots compared to the substrate. A slightly higher con-
centration of iron was also observed in the yellow spots.

Yunyu Liu and Quanli Chen
Gemmological Institute, China University of
Geosciences, Wuhan

IN MEMORIAM

Harold Van Pelt, 1925-2026. Pioneer of gem photography
Harold Van Pelt—“Van” to his friends and colleagues—
passed away at the age of 100 (figure 10). Over three
decades, he and his wife, Erica, contributed hundreds of
photographs—including 93 covers—to Gems & Gemology.

Born in Paola, Kansas, Van graduated from the Brooks
Institute of Photography in Santa Barbara, California, in
1953. After he and Erica married in the early 1960s, they
made a good living photographing commercial furniture.
Since this work was seasonal, they used their downtime to
visit Europe, Africa, and Asia. Shooting thousands of pho-
tographs in museums during their travels, they became
attracted to minerals and ultimately gems. By the late
1960s and early '70s, they began attending the Tucson gem
and mineral shows, soon photographing major gem crystals
and, inevitably, fashioned gems.

In 1981, when Ge)G transitioned to a larger, full-color
format with an expanded editorial review board, the Van
Pelts played a pivotal role in the journal’s growing accept-

Figure 10. Harold Van Pelt with his wife, Erica, in his
studio. Photo by Harold &) Erica Van Pelt.
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ance by both the gem industry and the scientific commu-
nity. Their first cover, the 217.8 ct Mogul emerald featured
on the Summer 1981 issue (figure 11, left), and the many
superb images they provided for Peter Keller’s landmark
article on Colombian emeralds in that issue, demonstrated
that a scientific article could be beautiful and substantive
at the same time.
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Figure 11. Left: The Van
Pelts’ first GAG cover
(Summer 1981) featuring
the 217.8 ct engraved
Mogul emerald. Right:
Taken in a single shot,
these gemstones demon-
strate the Van Pelts’ ability
to accurately capture color
(Spring 1990). Photos by
Harold e Erica Van Pelt.

While the Van Pelts published gem and mineral photos
in numerous books and magazines during their career,
their collaboration with GeJG is one of their longest and,
perhaps, most demanding professional relationships.
Unlike images produced today, where gems are pho-
tographed individually and then composited into a single
picture, they photographed multiple gems in a single shot.
Their attention to lighting and color typically required
many hours of setup for a single 8 x 10 transparency. Readers
often commented that the accuracy of their color was
unmatched in the field (figure 11, right).

More than a gifted photographer, Van was also an
accomplished gem carver. Inspired by the museum collec-
tions seen during their world travels, he fashioned large
pieces of rock crystal, agate, and other gem materials into
exquisite objects that have been displayed at museums in
the United States and Germany (figure 12). Using machin-
ery he made or modified, he carved hundreds of items over
60-plus years.

We share our heartfelt condolences with Erica and
Van’s extended family, friends, and colleagues. May Van’s
legacy live on in the many extraordinary photos he and
Erica produced—and in the beautiful objects he created—
with skill, patience, and the eye of a true artist.

Alice Keller
Editor-in-Chief Emerita, Gems & Gemology

Dona Dirlam
GIA Librarian Emerita

Figure 12. The Winter 1982 cover depicts a quartz egg
with an aquamarine and quartz base carved by Harold
Van Pelt. The issue also includes an article detailing the
techniques and equipment Van used to fashion the egg.
Photo by Harold e) Erica Van Pelt.
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