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Diamonds with the 480 nm Absorption
Band, the Morphology of Macle Diamonds,
and Russian White Nephrite's Distinctive
“Orange Peel” Texture

Recently I had the privilege to attend Converge—a unique event uniting GIA’s research and
education with our sister organization the American Gem Society’s professional development
opportunities—and see firsthand there’s a real appetite for well-curated, relevant gemological
information. People packed into

« ) .
talks focused on gemstone trear-  -..2here’s a real appetite for well-curated, relevant
ments, field gemology, colored — gesnological information.”
diamonds, diamond origin, and
more. If you're a subscriber or online reader of Gems & Gemology, you'll know these are all topics
we cover regularly, and our Fall 2025 issue is no exception!

Our lead article by GIA’s Dr. Mei Yan Lai offers a perspective on natural diamonds with a broad
absorption band centered at 480 nm in the visible spectrum. This category deserves more attention
as it includes rare and sought-after pure orange and color-change chameleon diamonds. Dr. Lai summarizes the properties
of these unique gems.

The flattened triangular shapes of diamond macles are some of the natural world’s most recognizable crystals. In our
next article, Drs. Ahmadjan Abduriyim and Masao Kitamura examine the morphology, internal structure, and growth
mechanisms of natural macle diamonds using scanning electron microscopy and cathodoluminescence imaging.

In our final paper, three researchers from China—Drs. Meiyu Shih, Guanghai Shi, and Bigian Xing—deliver a study on the
potentially diagnostic “orange peel” surface microstructure of white nephrite from Russia, which is similar to that seen in
jadeite jade. This texture results from nephrite replacing carbonate grains to produce a distinctive pattern supporting a
Russian geographic origin determination.

There’s truly something for everyone in our regular features. Lab Notes draws on reports from GIA’s global labs, including
an extraordinary large bicolor natural rough diamond, a dumortierite crystal with color zoning reminiscent of watermelon
tourmaline, and a quench-crackled and dyed laboratory-grown sapphire resembling Paraiba tourmaline.

As always, Micro-World illuminates the inner beauty of gemstones. Some of the intriguing contributions this time include a
UFO-shaped feather in a yellow diamond, a remarkable play-of-color pattern resembling a turtle shell in Ethiopian opal,
and a rare almandine-pyrope garnet crystal in a diamond octahedron from South Africa.

Our Gem News International section highlights interesting studies from all over the globe, such as two Burmese amber
specimens containing fungal inclusions, three blue quartz spheres colored by elbaite, and a low-temperature heat treatment
study of natural corundum analyzing the behavior of the 3161 cm™ infrared band.

We come full circle with Diamond Reflections, which showcases highly unusual and interesting crystal morphologies from a
unique collection of rough diamonds. They demonstrate that Earth’s natural processes have the power to sculpt the hardest
mineral into remarkable shapes that can resemble animals or familiar objects. These distorted crystals offer a window into
our dynamic planet’s turbulent interior.

Thank you for being a subscriber or online reader of G&»G. Welcome to our Fall issue!

D

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

A GUIDE TO DIAMONDS WITH THE
480 NM ABSORPTION BAND

Mei Yan Lai

In the gemological research community, diamonds with a broad absorption band centered at roughly 480 nm
in the visible spectrum are referred to as “480 nm band diamonds.” Despite the 480 nm absorption band being
one of the few causes of yellow bodycolor, diamonds with this feature are relatively scarce and not as widely
recognized as those colored by the N3 defect, single substitutional nitrogen defect, or H3 defect. Yet 480 nm
band diamonds deserve more attention because they account for the vast majority of rare diamonds with
unmodified orange hues, as well as all chameleon diamonds—diamonds with a reversible color-change property.
However, the global abundance and distribution of 480 nm band diamonds are currently unknown. To date,
only mines in Russia and Canada are known to produce these diamonds, but other sources likely exist.
Understanding their gemological and spectroscopic characteristics will help the mining industry and the gem
trade identify these obscure treasures. This article summarizes the features of 480 nm band diamonds for rapid
identification or advanced gemological testing.

hough natural diamond is composed of carbon,
atomic impurities and vacancies commonly
occur in the diamond crystal structure, attrib-
uted to the incorporation of extrinsic elements and
strain induced during diamond growth. Post-growth
irradiation and plastic deformation can also produce
vacancies in the diamond structure (Van Enckevort
and Visser, 1990; Fisher, 2009). Consequently, the
otherwise perfectly ordered arrangement of carbon
atoms in the diamond crystal structure is disturbed.
Some structural defects absorb light in the visible
spectrum—the portion of the electromagnetic spec-
trum that the human eye can perceive—producing
different bodycolors in diamonds. The defects respon-
sible for color in many diamonds have been well
documented, with the majority associated with nitro-
gen (e.g., Collins, 2001; De Weerdt and Van Royen,
2001; Kanda, 2007; Shigley and Breeding, 2013).
Yellow is one of the most common bodycolors of
diamond. The majority of yellow diamonds—known
as “cape” diamonds in the gem trade—are colored by
the N3 defect (with a structure of three nitrogen
atoms surrounding a vacancy) and associated absorp-

See end of article for About the Authors and Acknowledgments.
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tions including the N2 defect (a vibronic transition
of N,V (Breeding et al., 2020). Yellow color in a sig-
nificant number of diamonds can also come from
single substitutional nitrogen (C-center) or from the
H3 defect (a vacancy between two nitrogen atoms).

In Brief

e Diamonds exhibiting a broad absorption band
centered around 480 nm in the visible spectrum
are known as “480 nm band diamonds.”

e This category includes rare and highly sought-after
pure orange diamonds and chameleon diamonds
with a reversible color-change property.

e Key gemological features of 480 nm band diamonds
include strong fluorescence responses (yellow,
orange, or a combination of yellow and blue) to
long-wave UV and the presence of micrometer-
sized dark inclusion clusters.

A subset of yellow diamonds also contain nitrogen
yet are primarily colored by a broad absorption band
centered at about 480 nm in the visible spectrum.
The 480 nm absorption band has been tentatively
attributed to substitutional oxygen (Gali et al., 2001;
Hainschwang et al., 2020), and diamonds with this

Gems & GEMOLOGY FALL 2025



Figure 1. Yellow is the most common color in 480 nm band diamonds and can occur in different tones and saturations
(top row, three on the left). The 480 nm band diamond family also includes those with brown and orange colors (top row,
three on the right), as well as chameleon diamonds with a green color component (bottom row). Photos by GIA staff.

absorption feature are termed “480 nm band dia-
monds” in the gemological research community.
This absorption band has only been observed in nat-
ural diamonds, and the defect(s) associated with it
have not been produced in natural or synthetic dia-
monds by commercial treatments (Collins, 2001).
Among all yellow diamonds submitted to GIA in
the last decade, <5% have been 480 nm band dia-
monds. These diamonds have not received much
attention in the gem trade because of their relative
scarcity. However, it is notable that the 480 nm
absorption band is not restricted to diamonds with
primarily yellow color but also occurs in a variety of
colored diamonds, including some of the most valu-
able orange and chameleon diamonds. Chameleon
diamonds are those with a reversible color-change
property, typically turning from a green to a more
intense yellow or orange color when they are heated
mildly or kept in the dark for a significant period of
time (Fryer et al., 1981, 1982; Hainschwang et al.,
2005; Fritsch et al., 2007a; Fritsch and Delaunay,
2018). Exposure to ambient light or cool tempera-
tures restores the original color. While the
documentation of chameleon diamonds is sparse, it
is possible that many of these diamonds have not
been evaluated and recognized due to a lack of aware-
ness of their properties. This article provides detailed
descriptions of the gemological and spectroscopic

480 NM BAND DIAMONDS

properties of the diverse and dynamic 480 nm band
diamonds to facilitate their identification in the gem
and mining industries.

COLOR VARIETIES AND CORRESPONDING
VISIBLE ABSORPTION SPECTRA

The broad absorption band with a maximum at
approximately 480 nm extends from violet to green
in the visible spectrum, producing a yellow to orange
color in diamond. Depending on the range and inten-
sity of this absorption band, 480 nm band diamonds
can have a variety of tones and saturations (figure 1).
Generally, diamonds with Fancy Vivid, Fancy Intense,
or Fancy Deep orange, orangy yellow, or yellowish
orange color grades have the strongest 480 nm absorp-
tion band (figure 2, A and B). In contrast, chameleon
diamonds usually have a much weaker 480 nm
absorption band (figure 2C) (Lai et al., 2024a). The
cause of green color in chameleon diamonds differs
from that in green or blue-green diamonds colored by
the GR1 defects (neutral vacancies). GR1 defects can
be produced by natural or artificial radiation, and pro-
duce a green bodycolor in diamonds that have a
yellow hue (Breeding et al., 2018). The green color in
chameleon diamonds has been attributed to a trans-
mission window between 500 and 600 nm produced
by a combination of the 480 nm absorption band and
the additional broad absorption band extending from

GEMs & GEMOLOGY FALL 2025 233
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Figure 2. Visible absorption spectra of 480 nm band diamonds with a variety of colors showing single or a combi-
nation of color-causing defects. A: An orangy yellow diamond with a 480 nm absorption band. B: An orange
diamond with an intense 480 nm absorption band. C: A chameleon diamond with a combination of the N3 defect
(415 nm) and a weak 480 nm absorption band. D: An orangy brown diamond with a continuous absorption that
increases from the red end of the visible spectrum and reaches a maximum near 500 nm, which usually masks the
480 nm absorption band. Other gemological and spectroscopic features were used to confirm the association with
the 480 nm absorption band. E: A yellow diamond with a combination of cape defects (N3 and N2 defects, 415 and
478 nm, respectively) and a weak 480 nm absorption band. F: A brownish orange diamond with a combination of
480 nm and 550 nm absorption bands. Visible absorption spectra were collected at ~77 K. Photos by GIA staff.
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approximately 600 nm to the near-infrared region
(Hainschwang et al., 2005; Fritsch et al., 2007a). The
majority of chameleon diamonds also have an absorp-
tion peak at 415 nm corresponding to the N3 defect
(figure 2C), whereas this absorption feature is far less
common in non-chameleon 480 nm band diamonds.

The occurrence of additional structural defects can
modify 480 nm band diamonds’ colors. For example,
single substitutional nitrogen frequently occurs in
these diamonds, which could add an orangy or brown-
ish tint to their primary colors. In addition, vacancy
clusters in the diamond structure are also a common
cause of brown coloration in diamonds (Fisher et al.,
2009). In some 480 nm band diamonds with domi-
nant brown bodycolor there is a continuous
absorption that increases from the red end of the vis-
ible spectrum and reaches a maximum near 500 nm
(figure 2D). This increasing absorption may mask the
480 nm absorption band, increasing the difficulty of
identifying 480 nm band diamonds based solely on
their visible absorption spectra. In this case, other
gemological and spectroscopic features are required
to detect the existence of the 480 nm absorption band.

On very rare occasions, some non-chameleon
480 nm band diamonds contain absorption features
typically observed in cape diamonds (figure 2E), with
absorption peaks at 415 and 478 nm corresponding
to the N3 and N2 absorptions, respectively (Altobelli
and Johnson, 2014). Unlike chameleon diamonds
(which frequently show N3 absorption in addition to
the 480 nm absorption band), non-chameleon 480
nm band diamonds with N3 and N2 absorptions gen-
erally have yellow or orangy yellow bodycolors
without a green component, and N2 absorption has
not been observed in chameleon diamonds. Another

480 NM BAND DIAMONDS

group of uncommon 480 nm band diamonds contains
an additional broad absorption band centered at
about 550 nm and a minor absorption peak at 525 nm
(Lall et al., 2024). This broad absorption band is the
cause of the pink color associated with plastic defor-
mation in most pink diamonds (Collins, 1982, 2001).
Diamonds of this variety with a relatively stronger
480 nm absorption band generally have an orange
color (figure 2F), whereas those with a more intense
550 nm band tend to have a pink color.

Irregular color zoning is often observed in 480
nm band diamonds when they are viewed micro-
scopically—some zones have a more saturated
color, while other zones have lower color saturation
and/or are near-colorless. In some extreme cases,
the color zoning can be distinct enough that a 480
nm band diamond will appear bicolored or even tri-
colored (figure 3). A notable example is a chameleon
diamond with one half graded Fancy Dark orangy
brown and the other half graded Fancy Dark brown
greenish yellow; a color-change reaction was
observed only in the brown-greenish yellow portion
when the diamond was heated (figure 3, right; Lai
and Eaton-Magana, 2023).

RAPID IDENTIFICATION BASED ON
GEMOLOGICAL FEATURES

Fluorescence. A quick preliminary screening of dia-
monds can be achieved using a handheld long-wave
ultraviolet (UV) flashlight with an excitation wave-
length of 365 nm. Most 480 nm band diamonds
have moderate to strong yellow fluorescence, gen-
erally corresponding to an asymmetric broad band
with maximum intensity at about 540 nm in the

Figure 8. Some 480 nm
band diamonds may have
distinct color zoning and
appear bicolored. Photos
by GIA staff.
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FLUORESCENCE SPECTRA
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Figure 4. Fluorescence of 480 nm band diamonds excited by a long-wave (365 nm) UV LED light source. A: An orangy
yellow diamond and a chameleon diamond showing yellow fluorescence. B: A yellow diamond and a chameleon dia-
mond showing a mixture of yellow and blue fluorescence. C: An orangy yellow diamond and a chameleon diamond
showing orange fluorescence. Fluorescence spectra were collected at room temperature. Photos by Rhonda Wilson.

fluorescence spectrum excited by the long-wave
UV source (figure 4A). It is also fairly common for
480 nm band diamonds to have heterogeneous dis-
tributions of yellow and blue fluorescence, where
the blue fluorescence is detected in the fluores-
cence spectrum as a broad band between 400 and
500 nm with overlaying peaks at 415, 429, 439, and
451 nm, all of which are associated with the N3
defect (figure 4B). Moderate to strong orange fluo-
rescence is occasionally observed in 480 nm band
diamonds, which is detected in the fluorescence
spectrum as a broad band extending from approxi-
mately 450 nm to the near-infrared region, centered
at about 585 nm (figure 4C).

236 480 Nv BaND DIAMONDS

Excitation wavelengths can affect the observed
color and intensity of fluorescence in diamonds. For
example, if the UV light source produces light with
multiple wavelengths instead of a single wavelength
at 365 nm, or if the excitation wavelength is signifi-
cantly shifted from 365 nm (Luo and Breeding, 2013),
the fluorescence will be impacted, potentially enough
to be visually observed. This is because fluorescence
associated with certain structural defects could be
more effectively excited by light with wavelengths
outside the intended excitation wavelength. Short-
wave UV with an excitation wavelength of 254 nm is
also typically used for testing 480 nm band diamonds
with a green component, and in order for these dia-

Gems & GEMOLOGY FALL 2025



monds to receive a “chameleon” classification on
GIA grading reports, they must exhibit phosphores-
cence after exposure to short-wave UV (Breeding et
al., 2018). All 480 nm band diamonds with a green
component and phosphorescence can be tested for
color change through mild heating (figure 5). How-
ever, phosphorescence is not limited to chameleon
diamonds, as it has also been observed in 480 nm
band diamonds without a green component.

480 NM BAND DIAMONDS

A
| Figure 5. A chameleon
| diamond changes color
from grayish green (Ieft)
to yellow (right) after
heating. Photos by
Robert Weldon.

Inclusions. Clusters of dark inclusions are often
observed in 480 nm band diamonds under the micro-
scope (figure 6). The clusters are usually oriented in
three directions and appear highly reflective when
viewed at certain angles. Within each cluster, the
dark inclusions are generally less than 10 um and
extremely thin, either with rounded or well-defined
hexagonal shapes (figure 6D). Notably, these inclu-
sions are unique to 480 nm band diamonds and are a

Figure 6. Clusters of
micrometer-sized dark
inclusions observed in a
single 480 nm band dia-
mond. They are oriented
in three directions (A) and
appear highly reflective
when observed at certain
angles (B and C). The dark
inclusions are platy and
extremely thin, either
with rounded or well-
defined hexagonal shapes
(indicated by an arrow in
D). Photomicrographs by
Mei Yan Lai; fields of view
2.3d mm (A), 14.52 mm
(B), 1.58 mm (C), and 0.64
mm (D).
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diagnostic identification criterion. In 480 nm band
diamonds with noticeable color zoning, such as those
with a combination of colorless or near-colorless and
yellow color zones, these micrometer-sized inclu-
sions are observed only in zones with yellow color.
Since the 480 nm absorption band is detected only in
the yellow color regions in these zoned diamonds,
the absence of the micrometer-sized dark inclusions
in the colorless or near-colorless regions indicates
that these inclusions are likely associated with the
formation of the structural defects responsible for the
480 nm absorption band.

The micrometer-sized dark inclusions are very
similar to those observed in brown diamonds con-
taining carbon dioxide (Hainschwang et al., 2008,
2020; Barannik et al., 2021; Shiryaev et al., 2023; Lai
and Schwartz, 2023) (figure 7). Diamonds containing
carbon dioxide are rarely encountered in the gem
trade, and only five have been submitted to GIA for
analysis since 2022. These brown carbon dioxide-
bearing diamonds have a much higher density of
dark inclusions, which tend to be larger (up to 50
um) than those observed in 480 nm band diamonds
lacking detectable carbon dioxide. In one of these
carbon dioxide-bearing diamonds analyzed by the
author, the largest dark inclusions were identified as
graphite (or graphene layers), with a characteristic
Raman peak at 1583 cm™!, consistent with the ana-
lytical result obtained with transmission electron
microscopy on similar inclusions from brown car-
bon dioxide-bearing diamonds from a previous study
(Shiryaev et al., 2023). Apart from having clusters of

micrometer-sized graphite inclusions, these carbon
dioxide-bearing brown diamonds also produce yel-
low fluorescence in response to long-wave UV, as
well as surface fluorescence patterns (excited by
deep-UV with wavelengths <230 nm) and spectro-
scopic features closely resembling those of typical
480 nm band diamonds, which will be discussed in
the following section. The similarity in gemological
and spectroscopic features suggests a possible
genetic relationship between brown carbon dioxide—
bearing diamonds and typical 480 nm band
diamonds (Hainschwang et al., 2008; Lai and
Schwartz, 2023).

ADVANCED GEMOLOGICAL TESTING

Surface Fluorescence Imaging. The DiamondView
instrument is commonly used in gemological labo-
ratories for surface fluorescence imaging of
diamonds. The system uses a deep-UV light source.
Since the energy of this light source is similar to or
greater than diamond’s intrinsic band gap, diamonds
strongly absorb the deep-UYV light and generate fluo-
rescence very close to the surface, thus producing
surface fluorescence patterns that reveal the growth
texture (Welbourn et al., 1996).

Most 480 nm band diamonds have irregular sur-
face fluorescence patterns composed of blocky zones
(figure 8A). In these diamonds, the dominant fluores-
cence color is generally yellow or greenish yellow
associated with the 480 nm absorption band, with
blocky blue fluorescence zones associated with the

Figure 7. Left: A 1.03 ct Fancy Dark brown diamond containing carbon dioxide showing a high density of dark inclusion
clusters. Right: The dark inclusions are larger (up to 50 um) than those observed in typical 480 nm band diamonds

without detectable carbon dioxide (generally <10 um). Photos by Mei Yan Lai; field of view 1.26 mm (right).
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Figure 8. Surface fluorescence patterns in 480 nm band diamonds include those with blocky fluorescence zones (A),
alternating blue and yellow fluorescence bands (B; the dark circle in the image is the DiamondView instrument’s
sample holder), and evenly distributed blue fluorescence (C). Images by Mei Yan Lai.

N3 defect. These blocky zones can have sharp or dif-
fuse boundaries, and the sharp boundaries may be
inert to UV and appear as dark rims. Clusters of
quadrilateral blocks are occasionally observed within
the blue fluorescence zones. Intersecting lines of
bright green fluorescence (attributed to the H3 defect)
often occur with the blue fluorescence zones.

Another type of surface fluorescence pattern often
observed in 480 nm band diamonds is characterized
by alternating blue and yellow (or greenish yellow)
fluorescence bands, either throughout the entire dia-
mond or limited to a small region (figure 8B). Similar
to the blocky type, these fluorescence bands may
have sharp boundaries with thin dark lines between
the blue and yellow fluorescence zones. The thick-
ness of the alternating fluorescence bands varies
within diamonds.

Some 480 nm band diamonds may not have clear
surface fluorescence zoning. Most diamonds in this
category appear to have evenly distributed blue (fig-
ure 8C), yellow, or greenish yellow fluorescence, and
a small number of them have orange fluorescence.
Generally, blue fluorescence is more frequently
observed in chameleon diamonds, whereas yellow or
greenish yellow fluorescence is more common for
non-chameleon 480 nm band diamonds.

Fourier-Transform Infrared (FTIR) Absorption
Spectroscopy. At GIA’s laboratories, the infrared
absorption features of faceted diamonds are usually
detected using an FTIR spectrometer equipped with
a diffuse reflectance (DRIFTS) accessory. This bulk
analytical technique measures the integrated absorp-
tion signal of a diamond. Nitrogen is detected in all

480 NM BAND DIAMONDS

480 nm band diamonds; thus, they are classified as
type I (i.e., nitrogen-bearing). Both single substitu-
tional nitrogen atoms (i.e., C-centers, with
characteristic absorption peaks at 1130 and 1344
cm™!, commonly accompanied by minor absorption
peaks at 1353, 1358, and 1363 cm™!) and nitrogen
aggregates in the forms of nitrogen pairs (i.e., A-cen-
ters, with representative absorption peak at 1282
cm™) and groups of four nitrogen atoms around a
vacancy (i.e., B-centers, with representative absorp-
tion peak at 1175 cm™) have been observed in these
diamonds (Breeding and Shigley, 2009). However, the
nitrogen aggregation states in 480 nm band dia-
monds are usually low, where A-centers (the less
aggregated form) are more abundant, and the pro-
portions of B-centers (the more aggregated form)
generally do not exceed 45% relative to the total
concentration of A-, B-, and C-centers (Lai et al.,,
2024a). Platelets (i.e., aggregates of interstitial car-
bon atoms that possibly also contain nitrogen
atoms; Woods, 1986; Gu et al., 2020) are occasion-
ally detected in these diamonds, with an absorption
peak in the range of 1353-1370 cm™.

The total concentrations of A-, B-, and C-centers
in 480 nm band diamonds are usually low to mod-
erate, typically lower than 300 ppma, calculated
based on the integrated nitrogen absorption of the
entire diamond (Lai et al., 2024a), although some
growth zones may have significantly higher concen-
trations of these nitrogen defects than others due to
the diamonds’ highly heterogeneous defect distribu-
tion. Many 480 nm band diamonds have an irregular
one-phonon region (400-1332 cm™') where they
show an unusual absorption band (centered at about
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1145-1150 cm™') (Hainschwang et al., 2012) in addi-
tion to the A-, B-, or C-centers (figure 9, green and
blue lines). The origin of this additional absorption
feature has not been determined, but it was previ-
ously observed in some diamonds containing
C-centers and referred to as the Y-center (Hain-
schwang et al., 2012). Notably, non-chameleon 480
nm band diamonds tend to have a more distorted
one-phonon region compared to chameleon dia-
monds (figure 9). Within the one-phonon region, a
peak at 1238 cm! is also frequently observed, which
might be correlated with the 480 nm absorption
band (Collins and Mohammed, 1982,).
Occasionally, an absorption band centered at
1424-1445 cm™ is coupled with two adjacent bands
at 1537-1556 and 1574-1591 cm™! in 480 nm band
diamonds (figure 9, blue line), all of which have been
suggested to be hydrogen-related, but the structure
of the defect has not been determined (Hainschwang
et al., 2005). A hydrogen-related defect (N,VHY; three
nitrogen atoms adjacent to a vacancy and a hydrogen
atom), with the characteristic absorption peak at
3107 cm™ and the associated absorption at 1405 cm™
(Goss et al., 2014), is detected in all 480 nm band dia-
monds. Apart from the 3107 cm™ peak, a series of
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hydrogen-related absorptions with low intensities is
detected in the spectral range beyond 2700 cm™
(Fritsch et al., 2007b; Day et al., 2024). Compared to
chameleon diamonds, non-chameleon 480 nm band
diamonds, especially those with detectable single
substitutional nitrogen, tend to have more hydrogen-
related peaks in the range of 3100-3400 cm™ (Lai et
al., 2024a). Hence, most of these peaks might be asso-
ciated with hydrogen-related defects comprising
single substitutional nitrogen, which become unsta-
ble when isolated nitrogen atoms proceed to form
nitrogen aggregates, as they are observed only in dia-
monds with single substitutional nitrogen
(Hainschwang et al., 2012; Breeding et al., 2020; Day
et al., 2024).

Visible/Near-Infrared (Vis-NIR) Absorption Spec-
troscopy. Apart from the characteristic broad
absorption band centered at around 480 nm, a rare
group of 480 nm band diamonds show oscillatory
absorption features in the Vis-NIR spectrum (figure
10, red line), which may contribute to their body-
color. These diamonds have two series of absorption
peaks that exhibit an oscillatory pattern in the range
of 600-750 nm. The most prominent peaks are 610,
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618, 626, and 634 nm (approximately 26 meV apart)
in the first series, and 686, 694, 702, 711, and 719 nm
(approximately 21 meV apart) in the second series.
Between these two series, absorption peaks with
much lower intensities may also be detected in some
480 nm band diamonds in this group (figure 10, red
line). Relatively strong absorption peaks at 870 and
892 nm almost always accompany the oscillatory
features. These oscillatory features have been previ-
ously reported for only 10 natural green to yellow
diamonds (some of which are likely 480 nm band dia-
monds based on their FTIR and UV-Vis-NIR
absorption spectra) among thousands of colored dia-
monds analyzed, again highlighting their scarcity
(Reinitz et al., 1998). Most 480 nm band diamonds in
this category show medium to strong orange fluores-
cence to long-wave UV and medium to strong yellow
or orange fluorescence to short-wave UV, a few dia-
monds show strong vyellow fluorescence to
long-wave UV and weak to medium yellow fluores-
cence to short-wave UV.

Another absorption feature that has been
observed, yet is also uncommon in 480 nm band
diamonds, is an asymmetrical broad band extend-
ing from 600 to 730 nm, centered at approximately
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685 nm (figure 10, black line). The 685 nm broad
absorption band has been attributed to nickel-
related defects and frequently occurs with the
absorption peak at 883 nm (Lawson and Kanda,
1993; Wang et al., 2007; Dobrinets et al., 2013). The
883 nm absorption peak corresponds to the well-
documented 1.4 eV optical center attributed to a
defect comprising an interstitial nickel at the cen-
ter of a di-vacancy (i.e., a pair of vacancies) in the
diamond structure (Iakoubovskii and Davies, 2004;
Thiering and Gali, 2021). Another nickel-related
absorption feature that has been detected along
with the 685 nm band is the peak at 794 nm, attrib-
uted to a defect comprising nickel in a di-vacancy
position surrounded by four nitrogen atoms
(Nadolinny et al., 1999). Point defects in the dia-
mond structure that absorb light generally also
emit light at an identical wavelength, correspon-
ding to a spectral feature known as the zero-phonon
line (ZPL) (see review by Green et al., 2022). The
794 and 883 nm peaks are both ZPLs; thus, they
can also be detected with photoluminescence (PL)
spectroscopy as luminescence peaks, with the
883 nm peak resolvable as the 883/885 nm doublet
in PL spectra (Wang et al., 2007).
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Photoluminescence Spectroscopy. The majority of
480 nm band diamonds have a highly heterogeneous
distribution of structural defects, as revealed by their
surface fluorescence patterns with distinct zones
(again, see figure 8A). Blue fluorescence zones are
not directly associated with the 480 nm absorption
band, and in many cases, they correspond to the
much paler colored or near-colorless zones of
480 nm band diamonds (figure 11). Typically, the
most prominent PL feature detected within blue flu-
orescence zones is the N3 center with a ZPL at
415 nm. In contrast to the blue fluorescence zones,
the yellow or greenish yellow fluorescence zones
(directly correlated with the 480 nm absorption
band) show complex PL spectra, in which approxi-
mately 200 PL peaks have been documented (Lai et
al., 2024a). The most frequently observed PL fea-
tures within the vyellow or greenish yellow
fluorescence zones are reported below, and many of
these features are unique to 480 nm band diamonds.
As certain peaks can be better resolved by particular
laser wavelengths due to selective excitation of
defects (Green et al., 2022), the PL features reported
here were excited by multiple laser wavelengths,
including 455, 532, 633, and 785 nm, which cover a
combined PL spectral range of 457-1059 nm.

When 480 nm band diamonds are excited at 455
nm, the most prominent PL peaks include 459, 468,
470, 489, 497,512, and 518 nm. The 489 and 497 nm
peaks are ZPLs of the nickel-related defects, known
as the S2 and S3 centers, respectively (Nadolinny and
Yelisseyev, 1994). The S2 and S3 centers have the
same basic structure of three (for the S2 center) or
two (for the S3 center) nitrogen atoms in the first
coordination sphere surrounding a nickel ion in the
diamond structure (Lang et al., 2004; Yelisseyev and
Kanda, 2007).

When 480 nm band diamonds are excited at
532 nm, a broad PL band is always centered at 650—
685 nm (figure 12). This broad band is the most
crucial feature for the identification of 480 nm band
diamonds, as it is the vibronic emission associated
with the 480 nm absorption band (Collins and
Mohammed, 1982). Typically, the intensity of the
broad PL band increases with the 480 nm absorp-
tion band and hence tends to be weaker in
chameleon diamonds. The PL band is often over-
lain by small oscillatory bands that have an
interval of approximately 10 nm in the 600-690 nm
range (figure 12). These oscillatory features are
more commonly observed in non-chameleon 480
nm band diamonds than in chameleon diamonds.

Figure 11. A plate cut and polished from a yellow 480 nm band diamond showing color zoning (left). The yellow color
zones, with greenish yellow fluorescence, show the 480 nm absorption band in the visible absorption spectrum, while
the near-colorless zones, with blue fluorescence, show an absorption peak at 415 nm (right; analyzed spots and corre-
sponding spectra are indicated by yellow and blue dots, respectively). Visible absorption spectra were collected at
room temperature. Spectra are offset vertically for clarity. Images by Mei Yan Lai.
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The intense PL band generally also shows a second-
ary set of oscillatory bands, which are about 3 nm
away from the primary oscillatory bands and have
lower intensities. Other frequently observed PL
peaks excited by a 532 nm laser are 566, 575, 578,
581, and 590 nm.

When 480 nm band diamonds are excited at
633 nm, the commonly detected PL peaks include
677, 688, 699, 759, 783, and 794 nm. The 759 nm
peak is a doublet that comprises two adjacent peaks
at 758.7 and 759.4 nm, where the 758.7 nm peak is
always more intense. The two peaks in this doublet
might not be well resolved if the diamond has expe-
rienced plastic deformation (evidenced by the
presence of deformation lines), in which case the
doublet might become a single peak due to peak
broadening. Peak broadening occurs in diamond
with strain that is often associated with plastic
deformation (Lai et al., 2024a,b), and the effect is
more severe for peaks associated with vacancy-
related defects (Fisher et al., 2006). This suggests
that the 759 nm doublet corresponds to a structural
defect involving a vacancy. The intensity of the
759 nm doublet is positively correlated with two
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750

bands centered at 774 and 791 nm, which are likely
the phonon sidebands of the doublet. The peak at
759 nm has been attributed to a nickel-related
defect and considered a feature of untreated natural
diamonds (Dobrinets et al., 2013).

When 480 nm band diamonds are excited at
785 nm, the most frequently observed PL peaks are
799, 819, 838, 846, 859, 869, and 883/885 nm. The
relative intensities between the 799 and 819 nm
peaks can potentially be used to classify chameleon
and non-chameleon 480 nm band diamonds (Lai et
al., 2024a; Hardman et al., 2025). Most chameleon
diamonds (with a green component) have a relatively
stronger 819 nm peak, whereas the non-chameleon
480 nm band diamonds (without a green component)
generally have a relatively stronger 799 nm peak,
suggesting that the relative intensities between
these two peaks may be related to the concentra-
tions of certain structural defects responsible for the
bodycolor and thus the color-change property of 480
nm band diamonds. The 838, 846, and 859 nm peaks
are strongly correlated with the 819 nm peak; thus,
they might all be related to the same defect (Lai et
al., 2024a).
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OCCURRENCE OF 480 NM ABSORPTION
BAND WITHIN SMALL YELLOW COLOR ZONES

Irregularly shaped or cuboid yellow color zones
caused by the 480 nm absorption band have been
observed in several colorless and pink diamonds (fig-
ure 13) (Sohrabi et al., 2023; Lai et al.,, 2024b;
Hardman et al., 2025). In most of these diamonds, the
yellow color zones are volumetrically minor com-
pared to the rest of the diamond. Consequently, the
480 nm absorption band is usually not detected when
the bulk diamond is measured using Vis-NIR absorp-
tion spectroscopy. Instead, PL spectroscopy is a
highly sensitive in situ technique that has been used
to confirm that the yellow color zones in these dia-
monds contain PL features associated with the
480 nm absorption band (Lai et al., 2024b; Hardman
et al., 2025).

Similar to typical 480 nm band diamonds, yellow
color zones in colorless and pink diamonds have
medium to strong yellow fluorescence when exposed
to long-wave UV, whereas the colorless or pink color
zones have blue fluorescence (figure 13). When exam-
ined with the DiamondView instrument, yellow
color zones generally show much weaker yellow flu-
orescence compared to that produced by long-wave
UV. This is partly because the yellow color zones are
small and/or are only partially located on the surface
of these diamonds; occasionally the yellow color
zones are completely beneath the diamonds’ sur-
faces, in which case a yellow fluorescence response
cannot be detected by surface fluorescence imaging
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using the DiamondView. For diamonds with subsur-
face yellow color zones, PL depth profiling (collecting
PL spectra as a function of depth) has demonstrated
the ability to detect the zone where the PL features
associated with the 480 nm absorption band are the
strongest, hence estimating the depth and thickness
of the yellow color zones (Lai et al., 2024b). The
occurrence of diamonds containing yellow color
zones further emphasizes the dynamic environments
in which 480 nm band diamonds may grow.

SOURCES

The global abundance and distribution of 480 nm
band diamonds are presently unknown. These dia-
monds are not commonly reported by the mining
industry or geological research fields, due in part to
their scarcity (and that they are not found in all dia-
mond mines) and/or that these industries are not
aware of their features. To date, only two localities
are confirmed to produce 480 nm band diamonds:
the Chidliak kimberlite field in Canada (Lai et al.,
2020) and the kimberlites of the Siberian Platform
in Russia (Titkov et al., 2014). Other localities that
likely also contain 480 nm band diamonds are
Botswana’s Orapa kimberlite cluster (Timmerman
et al., 2018) and Canada’s Lake Timiskaming kim-
berlite cluster (Van Rythoven et al., 2022), based on
the interpretation of FTIR spectra and surface fluo-
rescence patterns of the reported yellow diamonds
from these localities that are similar to 480 nm
band diamonds.

Figure 13. Yellow zones
colored by the 480 nm
absorption band have been
observed in pink (A) and
colorless (C) diamonds.

B and D: When exposed to
long-wave UV, the yellow
color zones in the pink and
colorless diamonds show
yellow fluorescence, while
the remaining areas of the
diamonds show blue fluo-
rescence. Photos by Mei
Yan Lai.
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Figure 14. Left: Rough yellow 480 nm band diamonds from the Chidliak kimberlite field in Canada. Right: Rough
chameleon diamonds submitted to GIA for analysis. All of these diamonds have irregular morphologies. Photos by

Mei Yan Lai (left) and GIA staff (right).

MORPHOLOGY OF ROUGH 480 NM BAND
DIAMONDS

Rough 480 nm band diamonds commonly have
irregular morphology, lacking any well-defined octa-
hedral or cuboid crystal faces. This morphological
characteristic is observed among 480 nm band dia-
monds from the Chidliak kimberlite field in Canada
(figure 14, left) (Lai et al., 2020). Over the past few
years, GIA has received several rough 480 nm band
diamonds, including chameleon diamonds, for
analysis (figure 14, right). Similar to the Chidliak
diamonds, none showed any well-defined octahedral
or cuboid crystal faces. Another submitted rough
diamond exhibited both trigons and tetragons on the

same face (figure 15). Trigons and tetragons are
etched features restricted to the octahedral and
cuboid crystal faces, respectively, formed on the sur-
face of diamond from the interaction with fluids in
Earth’s mantle or during kimberlite eruption. This
suggests that the diamond has a combination of
octahedral and cuboid growth habits, probably
resulting from crystallization under dynamic geolog-
ical conditions. While most 480 nm band diamonds
submitted to GIA are faceted and hence the original
morphologies are unknown, occasionally etch fea-
tures are preserved within indented naturals, which
reveal the growth habits of these diamonds (e.g., Lai
and Hardman, 2023).

Figure 15. Tetragons (left) and trigons (right) were observed on the same side of this rough 480 nm band diamond,
indicating a combination of octahedral and cuboid growth habits. Photomicrographs by Mei Yan Lai; fields of view

2.41 mm (left) and 0.73 mm (right).
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Figure 16. Pyrope-almandine-grossular garnet (left) and omphacite (right) are the most common mineral inclu-
sions observed in 480 nm band diamonds. (The tan areas in the right photo are reflections from the girdle facets.)
Photomicrographs by Mei Yan Lai; fields of view 1.76 mm (left) and 0.93 mm (right).

MINERAL INCLUSIONS

Often minerals from mantle rocks are encapsulated
by diamonds during growth. These mineral inclu-
sions can be used to interpret the mantle rock from
which they were derived, and hence the rock in
which the diamond may have grown. Mineral inclu-
sions observed in 480 nm band diamonds include
pyrope-almandine-grossular garnet, omphacite, rutile,
graphite, and sulfide minerals. Pyrope-almandine-
grossular garnet ((Mg,Fe,Ca);Al,Si;0,,), omphacite
((Ca,Na)(Mg,Fe,Al)Si,Og), and rutile (TiO,) are miner-
als associated with eclogite—a major host rock for
diamond in the lithospheric mantle (figure 16). Based
on the observation that most, if not all, inclusion-
bearing 480 nm band diamonds submitted to GIA are
eclogitic, it is inferred that these diamonds are more
likely to be found in mines that predominantly pro-
duce eclogitic diamonds. However, this does not
preclude the possibility that 480 nm band diamonds
can also form in peridotite—another major diamond
host rock in the lithospheric mantle comprised pre-
dominantly of olivine ((Fe,Mg),SiO,), orthopyroxene
((Mg,Fe),Si,04), and chromium-rich diopside
((Ca,Cr)MgSi,O).

CONCLUSIONS

Diamonds colored by the 480 nm absorption band
have attracted little attention in the mining indus-
try and gem trade, due in part to their scarcity and
therefore unfamiliarity with their properties. While
most 480 nm band diamonds have a saturated yel-
low bodycolor similar to that generated by other
diamond defects, these diamonds also occur in a
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variety of additional colors, including the highly
sought-after pure orange diamonds and color-change
chameleon diamonds.

Rapid diamond screening can be achieved by
exposing them to long-wave UV, as 480 nm band dia-
monds generally emit medium to strong yellow
fluorescence, a mixture of yellow and blue fluores-
cence, or (occasionally) orange fluorescence. The
presence of micrometer-sized dark inclusion clus-
ters—identified as graphite—are a diagnostic
gemological feature of 480 nm band diamonds. These
platy inclusions are extremely thin and highly reflec-
tive when viewed at certain angles, with rounded or
well-defined hexagonal shapes. Other characteristic
features of 480 nm band diamonds include irregular
surface fluorescence patterns, anomalous absorption
in the one-phonon region of the FTIR spectrum, and
a broad PL band centered at 650-685 nm when the
diamond is excited by lasers with wavelengths in the
range of, for example, 488-532 nm.

Currently, no known commercial treatments or
synthetic growth methods can create the defect(s)
associated with the 480 nm absorption band or the
color-change property associated with chameleon
diamonds. However, it is certainly possible to artifi-
cially create other defects in 480 nm band diamonds
to alter their colors (e.g., laboratory irradiation treat-
ments to produce a green bodycolor); therefore,
advanced gemological testing may be required to
ensure that the diamonds are naturally colored.
Finally, care must be taken when examining color-
less or pink diamonds, as small yellow color zones
caused by the 480 nm absorption band may occur in
these diamonds and affect their color grades.
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ARTICLES

EXTERNAL MORPHOLOGY AND INTERNAL
Z ONAL STRUCTURE OF MACLE DIAMOND

Ahmadjan Abduriyim and Masao Kitamura

Contact-twinned crystals of natural diamond rough, known as “macle,” typically exhibit a flattened triangular
shape, which has been attributed to preferential growth at re-entrant corners where two crystals mutually
contact. The influence of the re-entrant corner effect on the morphological alteration of macle diamond may
be closely linked to the conditions of carbon supersaturation. However, no detailed investigation has been
conducted regarding the possibility of preferential growth on the opposite side of the re-entrant corner, which
is referred to as a “salient corner” in this study. The four external and internal growth morphologies (I, 11, 111, and
IV) of contact-twinned macle diamonds with four different corresponding re-entrant corner shapes (i, ii, iii, and
iv) were analyzed by examining the surface features of each corner and the zonal growth structure through
scanning electron microscopy-cathodoluminescence images. The study confirmed that morphological changes
and the flatness of macle diamonds resulted from preferential growth at both re-entrant and salient corners. To
our knowledge, this is the first reporting of group Ill and IV macle crystals characterized by an apex covered by
high-index {hhk} faces as well as the salient corner effect. Additionally, the variations in morphology appear to
correlate with fluctuations in carbon supersaturation conditions in the diamonds’ growth medium.

The crystal faces {111} are crystallographically
equivalent in single octahedral diamonds (figure 2,
A and B), and there is no difference in the growth

crystals are the triangular macle (French for

“twin”) diamonds (figure 1). These diamonds
consist of two octahedral crystals in contact with
each other on the (111) octahedral face, with the twin
plane parallel to the octahedral <111> direction.
These crystals often grow significantly larger than the
sum of the two single octahedral diamond crystals
would be, displaying the characteristic morphology
of a flattened triangular shape (Sinkankas, 1964;
Orlov, 1977; Tappert and Tappert, 2011). Due to dis-

The most distinctive type of contact-twinned

In Brief

* “Macle” refers to a twinned diamond with a flat
triangular shape, formed when two single diamonds
contact each other during the growth process.

e Morphologies of macle diamonds with different

solution, macle diamonds may also lose their sharp
edges and develop a rounded habit. In some South
African diamond mines, an average of 10-15% of dia-
monds are macle crystals (Harris et al., 1975).
Twinning also occurs in synthetic diamonds grown
by chemical vapor deposition (CVD), with the contact
twin mechanism originating from the formation of a
hydrogen-terminated four-carbon atom cluster on the
{111} surface during polycrystalline diamond growth
(Battaile et al., 1998; Butler and Oleynik, 2008).

See end of article for About the Authors and Acknowledgments.
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re-entrant corner shapes are classified into distinct
morphology groups (I, Il, lll, and IV) with correspon-
ding re-entrant corner shapes (i, ii, iii, and iv). These
morphologies are explained by preferential growth
effects at the corners.

e The flatness and changes in the morphology of macle
diamonds are directly related to preferential growth
occurring at the re-entrant and salient corners under
different carbon supersaturation conditions.

rates of these {111} faces. Additionally, there is no
change in growth morphology under stable growth
conditions (Hartman, 1956). Therefore, estimating
changes in growth conditions is quite challenging.
However, in the case of contact-twinned crystals,
the growth rates of the {111} faces are not equivalent.
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Figure 1. Examples of contact-twinned macle diamond crystals from South Africa. Left to right: a flat triangular macle
with limited resorption (sample 11; 0.357 ct); an extensively resorbed variant of a flat triangular macle (sample 12;
0.411 ct); a very elongated flat macle with stacking growth layers on the octahedral faces, showcasing sharp edges and
pointed apex corners (sample 13; 0.553 ct); a six-pointed star-shaped, poorly resorbed flat macle (sample 14; 0.747 ct).
Photo by Tetsuya Chikayama; courtesy of Suwa e’ Son, Inc.

The octahedral {111} faces are categorized into three  and s*, which are not parallel to the twin plane and
types depending on their relation to the twin bound-  form salient corners with an interfacial angle of
ary (junction): (1) faces r and r*, which are not 218.94° (figure 2D); and (3) faces n and n*, which do
parallel to the twin plane and form re-entrant cor- not contact re-entrant and salient corners and are

ners with an interfacial angle of 141.06°; (2) faces s  parallel to the twin plane.

Re-entrant corner

Salient corner

MACLE DIAMOND GEms & GEMOLOGY

Figure 2. A: A natural single
octahedral crystal diamond
bounded by {111} faces
(3.51 x 3.50 x 6.18 mm). B:
Illustration of an octahedral
diamond. All of the {111}
faces are crystallographi-
cally equivalent. C: A
contact-twinned macle dia-
mond, characterized by its
{111} faces (7.74 x 7.63 x
2.86 mm). D: Illustration of
a contact twin. The {111}
faces are categorized into
three types (r and r*, s and
s*, and n and n*) according
to their relationship with
the twin boundary. Photos
by Tetsuya Chikayama;
courtesy of Suwa e’ Son,
Inc. (C).
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The characteristic morphology of twinned crystals
has been studied based on the re-entrant corner effect
resulting from preferential nucleation at the corner
(Becke, 1911; Chudoba, 1927; Stranski, 1949; Hart-
man, 1956), as well as the “pseudo-re-entrant corner”
effect attributed to the concentration of screw dislo-
cations on the twin boundary at the corner. These
studies aim to explain the distinctive morphologies of
twinned crystals (Kitamura et al., 1979). The prefer-
ential growth at the re-entrant corners has also been
emphasized to elucidate the flattened morphology of
contact-twinned crystals, including the parallel axes
of contact-twinned spinel and macle diamond, the
inclined axes of heart-shaped Japan law-twinned
quartz, the V-shaped twin of amethyst, the V-shaped
twin of rutile, the swallowtail-shaped twin of gypsum,
the butterfly-shaped twin of calcite, and the Brazil law
twin of hematite (figure 3) (Sunagawa, 1975; Sunagawa
et al., 1979; Sunagawa and Yasuda, 1983; Sunagawa
and Lu, 1987; Ming and Sunagawa, 1988; Kitamura et
al., 1992, Hirabayashi et al., 1993). However, to our
knowledge, no detailed study has been conducted on
the potential for preferential growth at the salient cor-
ners of macle diamond crystals.

In this study, the authors aim to introduce a
model that facilitates understanding of the morpho-
logical changes of contact twins based on the
growth rates of octahedral faces {111} r and r* at the
re-entrant corners, s and s* at the salient corners,
and n and n* that do not interact with these cor-
ners. Specifically, the study presents detailed results
regarding the morphological changes of macle dia-
monds during the growth process by exploring their
three-dimensional internal zonal structure, which
chronicles the morphological changes during crystal
formation and estimates the growth rate ratios
based on growth zoning. The fluctuation in carbon
supersaturation conditions during crystallization
can be influenced by the addition of a carbon source
to the growth system or a significant change in pres-
sure and temperature conditions. The increase or
decrease in carbon supersaturation conditions is
also estimated in this study based on the observed
morphological changes.

MATERIALS AND METHODS

Samples. Fourteen selected rough macle diamonds
from South Africa (samples 1-14) were used in this
study. The crystals ranged in weight from 0.118 to
0.747 ct, with one side length varying from 2.4 to 6.3
mm and colors spanning from colorless to light yel-

252  MAcLE DIAMOND

low and very light pink. Samples 1-10 were provided
by the Department of Geology and Mineralogy at
Kyoto University. Samples 11-14 were loaned by
Suwa & Son, Inc. and were used only to study the
external morphology.

Microscopic Observation. The external morphology
and surface microtopography of these macle dia-
monds were examined using an Olympus SZX
optical microscope equipped with a 0.8x objective
lens and an Olympus BX51 differential interference
contrast microscope (DICM). Photographs were
taken using a Nikon DS-Ri2 camera.

Scanning Electron Microscopy-Cathodoluminescence
(SEM-CL). To investigate the internal zonal structure
and morphological changes during the growth process,
four samples (1, 3, 6, and 10) were prepared for SEM-
CL observation. These four crystals were sliced with
a diamond saw (ref 1002, Bettonshop Israel Ltd.) in one
direction through the center of the re-entrant corner,
perpendicular to the twinning plane and parallel to a
(110) plane. The cut surfaces were polished using a dia-
mond polishing machine (Imahashi FAC-8) and
carbon coated in a vacuum evaporation process. The
polished surfaces were subsequently examined under
a scanning electron microscope with cathodolumines-
cence mode (Kitamura et al., 1992; Ponahlo, 1992).
The polishing and SEM-CL observation processes
were repeated to achieve a surface cut through the
crystal’s growth center.

Measurement of Growth Band Widths. Based on the
zonal structure appearance of the polished surfaces
of the four samples, schematic drawings of the
growth bands were carefully sketched from the CL
image of each crystal; then the growth band widths
of each {111} face (r, n, s at the left side and r*, n*, s*
at the right side of the twin) were measured. Because
the first growth region in the core area of the twin
showed a very complex zonal structure and the last
growth region at the rim area showed a dissolved
curved band, only the mantle region (between the
rim and central core) was measured in detail in order
to obtain reliable data in this study.

RESULTS

Classification of Re-Entrant Corners and External
Morphology of Macle Diamonds. All the macle
diamond crystals studied exhibit a flattened trian-
gular morphology with either concave or convex
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Twinned spinel

) Twinned rutile
Twinned amethyst

Twinned calcite

Twinned gypsum Twinned hematite

Figure 3. Representative shapes of contact-twinned flat triangular spinel (0.244-3.422 ct), heart-shaped Japan law-
twinned quartz (16.212 ct), V-shaped Japan law—twinned amethyst (69.603 ct), V-shaped contact-twinned rutile
(5.176 ct), swallowtail-shaped contact-twinned gypsum (314.02 ct), butterfly-shaped contact-twinned calcite
(117.55 ct), and heart-shaped contact-twinned hematite (298.81 ct). Photos by Tetsuya Chikayama.
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(apex) shapes at the re-entrant corners (figure 4).
Among them, various forms depend on the degree
of flatness and types of re-entrant corners. Except
for the extremely rounded corners and edges of
samples 12 and 13, the other crystals display
nearly flat octahedral faces with straight, sharp
corners and edges. This suggests that these crystals
underwent limited dissolution, indicating that
they nearly retained their original as-grown forms
(again, see figure 1). Sample 14 resembles a six-
pointed star, known as the “Star of David twin,”
which presents an intergrowth of two macle crys-
tals oriented in opposite directions, featuring
well-formed re-entrant and salient surface corners
(again, see figure 1).

The morphologies of macle diamond crystals are
determined by the four different shapes of the re-
entrant corners (i, ii, iii, and iv). These macle
morphologies are primarily characterized by growth
layers generated at the twin boundaries of the re-

A: Sample 1
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entrant corners, and fall into four groups: I, II, ITI, and
IV (figure 5, top).

e Group I morphology consists of nearly flat
{111} surfaces and features a concave shape
at the re-entrant corners (figure 5, bottom).
Samples 1 and 2 (figure 4, A and B) and sam-
ple 11 (figure 1) exhibit this re-entrant corner
shape (i).

e Group II morphology has a concave re-entrant
corner and is defined by two {111} surfaces
stacked with a few lamellaec growth layers
formed at the twin boundary of the re-entrant
corners (shape ii). This group includes samples
3 and 4 (figure 4, C and D).

e Group III morphology is characterized by the
stacking of thick growth layers formed at the
twin boundary, which leads to the formation of
four high-index {hhk} faces surrounding a small

F: Sample 6

Figure 4. Outlines and dis-
tinct shapes of re-entrant
corners from macle sam-
ples 1-10, with weights
ranging from 0.118 to
0.185 ct, sourced from
South Africa. Photos by
Ahmadjan Abduriyim.
Fields of view for the right
images of each sample: 2.63
(A), 1.93 (B), 2.49 (C), 2.04
(D), 1.32 (E), 1.67 (F), 1.56
(G), 1.70 (H), 1.70 (I), and
2.10 (]) mm.
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Group |

Group Il

concave re-entrant corner (shape iii). This group
includes samples 5-7 (figure 4, E-G).

e Group IV morphology is marked by a convex
(apex) corner formed by smooth curved surfaces
or stepped surfaces, made up entirely of a stack
of growth layers at the re-entrant corners (shape
iv). This group comprises six crystals: samples
8-10 (figure 4, H-J) and samples 12-14 (figure 1).

External Morphology and Flatness. Samples 1 and 2
exhibit a flattened triangular form with three re-
entrant corners, referred to as morphology group I
(figure 4, A and B). They have relatively flat {111}
faces with slightly rounded corners and edges at the
re-entrant corners, along with some growth layers
forming on the s (s*) and nn (n*) faces. At a prominent
corner, the growth layers on the face s can be seen
protruding to the opposite side. The degree of flatness
is 1, based on equation A-1 (see box A).

Samples 3 and 4 display nearly pointed corners and
straight edges, but the r and r* surfaces are covered by
a few stacking lamellae growth layers at the re-entrant
corners, as illustrated in morphology group II (figure
4, C and D). A few developed growth hillocks were
observed on the s (s*) and n (n*) surfaces. The degree
of flatness is 1.1.

Sample 5 has nearly pointed corners and straight
edges, showcasing a flattened triangular shape with
three small re-entrant corners, as seen in morphology
group III (figure 4E). The growth layers on both {111}
faces at the re-entrant corners extend outward from
the twin boundaries. During the growth process, the
re-entrant corners tend to fill with growth layers,
resulting in an apex corner that features four high-
index {hhk} faces. Well-developed growth layers are

MAGCLE DIAMOND

Shape iii

hhk
/{ }

Group Il

Figure 5. The four re-
entrant corner shapes

(i, ii, iii, and iv) and illus-
trations of the external
morphologies (I, II, I1I,
and IV) of macle crystals.
Photomicrographs by
Ahmadjan Abduriyim;
fields of view 2.67 mm,
2.40 mm, 1.76 mm, and
2.22 mm, respectively.

Group IV

also present on the s (s*) and n (n*) surfaces. The
degree of flatness is 1.4. Samples 6 and 7 also belong
to the shape III group but have slightly rounded cor-
ners and edges and consist of four high-index {hhk}
faces with stepped surfaces at the re-entrant corners
(figure 4, F and G). Their morphology is significantly
flatter than that of sample 5, and the degree of flatness
for both crystals is 2..2.

Sample 8 has re-entrant corners fully covered by
four high-index {hhk} faces with stepped lamellae
growth layers, forming three apexes instead of re-
entrant corners, resembling morphology group IV
(figure 4H). At the salient corners, well-developed
growth layers were observed around the twin bound-
ary (plane). The degree of flatness is 2.4. Samples 9
and 10 also belong to the shape IV group, and the four
high-index {hhk} faces exhibit a very smooth curved
surface feature (figure 4, I and J). The development of
growth layers around the twin boundary at the
salient corner was noted. The degree of flatness for
both crystals is 3.3.

These results indicate that the value of the flatness
indicator (equation A-1; see box A) increases as the
flatness of contact-twinned macle diamonds increases.

Surface Microtopography. The surface microtopogra-
phy of octahedral faces varies significantly from
crystal to crystal and even from face to face on a sin-
gle crystal. The 12 octahedral {111} faces (6 faces at
the re-entrant corners and 6 faces at the salient cor-
ners) of most samples exhibit mirror-smooth,
uniform surfaces and sharp edges characterized by
stacked triangular growth layer lamellae of progres-
sively diminishing size. Some faces display a
pronounced blocky stepped growth structure. These
mirror-smooth growth layers and sharp stepped
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Box A: MEASUREMENT OF MACLE DIAMOND FLATNESS

To indicate the flatness of contact-twinned crystals, the
ratio of the sum of the height of a triangular octahedral
face (h) and the height of an edge of the apex corner (k')
to the thickness (d) of the crystal is defined as the flat-
ness indicator (f) of external morphology (as illustrated
in figure A-1):

f (h+h')

p (A-1)

When two regular octahedral crystals contact each
other, the calculated degree of flatness is 3y 2 /8. In con-
trast to this ideal morphology, the heights of the n face
(h), the edge of the apex corner (h'), and the thickness (d)
of samples 1-10 were measured. (Note: Samples 11-14
were not measured for their flatness.)

Figure A-1. Macle crystals with ideal morphology illustrating how to measure the flatness of the contact-twinned
crystals. The flatness indicator variables (h, h', 1, d), and the 6 and o angles are labeled, where h is the height of the
triangular octahedral face; h' is the height of the apex corner edge; | is the length of the apex corner edge; d is macle
thickness; O is the internal angle between the twin plane and face r; and o is the internal angle between the re-entrant

corner edge and face n.

growth structures retain nearly all original as-grown
features. The corners and edges of a few samples
exhibit slightly rounded forms, with curved faces and
deep etch pits known as trigons on their surfaces,
indicating that these crystals underwent mild disso-
lution. Based on the analysis of microtopography, the
characteristic morphologies of growth layers on the
octahedral faces can be categorized into two types,
depending on the generation of growth layers around
twin boundaries or on the surfaces of the octahedral
faces. The first type consists of spiral-stepped stacked
lamellae growth layers that develop at the center of
small r faces and large n faces, alongside polycentric
stacked lamellae growth layers on the trapezoid-
shaped s faces (figure 6). The second type involves the
formation of single large mirror-smooth growth lay-
ers on the large n faces, stacked lamellae growth
layers on the small r faces around the twin boundary
of the re-entrant corners, and several thick stepped
block growth layers on the trapezoid-shaped s faces
near the twin boundary of the salient corners (figure
7). As a result of the observations of the microtopog-
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raphy surface structure, the surfaces r and r* at the
three re-entrant corners and the surfaces s and s* at
the three salient corners of the morphology group I
and I macle crystals demonstrate very smooth, flat
growth layers. Compared to morphology groups I and
II, group III reveals two types of growth layer struc-
tures: one involves thick lamellae growth layers
developing or originating from the twin boundary at
the re-entrant and salient corners, while the other
features spiral-stepped growth layers forming at the
center of r and r* and s and s* surfaces. In morphol-
ogy group IV, the growth layer structure of faces r and
r* at the re-entrant corner is unobservable, as it has
been replaced by an apex corner, with very thick
blocky lamellae layers emerging from the twin
boundary at the salient corner being predominant.

Distribution of Trigons. The octahedral faces almost
invariably display triangular depressions (trigons)
that are oriented opposite the triangles of the octa-
hedral faces. These trigons arise from dissolution
(Frank et al., 1958), primarily at dislocation outcrops
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Spiral-stepped
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P-type trigon

Twin boundary
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Polycentric triangular
growth layers
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Figure 6. A: The micro-
surface structure of a
contact-twinned macle
diamond features well-
developed stacked
triangular spiral-stepped
laminae growth layers on
an rt face. B: The spiral-
stepped (shield-shaped)
laminae growth layers
are generated on face n.
The features of the P-type
(pointed bottom) trigon
and F-type (flat bottom)
trigon are preserved on
this surface. C: Face s
displays a distinct poly-
centric development of
small triangular stacked
growth layers. Photos by
Ahmadjan Abduriyim.

Spiral-stepped
growth layers

Twin boundary

(Lang, 1964). There is a one-to-one correlation
between screw-type dislocation outcrops and the
centers of growth layers (Sunagawa et al., 1984). This
shows that natural diamonds’ stacked lamellae
growth layers develop through a spiral growth mech-
anism under low supersaturation conditions.
Consequently, the well-defined growth layers on the
octahedral faces or twin boundaries are affected by
the density of screw dislocations protruding from
the surfaces.

Trigons were noted on most octahedral faces and
twin boundaries, although this does not necessarily
mean that all octahedral faces have trigons. The
number of trigons on a single face varies between
crystals and from face to face. The two primary
types of trigons are pointed-bottomed (P-type) and
flat-bottomed (F-type).

Trigon density was assessed on all octahedral
faces and at the twin boundaries of samples 1
(morphology group 1), 3 (morphology group IIJ,

Thick stepped block

Trigons growth layers

Stacking
growth layer

Ain boundary
/1.03 mm

Figure 7. A: The micro-
surface structure of face n
is characterized by a fea-
tureless (or mirror-like)
surface. B: Triangular
stacking lamellae growth
layers on face r originated
from the twin boundary
at the re-entrant corner.
C: Thick stepped block
growth layers originated
from the twin boundary at
the salient corner. Photos
by Ahmadjan Abduriyim.

Twin boundary
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6 (morphology group III), and 10 (morphology group
IV). The number of trigons on one face differs from
locality to locality within a face and from face to face.
The number of trigons observed on the surfaces and
at the twin boundaries of each group, along with the
density of trigons per unit area (number/mm?), is
illustrated in figure 8.

The data from samples 1 to 10 clearly reveal an
increase in the number and density of trigons at
the s and s* face of salient corners and the twin
boundaries. Sample 1 exhibits a higher density of
trigons at the r and r* surface and twin boundaries
than at the s and s* surface. The trigon density at
each face of re-entrant and salient corners and twin
boundaries shows an increasing trend from sam-
ples 4 to 6. For sample 10, we could not account
for the trigons at the re-entrant corners due to cov-
erage by high-index {hhk} faces. The density of
trigons at the s and s* faces gradually increases
from samples 1 to 10, with the highest density
noted at the n and n* faces.

For morphology group I, surface microtopograph-
ical features such as growth layers and trigons do not
significantly appear on salient corners; therefore, a
highly flattened morphology cannot be anticipated.
In contrast, the macle diamonds in morphology
group IV demonstrate a markedly higher density
than those in the other groups. This suggests that

DISTRIBUTION HISTOGRAM

preferential growth can be expected from the screw
dislocations on such surfaces, and the flatness is
much more pronounced.

Internal Zonal Structure and Morphological
Changes of Macle Diamonds During Growth. Nat-
ural diamonds are known to exhibit a well-defined
zonal structure during their crystallization
process. This growth zoning provides significant
insights into the morphological changes in crys-
tals, revealing their growth history. Several
studies have clarified contact-twinned diamond
crystals’ internal structure and growth history
(Kitamura, 1990; Yacoot et al., 1998; Abduriyim
and Kitamura, 2002). The following subsections
individually describe the zonal structures of four
crystals from four morphology groups defined in
this paper.

Observation of Internal Zonal Structure. Mosaic
photographs of CL images show two successive pol-
ished surfaces sliced on the (110) plane of sample 1.
One of the sliced planes is believed to be the center
of the macle crystal, as illustrated in figure 9A, with
a detailed schematic drawing based on the zonal
structure observed in the CL image. This zonal struc-
ture features oscillatory zones characterized by
alternating light and dark growth bands.

60
B Re-entrant corners
W Salient corners
W n faces
50
’.E Figure 8. This distribution
£ 40+ histogram shows the den-
> sity (number/mm?) of
@ trigons found on faces n
z L
& 30+ and n* in re-entrant cor-
z ners and in salient corners
Q of samples 1, 4, 6, and 10
(&)
= 20 from morphology groups I,
= II, I11, and 1V, respectively.
10
Sample 1 Sample 4 Sample 6 Sample 10
(group I) (group 1) (group 111) (group IV)
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According to the CL image of the sliced plane, the
crystal displays twinning from its initial growth
stage. The entire growth stage can be divided into
three zones: core, mantle, and rim, separated by the
discordant bands b1 and b2.

In the core zone, a contact twin forms a re-entrant
corner with an angle of 141° between the two
smooth growth bands of the r and r* {111} faces.
However, at the salient corner, the growth bands are
marked by zigzag banding (as indicated by the red
arrows in figure 9A, right), and some areas of the core
may have cracked and broken away during the initial
growth stage.

In the mantle zone, the zoning exhibits the typi-
cal shape of contact-twinned crystals bounded by
{111} faces, creating perfect re-entrant corners. The
growth bands of face r* (as shown in figure 9A,
labeled “a” in the illustration) grew larger than those
of face r, causing the twin boundary to lean to the
right. As a result, both faces r and r* became thicker
than the other faces, transforming the re-entrant cor-
ner from shape i to shape iii. This morphology
consists of high-index {hhk} faces with stepped
growth layers surrounding a small re-entrant corner
at the top, ultimately ending in a thicker, flattened
triangular form with the re-entrant corner reverting
to shape i. At the salient corner, face s* (figure 9A,
right, labeled “b”) grew larger than face s, leading to
the right crystal being larger and protruding farther
than the left. Based on microscopic observations, a
significant number of trigons originate at the stacked
lamellae growth layers on the s* surface, indicating
preferential spiral growth facilitated by these coop-
erative screw dislocations on the s* surface.

In the rim zone (where the border between the
mantle and rim is labeled “b2”), the edge of each cor-
ner of the {111} face displays a slightly rounded band
but develops a perfect concave re-entrant corner
resembling shape i. This macle crystal underwent a
low degree of dissolution in the final stage.

Sample 3 was sliced into four planes, and the CL
image of the center plane is displayed in figure 9B. In
the core zone, labeled “b1,” the small core shows a
high CL intensity, presenting a smooth rounded sur-
face with an apex corner instead of a concave
re-entrant corner. This rounded apex corner can be
understood as having formed through a dissolution
process following the completion of growth on the
re-entrant corners during the initial growth stage of
this contact-twinned macle crystal. The mantle zone
is further divided into two parts; the inner mantle
part exhibits a highly complex zonal structure. Sev-
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eral curved growth layers cover the core zone and
extend outward in succession. Following this stage,
distinct zigzag-shaped step zonings appear, indicating
that anti-skeletal faces develop under conditions of
high carbon supersaturation. The crystal shows a
flattened morphology in the outer mantle with
clearly defined straight zoning lines. Faces r and r*
in the re-entrant corner grew faster than the other
faces (n and n* and s and s*), resulting in the trans-
formation of the re-entrant corner from shape i to
shape iv and the formation of a perfect apex corner
bounded by {111} faces during the growth stage. In
the salient corner, faces s and s* grew in competition,
with face s (figure 9B, labeled “a”) growing larger
than face s* and protruding slightly. A dissolution
texture was again noted between the outer mantle
and rim (labeled “b2”). In the rim zone, the crystal
gradually formed a re-entrant corner once more, cov-
ered by several zonings of the {111} face under
relatively high carbon supersaturation conditions. In
the salient corner, face s* grew larger, ultimately
becoming equal to the growth layer of face s. The
protrusion of the growth bands did not occur in the
final growth stage.

Sample 6 was sliced into three planes, and the CL
image of the central plane of the crystal is shown in
figure 9C. The core zone displays several rounded
growth band morphologies, with the curved surfaces
resulting from multiple dissolution processes during
the early stages of crystallization. The crystal began
twinning from the initial growth stage, with the twin
boundary running through the center of all zones. In
the mantle, thin stepped lamellae growth layers
developed on the curved {111} faces and transitioned
from a rounded shape to a flattened morphology with
a re-entrant corner. Subsequently, faces r and r* at
the re-entrant corners grew faster than the other
faces, transforming the re-entrant corner into an apex
corner, which was nearly covered by zigzag and
stepped {111} r* faces, along with a very smooth {111}
r face. However, a small concave re-entrant corner
remains at the top until the latest growth stage. Faces
s and s* grew almost equally on the salient corner
side. In the rim zone, each corner displays a slightly
rounded habit, but the plane surface of each {111} face
shows no curved structure, indicating that this macle
crystal underwent a low degree of dissolution. A
crack was observed on the right side of the crystal.

Sample 10 was sliced and polished multiple times
into six planes. The CL image of the central plane
and a schematic drawing are shown in figure 9D. The
core zone displays a bright CL image, with the inner
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part characterized by a morphology defined by
smooth {111} faces featuring a re-entrant corner (red
arrows). In the mantle zone, the crystal exhibits the
most flattened morphology with distinct growth
bands. Faces r and r* in the re-entrant corner devel-
oped more rapidly than the other faces, gradually
transforming the re-entrant corner from shape i to
shape iv. On the salient corner side, faces s and s*
grew in competition, with the growth layers of face
s* in the right domain developing faster and larger
than those in the left, causing a shift of the twin
plane to the left side and an outward protrusion of
the growth bands. During the later growth stage of
the mantle zone, preferential growth occurred at face
s, which developed faster and larger than face s*. As
a result, the twin boundary tilted to the right side.
The twin boundary plane that spans the entire crys-
tal is not straight but features a downwardly curved
twin plane. In the rim zone is a very flattened and
elongated twin crystal with a slightly rounded apex
corner, bounded by curved {111} faces that have been
somewhat altered by dissolution action. Comparing
the four crystals from the four groups, sample 10 is
significantly flatter than the other crystals.

Morphological Variation. Because the core and rim
exhibit a complex zonal structure that prevents reli-
able data acquisition, only four samples’ mantle

zones were studied in detail. The width of growth
banding from each face in the mantle zone was meas-
ured using the CL image, and the value was adjusted
according to the actual size of sample 1 (table 1). The
ratios Rr/Rn (the growth rate of face r versus the
growth rate of face n) and Rs/Rn (the growth rate of
face s versus the growth rate of face n) of the mantle
zone in each twin were estimated by measuring the
growth band widths (box B).

The growth rate ratio data (Rr/Rn and Rs/Rn)
were collected from growth bands 1 to 11 in the man-
tle zone of sample 1 and are plotted in figure 10A. A
small red circle marks the left side of the macle crys-
tal, while a blue circle represents the right side. The
arrow’s direction indicates the plot sequence from
bands 1 to 11.

Most of the data is plotted within the range
between Rr/Rs = 1 and 2. The ratios display a slightly
different trend in both single crystals. The ratios
(Rr/Rn and Rs/Rn) gradually increase to the area where
Rr/Rs > 1 from the initial data plot, indicating that the
preferential growth at the re-entrant corner is slightly
faster than the growth at the salient corner, resulting
in a large re-entrant corner. Then both ratios decrease
to a level close to the lower range of Rr/Rn < 0.5 and
Rs/Rn < 0.5. The last few plotted points show that the
ratios increase briefly and then stabilize near the
region where Rr/Rn =1 and Rs/Rn = 1.

TABLE 1. Width of growth banding (in um) from each face in the mantle zone from sample 1.

r r* n n* S s* Rr/Rn Rr*/Rn* Rs/Rn Rs*/Rn*
Band 1 43.15 69.58 49.65 88.95 41.47 79.02 0.8690 0.7822 0.8352 0.8883
Band 2 215.60 94.48 57.13 74.27 61.75 78.74 4.4039 1.2721 1.0807 1.0602
Band 3 57.06 93.22 41.96 38.39 34.97 57.13 1.3600 2.4281 0.8333 1.4881
Band 4 31.61 45.17 35.31 57.76 24.27 34.06 0.8950 0.7821 0.6871 0.5896
Band 5 22.45 37.34 30.91 108.50 27.97 32.59 0.7262 0.4430 0.9050 0.3004
Band 6 29.93 29.93 35.03 63.57 34.97 31.40 0.8543 0.4708 0.9980 0.4939
Band 7 64.62 64.62 39.44 90.14 44.41 47.62 1.6383 0.7168 1.1259 0.5283
Band 8 87.55 102.70 50.63 92.24 76.43 62.24 1.7293 1.1130 1.5096 0.6747
Band 9 50.84 50.84 30.56 48.25 32.66 48.25 1.6636 1.0536 1.0686 1.0000
Band 10 34.69 34.69 38.32 35.59 31.82 35.80 0.9051 0.9745 0.8303 1.0059
Band 11 40.83 40.87 31.54 32.03 36.36 36.22 1.2945 1.2759 1.1530 1.1310
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Box B: ESTIMATION OF GROWTH RATE RATIO BY MEASURING THE GROWTH BAND

A natural crystal is bound by a set of flat faces that relate
to one another through symmetry. The forms that crys-
tals take result from the conditions under which they
grow. The same crystal may exhibit different morpholo-
gies depending on the growth rates in different
crystallographic directions throughout the growth
process (figure B-1). Fluctuations in growth rates are
recorded as variations in perfection and homogeneity,
such as growth sectors and growth banding. Addition-
ally, the ratio of growth rates at any given time cannot
be directly estimated from the crystal’s external form.
Therefore, linear growth rates can be inferred by meas-
uring the widths of growth bands that appear as
alternating light and dark bands in the zonal structure
of the crystal using this simplified model:

width of growth band = [growth rate] x [time] (B-1)
The growth rate ratio from different growth faces that
belong to the same isochronous face can be expressed
as follows, where R1 = growth rate 1 and R2 = growth
rate 2:

width of growth band 1 ~ (R1) x time

=(R1/R2)
width of growth band 2 (R2) x time

(B-2)

In sample 3, the core, inner mantle, and rim zones
display curved dissolution banding and a complex
zigzag zonal structure, enabling the measurement of
growth band widths from 1 to 7 in the outer mantle
area. The ratios from bands 1 to 5 were plotted
within the field of Rr/Rs > 2, while the ratios of bands
6 and 7 were plotted in the range between Rr/Rs = 2
and Rr/Rs = 1 in figure 10B. The left side of the macle
crystal is marked with a red circle, while the right is
labeled with a blue circle. The ratios for both sides
of the twin exhibit a similar trend. The ratios (Rr/Rn
and Rr*/Rn*) initially rise significantly to the range
where Rr 2 2Rs, where the growth rates (Rr and Rr*)
at the re-entrant corner are prominent, causing the
re-entrant corner to transform into an apex corner,
which is bounded only by {111} faces during the
growth process.

The ratios then decrease repeatedly to the lower
range of Rr/Rs < 2, where the effects at both the re-
entrant and salient corners were not anticipated.
These trends suggest that carbon supersaturation
diminished at the beginning of crystal growth in the
initial stage of this outer mantle zone, with the re-
entrant corner effect playing a significant role in
forming an apex corner and shaping the twin into a

262 MacLE DIAMOND
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Figure B-1. Illustration of two growth bands showing
varying thicknesses on different surfaces belonging to
one growth phase.

flattened form. During the latter half of the growth
stage of the mantle zone, carbon supersaturation
increased significantly, leading to growth on every
face of the crystal, with two-dimensional nucleation
preferentially occurring near the crystal’s edges to
create a large surface of n, s, and r, thus recreating a
re-entrant corner similar to shape ii.

Figure 10C plots the 14 data points of band width
from bands 1 to 14 in the mantle zone of sample 6.
Most data points are plotted in the range where
Rr/Rn > 1 and Rs/Rn > 1. The ratios in both sides of
the twin show a consistent trend. The ratios first
increase to the range where Rr > 2Rs, indicating a
tendency for the re-entrant corner to transition into
an apex corner due to preferential growth at the re-
entrant corner under relatively low carbon
supersaturation conditions. Simultaneously, the ratio
of Rs/Rn also shows a high value of 1.6, suggesting
that the preferential growth at the salient corner is
expected to produce a unidirectionally flattened
shape. Subsequently, both ratios (Rr/Rn and Rs/Rn)
decline rapidly to the range where Rr/Rn < 1 and
Rs/Rn < 1 from bands 3 to 5, where the effects of the
re-entrant and salient corners were not anticipated.
The ratios from bands 6 to 8 display a similar pattern,
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Figure 10. The ratios Rr/Rn and Rs/Rn, indicated by red circles, are calculated based on the growth banding observed

in the left twin of samples 1, 3, 6, and 10. Meanwhile, the growth rate ratios Rr*/Rn* and Rs*/Rn*, represented by
solid blue circles, are derived from the growth banding in the right twin. The lines for Rr = Rs (or Rr/Rs = 1) and

Rr = 2Rs (or Rr/Rs = 2) are also displayed.
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increasing again to the range of Rr > 2Rs and reaching
a peak value of Rr/Rn = 4, resulting in the re-entrant
corner becoming almost concealed by stacking
growth layers on the {111} faces over time. However,
the ratios from bands 9 to 10 quickly decreased to the
range between Rr/Rs = 1 and 2, and the ratios (Rs/Rn)
from bands 11 and 12 for both twins showed a signif-
icant change from values of unity (1) to 1.97 and 1.63,
respectively, dropping below the Rr < Rs line, where
preferential growth on the salient corner became
dominant, forming thick growth banding that
enhanced the flatness of the twin. In the final stage
of the mantle zone, the ratios Rr/Rn and Rs/Rn from
bands 13 and 14 increased again.

The data for the Rr/Rn and Rs/Rn ratios from
bands 1 to 12 in the mantle zone of sample 10 are
plotted in figure 10D. Most of the data fall within the
range where Rr/Rn > 1 and Rs/Rn > 1. The ratios
from bands 1 to 4 initially increased to the range of
Rr 2 2Rs, with anticipated effects from both the re-
entrant and salient corners. The ratio of Rr/Rn
reaches its peak of 13, marking the transition from
the re-entrant corner to the apex corner. Conversely,
the expected preferential growth at the salient corner
led to face s* growing thicker and larger than face s,
causing the twin boundary to shift to the left side.
Subsequently, both ratios decreased to Rr/Rn of 4.3
and Rs/Rn of 1. At this juncture, the preferential
growth at the re-entrant corner gradually weakened,
while the growth at the salient corner was entirely
unexpected. Following this growth stage, the ratio of
Rs/Rn (from bands 7 to 8) shows a significant rise,
and the anticipated preferential growth at the salient
corner is expected to create thick growth bands (lay-
ers) on faces s and s*. Consequently, the morphology
of this macle crystal is noticeably flatter than that of
macle crystals from other groups. In the final stage
of the mantle zone, the Rr/Rn ratio (bands 9 to 10)
increased again. The {111} face completely covers the
re-entrant corner, showcasing a perfect apex corner
and corresponding to the shape iv form of a re-
entrant corner. However, the Rr/Rn ratio (bands 11
to 10) decreased rapidly, while the Rs/Rn ratio con-
tinued to trend upward, indicating a preference for
growth at the salient corner, forming a highly elon-
gated macle crystal.

DISCUSSION

Establishing a Model of Morphological Variation for
Contact Twins. When a twinned crystal forms in its
initial stage and the normal growth rates of the r, s,
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and n faces—designated Rz, Rs, and Rn—remain con-
sistent throughout the growth process, a
morphological variation model is geometrically rep-
resented by two ratios: Rr/Rn and Rs/Rn (figure 11).
When all octahedral faces exhibit identical growth
rates (Rr/Rn = 1, Rs/Rn = 1; see figure 11), the mor-
phology features both re-entrant and salient corners,
appearing flatter than those formed by two regular
octahedra (Rr/Rn = 0.5, Rs/Rn = 0.75; see figure 12).

An increase in the ratios Rr/Rn or Rs/Rn indicates
preferential growth at re-entrant corners or salient cor-
ners, respectively. A rise in both ratios leads to a flatter
morphology. Previous studies have not explored pref-
erential growth at salient corners (Rs/Rn) in
contact-twinned macle diamonds (Becke, 1911; Chu-
doba, 1927; Stranski, 1949; Hartman, 1956, Sunagawa,
1975; Sunagawa et al., 1979; Sunagawa and Yasuda,
1983; Sunagawa and Lu, 1987). In the range where
Rr > 2Rs, re-entrant corners disappear and transform
into apexes covered by neighboring s and s* faces. In
this case, morphology is influenced solely by the ratio
of Rs/Rn. When Rr is less than 2Rs, re-entrant corners
begin to appear. The overall shape can display various
morphologies depending on the ratio of Rr/Rs. These
include shapes with small re-entrant corners at the
apexes, well-developed re-entrant corners, and re-
entrant corners formed by trapezoidal faces. When
Rr=Rs (Rr/Rs = 1), the formation of re-entrant corners
and salient corners is equal.

Relationship Between the Ratio of Growth Rate and
External Morphology. We proposed the following equa-
tions to connect the growth rate ratio with the flatness
of the external morphology of the macle crystals:

&=£és1'n9—cose+2—lsina (1)
Rn 3d d
&zgl_lsjn6+cose+2—ls1'na (2)
Rn 3d d

where h is the height of face n, d is the thickness of
the crystal, 1 is the length of the edge at the re-entrant
corner, 0 is the interfacial angle between face n and
face r, and « is the interfacial angle between the edge
of the re-entrant corner and face n (again, see these
flatness indicators in box A, figure A-1). The ratios
Rr/Rn and Rs/Rn of the 10 studied crystals from the
four morphology groups were estimated based on the
flatness of their external morphology. They are plot-
ted in figure 12 and labeled with diamond markers
in different colors for each group of crystals.
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MORPHOLOGICAL VARIATIONS IN CONTACT TWINS

A Rr/Rn > 1 (re-entrant corner)

§ > B b P
<>—>—>
P> > > >
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Rr/Rn = 2Rs/Rn—1
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D

Rr = Rs

—>» Rs/Rn >1
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Figure 11. A: Schematic illustration of the model of morphological variations in contact twins caused by changes in the
ratios Rr/Rn and Rs/Rn. The lines for Rr = Rs (or Rr/Rs = 1), Rr = 2Rs (or Rr/Rs = 2), and Rr/Rn = 2Rs/Rn-1 are also
shown. The re-entrant effect is expected if Rr/Rn > 1. Additionally, if Rs/Rn exceeds 1, the salient corner effect can be

anticipated. B: Illustration of a contact twin. Three types of {111} faces (r and r*

, s and s*, and n and n*) along with the

normal growth rate of each face (left side of twin: Rr, Rn, Rs; right side of twin: Rr*, Rn*, Rs*) are labeled.

The macle crystals with shape i and shape ii re-
entrant corners show morphologies indicating
minimal or no preferential growth at re-entrant and
salient corners, with growth morphologies expected
to form within the 1 < Rr/Rs < 2 range. Morphology
groups III and IV are plotted close to or within the
range of line Rr = 2Rs. The morphologies of the con-
tact twins feature apex corners but may or may not
have re-entrant corners. This aligns with the expec-
tation that preferential growth occurs at both
re-entrant and salient corners. The apex corners of
morphology group IV discussed here are not covered
by flat {111} faces but by high-index {hhk} stepped
lamellae faces instead (again, see figure 4, H-J). Group
IIT crystals, characterized by small re-entrant corners,
clearly show the stacking of thick growth layers
formed at the twin boundary (again, see figure 4, E-G).
This suggests that the formation of the high-index
faces likely occurs under conditions similar to those

MAGCLE DIAMOND

required for apex formation by neighboring {111}
faces. However, the stacking of these growth layers
may result from impurity trapping. Samples 9 and
10 exhibit slightly curved apex corners and under-
went low levels of dissolution after completing
their growth.

As observed in figure 12, the preferential growth
at salient corners does not dominate the growth at re-
entrant corners. Nevertheless, it clearly influences
the growth of morphology. Two main effects can be
considered in this context. The first effect relates to
the diffusion fields surrounding the crystals. Salient
corners protrude more than the n and n* faces, result-
ing in higher carbon supersaturation conditions at
these corners. Despite this, the preferential growth at
salient corners is significantly linked to the re-entrant
corner effect, suggesting that the preferential growth
of the s and s* faces is primarily controlled by surface
kinetics. Therefore, the impact of diffusion fields on
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GROWTH RATE RATIOS

T Rr/Rn > 1 (re-entrant corner)

Rr/Rn

,_.
Q
=

Figure 12. The growth rate
ratios of 10 macle crystals
from four morphology
groups are estimated
based on the flatness of
their external morpholo-
gies. A macle crystal’s
flatness is strongly related
to preferential growth at
the re-entrant and salient
corners. The relationship
between carbon supersat-
uration and the effects of
the re-entrant and salient
corners is presented.
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preferential growth may be relatively minor. The sec-
ond effect involves the role of screw dislocations at
the twin boundary. When screw dislocations at the
twin boundary of salient corners are more abundant
than those in the n and n* faces, preferential growth
can be expected at the twin boundary, similar to the
pseudo re-entrant corner effect (Kitamura et al.,
1979). Based on microtopographical surface observa-
tions, the surfaces at re-entrant and salient corners
in morphology group I and II crystals exhibit predom-
inantly flat growth layers. In contrast, well-defined
growth layers extending two-dimensionally outward
from the twin boundary of the re-entrant and salient
corners were observed in group III and IV crystals.
The density and number of trigons at salient corners
are more pronounced than in the morphology I and I
groups. This indicates that preferential growth at
salient corners is primarily driven by screw disloca-
tions generated at the twin boundary. Consequently,
groups I and IV exhibit greater morphology flatness
than groups I and IL.

The Carbon Supersaturation Condition. Under con-
ditions of high carbon supersaturation, growth
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particles can easily form two-dimensional nuclei
across the surface before settling on the most ener-
getically favorable sites. This occurs because the
likelihood of growth particles reaching the growing
surface significantly increases due to the high carbon
supersaturation. Consequently, all sites appear to
have a similar capacity to adsorb growth particles,
leading to two-dimensional nucleation occurring
almost universally on the surface. Considering the
Berg effect (Berg, 1938), two-dimensional nucleation
is more likely to occur near the crystal’s edges. As a
result, the re-entrant corner effect is not expected to
function at all under conditions of high carbon
supersaturation.

Conversely, the normal growth rate of a crystal
face is influenced by the number of cooperative
screw dislocations. Spiral growth preferentially
occurs at energetically favorable sites, but this occurs
under low, rather than high, carbon supersaturation
conditions (Burton et al.,, 1949; Hartman, 1956).
Thus, the re-entrant and salient corner effects can be
anticipated only under relatively low carbon super-
saturation conditions. The ratio Rr/Rn indicates
changes in carbon supersaturation during crystal
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growth (Kitamura et al., 1979). An increasing value
of Rr/Rn signifies a decrease in carbon supersatura-
tion. In contrast, when Rr is less than Rn, it indicates
increased carbon supersaturation. In this study, the
values of Rr/Rn and Rs/Rn illustrate the relative dif-
ferences in growth conditions of four crystals, as
shown in figure 13.

It can be inferred that sample 1 formed under con-
ditions of higher carbon supersaturation compared to
the other crystals, while sample 10 formed under the
lowest carbon supersaturation conditions. Addition-
ally, samples 1 and 3 show a trend of increasing
carbon supersaturation during the final stages of
growth. Samples 6 and 10 show a decreasing trend in
the later stages of growth. As mentioned earlier, we
suggest that the carbon supersaturation in the four
types of crystals decreased and then increased repeat-
edly during the growth stage of their mantle zones.
In natural crystallization, crystal growth is expected

Figure 13. Diagram illustrating the estimated changes in
carbon supersaturation during the crystal growth of
contact-twinned macle diamonds. It emphasizes the
relationship between carbon supersaturation and growth
rate (growth band) in the crystal’s mantle zones, particu-
larly focusing on the preferential growth effect at the
re-entrant corner. Four macle crystals—samples 1 (group
1), 3 (group II), 6 (group III), and 10 (group IV)—show dis-
tinct fluctuations in carbon supersaturation throughout
their growth period. The horizontal axis represents the
distance from the first to the last growth banding in the
crystal’s mantle zone.

ESTIMATED CHANGES IN CARBON SUPERSATURATION
12
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— Sample 6
— Sample 10
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to reduce carbon supersaturation in a closed system,
assuming there are no external influences from envi-
ronmental conditions such as pressure, temperature,
or external fluids. Consequently, our data on the
varying growth rates indicate that carbon supersatu-
ration does not change in a simple, consistent
manner as traditionally believed; rather, it can fluc-
tuate during the growth process. Therefore,
introducing additional carbon into the growth envi-
ronment or significantly changing pressure and
temperature conditions may explain the observed
increases in carbon supersaturation during certain
growth stages of the specimens we studied.

CONCLUSIONS

Based on observations of external morphology, sur-
face microtopography, and internal zonal structure
of contact-twinned natural macle diamonds, their
re-entrant corners can be classified into four distinct
shapes (i, ii, iii, and iv) determined by modifications
from growth layers. Morphology groups I and IT have
been previously identified and are characterized by
either very flat {111} surfaces or a few thicker
growth layers at the re-entrant corners. However,
this study reports morphology groups Il and IV (fig-
ure 14) for the first time. Groups III and IV are
distinguished by the accumulation of thick growth
layers at the twin boundaries of the re-entrant cor-
ners, leading to the formation of four high-index
{hhk} faces surrounding a small re-entrant corner or
being completely covered by smooth or stepped
{hhk} surfaces, rather than exhibiting a re-entrant
corner. The four macle diamond crystal morphology
groups are more flattened than a twin formed solely
by the contact of two regular octahedra bounded by
{111} faces. The effects of re-entrant and salient cor-
ners play a significant role in their growth. The
macle crystals from groups IIl and IV are flatter than
those from groups I and II. The growth mechanism
can be explained by preferential growth occurring
not only at the re-entrant corners but also signifi-
cantly influencing the salient corners of the
contact-twinned macle diamonds.

Macle crystals’ internal zonal growth structure
reveals distinct morphological changes during
growth. The zonal structure of four sliced and pol-
ished macle crystals indicates that growth begins
with a morphology featuring re-entrant corners. Over
time, this morphology transforms into one with apex
corners that gradually become covered by {111} faces,
replacing the re-entrant corners.
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At the end of the growth process, a flattened con-
tact twin may form, which can revert to a
morphology with re-entrant corners or result in a
very flattened form ending with a smooth or curved
apex corner. It should be noted that dissolution can
occur during the growth stage and lead to a curved
zonal structure of growth banding.

The flatness of the external morphology of
macle diamonds is closely linked to the preferen-
tial growth occurring at the re-entrant and salient
corners. The changes in the morphology of macle
diamonds can be interpreted as fluctuations in
carbon supersaturation conditions during the
crystallization process. By measuring the width of
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Figure 14. A gold pendant
adorned with four flat-
tened triangular macle
rough diamonds with re-
entrant corners belonging
to morphology groups II1
and IV, weighing 0.945
total carats. Photo by
Tetsuya Chikayama.

the growth bands in these crystals, we estimated
that the growth conditions of macle diamonds fluc-
tuated, indicating that carbon supersaturation levels
decreased and increased repeatedly throughout their
growth. Large, flattened, thin triangular macle dia-
monds, characterized by apex corners, are believed
to form under relatively lower carbon supersatura-
tion than crystals with a thick triangular morphology
featuring concave re-entrant corners.

To our knowledge, this study is the first to pro-
vide a comprehensive understanding of the crystal
growth of natural macle diamonds, revealing the
complex growth processes that occur deep within
the earth.

GEms & GEMOLOGY FALL 2025



ABOUT THE AUTHORS

Dr. Ahmadjan Abduriyim is president of Tokyo Gem Science and
director of GSTV Gemological Laboratory in Tokyo. Dr. Masao Kita-
mura is emeritus professor of the Division of Earth and Planetary
Sciences, Department of Geology and Mineralogy at the Graduate
School of Science, Kyoto University, Japan.

REFERENCES

Abduriyim A., Kitamura M. (2002) Growth morphology and
change in growth conditions of a spinel-twinned natural dia-
mond. Journal of Crystal Growth, Vol. 237-239, pp. 1286-1290,
http://dx.doi.org/10.1016/S0022-0248(01)02146-7

Battaile C.C., Srolovitz D.J., Butler J.E. (1998) Atomic-scale simu-
lations of chemical vapor deposition on flat and vicinal diamond
substrates. Journal of Crystal Growth, Vol. 194, No. 3-4, pp.
353-368, http://dx.doi.org/10.1016/S0022-0248(98)00685-X

Becke E (1911) Uber die ausbildung der zwillingskristalle.
Fortschritte der Mineralogie, Kristallographi und Petrographie,
Vol. 1, pp. 48-65.

Berg W.E. (1938) Crystal growth from solutions. Proceedings of the
Royal Society A, Vol. 164, No. 916, pp. 79-95, http://dx.doi.org/
10.1098/rspa.1938.0006

Burton W.K., Cabrera N., Frank F.C. (1949) Role of dislocations in
crystal growth. Nature, Vol. 163, pp. 398-399.

Butler J.E., Oleynik I. (2008) A mechanism for crystal twinning in
the growth of diamond by chemical vapour deposition. Philo-
sophical Transactions of the Royal Society A, Vol. 366, No.
1863, pp. 295-311, http://dx.doi.org/10.1098/rsta.2007.2152

Chudoba K. (1927) Zwillingspersistenzen. Zeitschrift fiir Kristal-
lographie, Vol. 65, pp. 225-237.

Frank EC., Puttick K.E., Wilks E.M. (1958) Etch pits and trigons
on diamond: 1. Philosophical Magazine, Vol. 3, No. 35, pp.
1262-1272, http://dx.doi.org/10.1080/14786435808233308

Harris J.W., Hawthorne J.B., Oosterveld M.M., Wehmeyer E. (1975)
A classification scheme for diamond and a comparative study of
South African diamond characteristics. Physics and Chemistry
of the Earth, Vol. 9, pp. 765-783, http://dx.doi.org/10.1016/B978-
0-08-018017-5.50053-5

Hartman P. (1956) On the morphology of growth twins. Zeitschrift
fiir Kristallographie — Crystalline Materials, Vol. 107, No. 1-6,
pp. 225-237, http://dx.doi.org/10.1524/zkri.1956.107.16.225

Hirabayashi K., Kimura T., Hirose Y. (1993) Morphology of flat-
tened diamond crystals synthesized by the oxy-acetylene flame
method. Applied Physics Letters, Vol. 62, pp. 354-356,
http://dx.doi.org/10.1063/1.108955

Kitamura M. (1990) Growth history of spinel-twinned diamond.
Proceedings of the Third Topical Meeting on Crystal Growth
Mechanism (Tokyo), pp. 95-98.

Kitamura M., Hosoya S., Sunagawa L. (1979) Re-investigation of
the re-entrant corner effect in twinned crystals. Journal of Crys-
tal Growth, Vol. 47, No. 1, pp. 93-99, http://dx.doi.org/10.1016/
0022-0248(79)90162-3

Kitamura M., Fudaki M., Shwin K., Shimobayashi N. (1992) A
cathodoluminescence microscope and its application to the

MAGCLE DIAMOND

ACKNOWLEDGMENTS

The authors would like to sincerely thank Norimasa Shimobayashi
of Kyoto University for critically reading the manuscript and for
productive discussions, encouragement, and guidance throughout
this study. We also greatly appreciate the technical assistance

and insightful discussions provided by our former colleagues
Junichi Minato, Jun Kawano, and Yusuke Seto in the Department
of Geology and Mineralogy at the Graduate School of Science,
Kyoto University.

study of growth zoning of minerals. Mineralogical Journal, Vol.
16, No. 2, pp. 108-116, http://dx.doi.org/10.2465 /minerj.16.108

Lang A.R. (1964) Dislocations in diamond and the origin of
trigones. Proceedings of the Royal Society of London A, Vol.
278, No. 1373, pp. 234-242, http://dx.doi.org/10.1098/
rspa.1964.0057

Ming N.-B., Sunagawa I. (1988) Twin lamellae as possible self-per-
petuating step sources. Journal of Crystal Growth, Vol. 87, No.
1, pp. 13-17, http://dx.doi.org/10.1016/0022-0248(88]90339-9

Orlov Y.L. (1977) The Mineralogy of the Diamond. John Wiley &
Sons, New York.

PonahloJ. (1992) Cathodoluminescence (CL) and CL spectra of De
Beers experimental synthetic diamonds. Journal of Gemmology,
Vol. 23, No. 1, pp. 3-18.

Sinkankas J. (1964) Mineralogy for Amateurs. Van Nostrand Rein-
hold Company, Princeton, New Jersey, pp. 96-105.

Stranski L.N. (1949) General discussion. Discussions of the Fara-
day Society. No. 5, pp. 66-69.

Sunagawa L. (1975) Mechanism of formation of growth twins, and
their macro- and micro-morphology. Journal of the Mineralog-
ical Society of Japan, Vol. 12, No. 2, pp. 117-131,
http://dx.doi.org/10.2465/gkk1952.12.117 [in Japanese|

Sunagawa 1., Takahashi J., Aonuma K., Takahashi M. (1979)
Growth of quartz crystals twinned after Japan law. Physics and
Chemistry of Minerals, Vol. 5, pp. 53-63, http://dx.doi.org/
10.1007/BF00308168

Sunagawa 1., Yasuda T. (1983) Apparent re-entrant corner effect
upon the morphologies of twinned crystals; A case study of
quartz twinned according to Japanese twin law. Journal of Crys-
tal Growth, Vol. 65, No. 1-3, pp. 43-49, http://dx.doi.org/
10.1016/0022-0248(83)90034-9

Sunagawa 1., Tsukamoto K., Yasuda T. (1984) Surface microtopo-
graphic and X-ray topographic study of octahedral crystals of
natural diamond from Siberia. In I. Sunagawa, Ed., Materials
Science of the Earth’s Interior. Terra Scientific Publishing,
Tokyo, and Reidel, Boston, pp. 331-349.

Sunagawa L, Lu T. (1987) Apparent re-entrant corner effect due to
impurities in ribbon-like morphology of hematite twins. Min-
eralogical Journal, Vol. 13, No. 6, pp. 328-346,
http://dx.doi.org/10.2465/minerj.13.328

Tappert R., Tappert M.C. (2011) Diamonds in Nature: A Guide to
Rough Diamonds. Springer-Verlag, Berlin, pp. 15-42.

Yacoot A., Moore M., Machado W.G. (1998) Twinning in natural
diamond. I. Contact twins. Journal of Applied Crystallography,
Vol. 31, pp. 767-776, http://dx.doi.org/10.1107/
S50021889898005317

GEMs & GEMOLOGY FALL 2025 269



ARTICLES

CHARACTERIZATION OF “ORANGE PEel”
SURFACE MICROSTRUCTURE OF WHITE
NEPHRITE FROM RuUSSIA: A UNIQUE
PSEUDOMORPH PATTERN

Meiyu Shih, Guanghai Shi, and Bigian Xing

The term orange peel effect is often used to refer to the uneven appearance of the polished surface of jadeite,
which arises due to the hardness anisotropy of its mineral grains arranged in different directions. The unusual
orange peel effect observed on white nephrite from Russia has been preliminarily recognized in the commercial
sphere, but minimal description of the underlying causes for the effect exists in the literature. In this investigation,
this orange peel surface feature, which includes granular pits and bumps, pseudo-rhombic microstructure, and
subparallel fissures, was explored using gemological and petrographic microscopes, an electron probe
microanalyzer with backscattered electron imaging, and cathodoluminescence imaging. The observed surface
feature, related to pseudomorphs, results from metasomatism where nephrite (tremolite) replaces rhombic
carbonate (dolomite) mineral grains while preserving their original microstructure. Petrographic observations
show that the pseudo-rhombs on these pseudomorphs are intersected by a network of veins, similar to the
framework of cleavage patterns of calcite or dolomite. The pseudo-rhombs ranged from 100 to 500 pm in width,
consisting of a thin vein outline and an inside region composed of fine compacted fibers, with a relatively less
compact central domain. This study demonstrates that this effect is largely dependent on the nephrite’s adopted
microstructure rather than its chemical composition or mineral components. Derived from these results, a
formation model of this distinctive microstructure is proposed, arising from fluid flow and precipitation
accompanied by volume shrinkage reactions during replacement progress. Based on the review of the
microstructures of available white nephrite samples from other localities, the pattern of pseudomorphs with
pseudo-rhombs and claw lineation is a unique feature of Russian nephrite.

ephrite is mainly composed of aggregates of
tremolite-actinolite. According to Bradt et al.
(1973), high-quality nephrite is characterized
by felted, matted, interwoven, and recrystallized
microstructures and thus typically has high tough-
ness. As a gemstone and ornamental material,
nephrite played important roles in ancient Asian cul-
tures and continues to do so in modern China. It has
been considered a symbol of power and wealth, as

See end of article for About the Authors and Acknowledgments.
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well as a symbol of desirable moral qualities, includ-
ing kindheartedness, righteousness, wisdom, courage,
and purity, throughout history in Chinese culture
(e.g., Cha, 2011). Because of its cultural meaning,
white has been regarded by the Chinese as the most
valuable color variety of nephrite. For instance, duz-
ing the Song Dynasty of China, Emperor Zhenzong
(997-1022) used a “white nephrite album of slips”
(yuce EH), a jade tablet that resembles an ancient
bamboo scroll and is inscribed with Chinese charac-
ters, to worship and communicate with heaven in
order to affirm his divine mandate and reinforce his
imperial authority.

Nephrite colors are associated with its two mech-
anisms of formation: metasomatic replacement of
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serpentinite (S-type) and metasomatic replacement
of dolomite (D-type) (Yui and Kwon, 2002; Harlow
and Sorensen, 2005; Liu et al., 2011a,b). S-type is pre-
dominantly dark green or green, while D-type is
often white, yellow, celadon, or gray (see box A).
White nephrite forms exclusively via the metaso-
matic replacement of dolomite crystals.

The main sources of white nephrite in the Chi-
nese market are China, Russia, and South Korea
(Ling et al., 2013). White nephrite from various local-
ities differs in value even if of similar quality. Hence,
a method to distinguish the origin of white nephrite
is critical in the marketplace as consumers demand
this information. Furthermore, origin determination
of white nephrite artifacts can be crucial in archaeo-
logical provenance studies.

White nephrite from different localities may have
very slightly different characteristic appearances.
Some experienced collectors and connoisseurs can

WHITE NEPHRITE FROM RUSSIA

Figure 1. A high-quality
Russian white nephrite
bracelet, measuring
approximately 58 x 13 x 7
mm, with the orange peel
effect observable in its
reflective areas. Photo by
Zuojiang Chen.

identify specific sources of nephrite with the
unaided eye based on appearance (Wang and Sun,
2013; Chen et al., 2020). As an example, according
to Hu et al. (2011) and Wang and Sun (2013), nephrite
with a linear “water line” that is more transparent
and denser than the adjacent matrix, and that has
relatively high overall transparency, typically origi-
nates from Qinghai, China. Geochemical methods,
including analyzing hydrogen and oxygen isotopes
in mineralizing fluids associated with nephrite for-
mation, can also aid in identification of their sources
(e.g., Gao et al., 2020; Shih et al., 2024). However,
such identification methods may damage the sam-
ples and cannot be widely applied.

Recently, the authors found an unexpected orange
peel effect in Russian white nephrite jade (figures 1
and 2). The effect looks similar to that associated
with Burmese jadeite but has its own distinctive pat-
tern. While inspecting white nephrite samples from

[ Figure 2. A section of a
high-quality Russian white
nephrite bracelet shows the

. distinctive orange peel
effect, with lenticular con-
tour ranging in size from
300 to 500 um viewed
under oblique illumination.
Photo by Guanghai Shi.
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Box A: TERMINOLOGY RELATED TO JADE MICROSTRUCTURE

Microstructure: The small-scale arrangement of geomet-
ric mineralogical elements within a rock (Hobbs et al.,
1976). The term also refers to a structure observed on a
thin section or smaller scale (Brodie et al., 2002).

Orange peel effect: A term that refers to the uneven sur-
face of jade resembling that of an orange peel or lemon peel
(Manutchehr-Danai, 2009). In the jade market, the orange
peel effect is typically considered a feature of polished
phanerocrystalline jadeite jade and is commonly observed.
In this investigation, we find that such an effect can be
observed on polished white nephrite (D-type) from Russia
but not in green nephrite (S-type) from Russia (figure A-1).

Pseudomorph: A mineral or mineral aggregate that has
undergone a chemical or structural transformation while
retaining the external shape of the original material. This
process often involves replacement (substitution) or
alteration, resulting in a new mineral composition while
preserving the original mineral’s external geometry
(Blazek, 1979).

Figure A-2. A schematic diagram showing fissures
within and between pseudomorphs.

OPseudomorph  — Intrapseudomorph

— Interpseudomorph
fissures

fissures
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. Figure A-1. The orange
peel effect on the surface
of jadeite from Guatemala
(left) and nephrite from
Russia (right) viewed
under oblique illumina-
tion. Photomicrographs
by Meiyu Shih; field of
view 6 mm.

Intrapseudomorph fissures: Fissures within a pseudo-
morph that are displayed as subparallel lines or
curves, following the pseudomorph’s internal struc-
ture (figure A-2).

Interpseudomorph fissures: Fissures occurring along
a boundary between pseudomorphs that appear as
unclosed curves, following the outer contour and sur-
rounding structure of the pseudomorphs (figure A-2).

Claw lineation: A trade term used by nephrite jade
dealers to describe the lineation observed on nephrite
exclusively from Russia. Viewed under oblique illumi-
nation, this lineation loosely resembles crab claws
(figure A-3). According to the lineation’s distribution,
it is more likely associated with major intrapseudo-
morph fissures than with interpseudomorph fissures.

Figure A-3. A simple sketch showing the claw lineation
pattern. The red lines represent claw lineation, and the
outlined gray particles represent the granular microstruc-
ture (pseudomorphs) of nephrite.

”\
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other localities, we were unable to find this effect on
material from outside Russia. After discussing this
characteristic with many experienced collectors and
dealers and making a broad comparison with

In Brief

¢ A distinctive orange peel effect identified in many
samples of Russian white nephrite is characterized
by granular pits and bumps, a pseudo-rhombic
microstructure, and subparallel fissures.

e This orange peel effect can be recognized through
unaided visual inspection or verified using
cathodoluminescence instrumentation.

o Together, the processes of metasomatism and pre-
cipitation from fluid to replace precursor dolomite
crystals with tremolite are evident in the orange
peel effect of Russian white nephrite.

microstructures of white nephrite from other
localities (e.g., Zhang et al., 2001; Zhou et al.,
2008; Pei et al., 2011; Gao et al., 2019a; Zhang et
al., 2022), we report that to our knowledge, only
white nephrite from Russia has this feature. This
finding may have significant implications for ori-
gin determination of Russian white nephrite jade.
This unique microstructure also reveals a distinc-
tive formation mechanism of this gem.

The distinctive ripples and dimple-like surface fea-
tures on polished jadeite jade are similar to those on
the surface of an orange peel or lemon peel. This effect
is often a key factor in the separation of jadeite from
its imitations or treated equivalents; however, it is
rarely mentioned for the identification of nephrite
(e.g., Read, 2008; Manutchehr-Danai, 2009; Hansen,
2022). It is assumed that the orange peel effect of
jadeite jade is strongly correlated with its microstruc-
ture, and specific white and colorless jadeite jades with

almost identical chemical compositions and mineral
constituents may have varying microstructures (Shi
et al., 2009). As white nephrite from various localities
differ slightly in appearance, their microstructures
may also differ. However, descriptions of microstruc-
ture (e.g., felted) in white nephrite are quite similar in
the literature (Hou et al., 2010; Jiang et al., 2020; Wang
and Shi, 2020). Apparently, the differences in white
nephrite microstructures have been overlooked.

Given the potential significance of microstruc-
ture, the present study was conducted to investigate
correlations between microstructures and the
orange peel effect in Russian white nephrite, includ-
ing its impact on appearance, as well as other
gemological implications.

MATERIALS AND METHODS

In this study, white nephrite samples from Russia
were provided by a nephrite trading company with
the help of Yu Ming at the Chinese Jade Culture
Research Center, Central Academy of Fine Arts in
Beijing. This company trades with Russian mines
and provided 60 white Russian nephrite jade rem-
nants from commercial cutting for this study. Large
quantities of raw Russian white nephrite have report-
edly been imported from Russia to the Chinese
market (approximately 3,500 to 4,000 tons annually
between 2019 and 2021; Wang, 2022).

Three representative Russian white nephrite sam-
ples (figure 3) were randomly chosen from the 60-piece
study set (see appendix 1 at https://www.gia.edu/-
gems-gemology/fall-2025-white-nephrite); all three
had a uniform appearance, were translucent and
white, and varied slightly in grain size. Standard
gemological testing was conducted on the three
samples, including examination with a 10x loupe,
determination of refractive index and specific grav-
ity (using the hydrostatic method), and observation

Figure 3. Three representative samples of Russian white nephrite: ELS13 (4.0 x 2.5 x 0.9 cm; A), ELS24 (3.8 x 20.0 x 0.8
cm; B), and ELS27 (3.6 x 2.5 x 0.7 cm; C). Photos by Meiyu Shih.

.\

WHITE NEPHRITE FROM RUSSIA

C

FALL 2025 273

GEms & GEMOLOGY



of the reaction to long-wave (365 nm) and short-
wave (254 nm) ultraviolet light. Afterward, thin
sections for electron probe microanalyses were pre-
pared by cutting a small piece of each sample,
gluing them to a glass plate with resin, and then
grinding and polishing each sample to a thickness
of approximately 70 pm.

Petrographic observations and photomicrographs
were obtained with an Olympus BX51 polarizing mi-
croscope at the Gemological Center, China University
of Geosciences in Beijing (CUGB). Cathodolumines-
cence (CL) images were acquired with an MK-CL-5200
cathodoluminescence microscope equipped with a
Nikon DS-Fi3 microscope camera at the Resources
Exploration Laboratory, CUGB, under conditions of
10 s exposure time, gain setting x20, 250 pA stable
current, and 0.003 mbar vacuum.

Backscattered electron (BSE) images and chemical
compositions were acquired using a Shimadzu
EPMA-1720 electron probe microanalyzer at the Geo-
logical Lab Center, CUGB, with a voltage of 15 kV, a
beam current of 10 nA, a beam diameter with a spot
size of approximately 1-3 um, and a detection limit
for a single element of +0.01 wt.%. All electron probe
microanalysis (EPMA) data processing utilized the
ZAF correction method, a standard procedure that
accounts for factors affecting the accuracy of elemen-
tal analysis: Z (atomic number effect), A (absorption

effect), and F (fluorescence effect). The EPMA stan-
dards include the following minerals: andradite for
silicon and calcium, rutile for titanium, corundum
for aluminum, hematite for iron, eskolaite for
chromium, rhodonite for manganese, bunsenite for
nickel, periclase for magnesium, albite for sodium, K-
feldspar for potassium, and barite for barium. The
analytical errors for the major oxide content of the
minerals were within +1.5 wt.%, and the formula was
calculated according to Shi et al. (2024). The ferric
iron contents of the mineral phases were determined
using the AX program (Holland, 2009).

The micro X-ray fluorescence (micro-XRF) map-
ping images were acquired using a Bruker M4 Tornado
micro-XRF spectrometer at the National Infrastruc-
ture of Mineral, Rock and Fossil Resources for Science
and Technology (NIMRF), CUGB, with the tube oper-
atingat 50 kV and 300 pA, a pixel size of 20 pum, and
a time of 10 ms/pixel. Individual element maps for sil-
icon, calcium, magnesium, aluminum, manganese,
sodium, potassium, iron, sulfur, and titanium were
detected using the instrument’s software.

RESULTS

Gemological Properties. The standard gemological
properties determined for the three Russian white
nephrite samples are summarized in table 1.

TABLE 1. Gemological properties of three representative Russian white nephrite samples.

ELS13

ELS24 ELS27

Color White
Transparency Translucent
Granularity of pseudomorph Fine to medium

Cracks observed under a

White White
Translucent Translucent

Fine to medium Medium to coarse

10x loupe Few
Granularity (mm) ~0.8-1.7
Size (cm) 4.0x25x%x0.9
Refractive index 1.62
Specific gravity 3.01

UV responses

Inert

Few Few to some
~0.8-1.7 ~1.7-2.5
3.8x2.0x0.8 3.6 x25x%x0.7
1.62 1.62
2.93 2.93

Inert

Inert
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Magnification. Magnification of the polished sur-
faces of the specimens revealed a mosaic-like
granular microstructure. This microstructure is
characterized by grain-like domains that appear
darker under reflected illumination but exhibit
greater transparency under transmitted illumina-
tion than the lighter granular domains (figure 4).
These darker domains resembled ice blocks and
thus were referred to as “icy domains.” The other
grain-like domains were whiter under reflected illu-
mination and less opaque under transmitted

B i

Cloudy domains

Figure 4. The polished
surface of Russian white
nephrite sample ELS27
showed icy domains
(darker grains), cloudy
domains (lighter grains),
and claw lineation under
oblique illumination with
a sodium light source.
Photomicrograph by Meiyu
Shih; field of view 6.90 mm.

lineation

illumination, resembling clouds, and were conse-
quently called “cloudy domains.” Both of these
domains form granular pits and bumps on the
nephrite’s surface under oblique illumination, sim-
ilar to a magnified picture of the surface of an
orange peel.

Variations in icy and cloudy domains in the same
area of nephrite can be observed when the angle of
the incident light changes (figure 5). Each whiter or
darker domain appears as an entire grain. Each grain
is not a single crystal but is composed of numerous

Figure 5. Nephrite sample ELS27 illuminated laterally by a flashlight. B is a magnified view of the area indicated by
the rectangle in A, showing clearer contours of the grains, while C further outlines the grain shapes with yellow
dashed lines. Photos by Meiyu Shih; fields of view 2.73 cm (A) and 0.774 mm (B and C).
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small crystals with sizes less than 2 um. The whole
grain can be regarded as a pseudomorph. With higher
magnification, several lenticular contours (figure 6,
outlined in red) could be observed within the grains,
each with a length not exceeding 700 pm. These
lenticular contours may either interconnect to form
a network or remain dispersed, constituting a
pseudo-rhombic microstructure. In addition, subpar-
allel lineations that together resembled a claw were
observed (again, see figure 4).

Figure 6. Sample ELS27
under reflective illumina-
tion displaying pseudo-
rhombic microstructure
on the granular pits and
bumps of the surface. The
inset shows an enlarged
section of the surface to
better demonstrate its
unevenness. Small lenticu-
lar contours Iocated on the
depressions of the granular
pits and bumps are outlined
in red. These lenticular
contours may either inter-
connect to form a network
or remain dispersed, consti-
tuting a pseudo-rhombic
microstructure. Photomi-
crograph by Meiyu Shih;
fields of view 17.79 mm
and 1.18 mm (inset).

Chemical Composition. The white nephrite samples
studied consist of an almost pure tremolite end mem-
ber according to EPMA data and Leake et al.’s formula
calculations (1997) (figure 7 and table 2). The chemi-
cal formula for amphibole is AB,V'C,VT;0,,W,. The
meanings of the notations are as follows: A = A-site
cations (including Na*, K*, or vacancies); B = large
cations in the B-site; T = tetrahedral site cations; C =
octahedral site cations; W = anions such as OH-, F,
or Cl- (Leake et. al., 1997).

Figure 7. Mg/(Mg + Fe?*) and Na + K + 2Ca diagrams for amphibole classification (modified from Leake et al., 1997)

with the sample compositions plotted in orange.

AMPHIBOLE CLASSIFICATION DIAGRAMS
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TABLE 2. Chemical composition (in wt.%) of three Russian white nephrite

samples, analyzed by EPMA.

ELS27 ELS24 ELS13-1 ELS13-2

SiO, 58.46 58.79 58.69 58.58
TiO, bdl? 0.05 0.04 0.01

ALO, 0.50 0.60 0.60 0.62
Cr,0, bdl 0.04 bdl bdl

Fe,O, bdl bdl bdl 0.16
FeO 0.17 0.18 0.32 0.15

MnO bdl 0.06 0.01 0.08
MgO 24.61 24.70 24.57 24.42
CaO 13.02 13.23 12.80 13.06
Na,O 0.09 0.09 0.10 0.40
K,O 0.07 0.10 0.08 0.12

F 0.34 0.51 0.41 0.32

NiO bdl 0.01 0.07 0.06
Totals 97.26 98.36 97.70 97.95
H,0...c 2.19* 2.20* 2.10% 2.20%

Calculated stoichiometry (apfu)®

T 8.001 8.002 8.017 7.992
Ty 0.000 0.000 0.000 0.000
Ty 0.000 0.005 0.004 0.001
Tom 8.001 8.008 8.021 7.993
Cai 0.080 0.096 0.097 0.100
Cres. 0.000 0.000 0.000 0.000
Ce 0.000 0.004 0.000 0.000
Cui 0.000 0.001 0.008 0.006
Cug 5.022 5.012 5.004 4.967
Crerr 0.000 0.000 0.000 0.000
Com 5.102 5.114 5.108 5.073
Bz 0.000 0.007 0.001 0.009
Bfea 0.019 0.020 0.037 0.033
Be, 1.918 1.937 1.878 1.917
Bna 0.110 0.093 0.119 0.154
B 2.047 2.058 2.035 2.113

sum

ahdl = below detection limit; indicates values below 0.01 wt. %.

bStoichiometries were calculated on the basis of 23 oxygen atoms to account for fluorine and chlorine replacing
hydroxyl. Ferric iron content was estimated based on charge balance. The atoms per formula unit values were
calculated and normalized to ensure charge balance, maintaining overall electrical neutrality in the formula.
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TABLE 2 (continued). Chemical composition (in wt.%) of three Russian white

nephrite samples, analyzed by EPMA.

ELS27 ELS24 ELS13-1 ELS13-2
Ac, 0.000 0.000 0.000 0.000
Ans 0.000 0.000 0.000 0.000
A 0.000 0.000 0.000 0.000
Won 2.000 2.000 2.000 2.000
W, 0.129 0.199 0.157 0.119
W, 0.000 0.000 0.000 0.000
Wo,. 0.000 0.000 0.000 0.000
W, 2.129 2.199 2.157 2.119
Mg2/(Mg?*Fe>) 0.996 0.996 0.993 0.993
3Si 8.001 8.002 8.017 7.992

abdl = below detection limit; indicates values below 0.01 wt. %.

bStoichiometries were calculated on the basis of 23 oxygen atoms to account for fluorine and chlorine replacing
hydroxyl. Ferric iron content was estimated based on charge balance. The atoms per formula unit values were
calculated and normalized to ensure charge balance, maintaining overall electrical neutrality in the formula.

Due to the presence of hydroxyl groups, the total
EPMA content of the amphibole group is usually
less than 100 wt.% (e.g., Jiang et al., 2020; Yang et
al., 2022; Zhang et al., 2022). Due to the low signal
intensity, the chlorine content was not detected.
Assuming two hydroxyl groups (2(OH)) for our the-
oretical calculations, the water (H,O) contents of
ELS27, ELS24, ELS13-1, and ELS13-2 were calcu-
lated as 2.19, 2.20, 2.19, and 2.20 wt. %, respectively,
and the total compositions summed to 99.45, 100.56,
99.89, and 100.15 wt.%, respectively. These devia-
tions were within an acceptable range of 1.5 wt.%
from the ideal 100 wt.% composition.

The BSE images of the white nephrite samples
were uniform (figure 8), suggesting a nearly homoge-
neous chemical composition without other apparent
mineral components, although minimal calcite and
apatite have been reported in Russian white nephrite
(Zhang and Zhao, 2012). All the available element
map images show nearly homogeneous colors (figure
9), except for the iron map image, in which the
darker areas in the intact pseudomorphs indicate
richer iron content, whereas the brighter areas in the
incomplete pseudomorphs indicate lower iron con-
tent, possibly due to slight iron contamination
during later-stage growth.

Microstructure. Metasomatic pseudomorph

microstructure. Polygonal pseudomorphs were
observed in the Russian white nephrite samples

278  WHITE NEPHRITE FROM RUSSIA

(figure 10). They reached 2.0 mm in size and were not
single crystals. Instead, each one was an aggregate of
many tiny tremolite crystals. Each individual
pseudomorph showed flat contact with its neighbors.
Together they formed an isogranular mosaic
microstructure with respect to the whole nephrite,
provided that each pseudomorph was considered a
separate grain. This flat contact indicated that the
original grain boundaries of the precursor rock were

Figure 8. BSE image of Russian white nephrite sample
ELS27. The similar contrast levels across the image indi-
cate a nearly homogeneous chemical composition.
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preserved during the metasomatic process. The
microstructure exhibited by the pseudomorphs
resembles that of a coarse-grained dolomitic marble,
which is considered the precursor parent rock. This
resemblance suggests that the pseudomorphs formed
through metasomatic replacement of dolomite by
tremolite. Thus, each pseudomorph was interpreted
to be equivalent to a precursor marble crystal from

WHITE NEPHRITE FROM RUSSIA

Figure 9. Photomicrograph
and corresponding micro-
XRF elemental maps of
the same area of white
nephrite sample ELS27.

A: The analyzed domain of
the white nephrite (cross-
polarized illumination).
Photomicrograph by Meiyu
Shih; field of view 5 mm.
B-I: Element maps of
aluminum, calcium,
magnesium, sodium, iron,
manganese, potassium,
and titanium, respectively.
According to A, the
observed heterogeneity in
the iron content in F may
indicate the occurrence of
a late-stage filling phase.
Other element maps indi-
cate a nearly homogeneous
chemical composition
within the same area of
the thin section.

the dolomitic marble parent rock. Notably, the flat
contacts between neighboring pseudomorphs were
seamless and compact, even under magnification.
Inside an individual pseudomorph, long and dense
tremolite fiber veins form an interconnected net-
work, referred to as the “vein net” (figure 10). The
veins intersect and extend across almost one entire
pseudomorph, forming connected pseudo-rhombs

Figure 10. White nephrite
sample ELS27 showing a
metasomatic pseudomorph
| microstructure of numer-
ous tiny tremolite grains.
Crossed-polarized illumi-
! nation (left) and reflected
. darkfield illumination
(right). Photomicrographs
by Meiyu Shih; field of
view 4.18 mm.
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inside as a result of the replacement of dolomite in
the marble by tremolite. Within these veins, tremo-
lite fibers are distributed almost parallel to the vein
walls and exhibit nearly identical interference colors
and extinction directions. The pseudo-rhombs range
from 100 to 500 pum in length and exhibit similar
interference colors and extinction directions. Within
each pseudo-rhomb is an inner region, mainly com-
posed of fine and compacted fibers, approximately
200 pm in width, and a central domain that may be
relatively less compact or even empty (figure 11). The
arrangement of these pseudo-rhombs displays a pat-
tern similar to the three typical sets of cleavage
planes and twin planes in calcite, dolomite, or both.

The fibers or tiny crystals inside each pseudo-
rhomb did not show clear boundaries, and adjacent
crystals appeared to be connected. In the central
domain, tiny empty spaces often occurred among the
tremolite fibers (figure 11). Based on the microstruc-
ture, inner region fibers formed under the guidance
of the veins. The fibers terminated at the core or
reached the other side of the same pseudo-rhomb (fig-
ure 11), suggesting a formation sequence of the
pseudo-rhomb: from the vein net to the fibrous inner
region and then to the central domain. Although the
formation sequence was somewhat complicated, the
precursor rock had been thoroughly replaced by
tremolite, as no carbonate minerals could be detected
in the white nephrite studied.

Microstructure Due to Fissures. Two types of fissures
exist in the studied samples: intrapseudomorphs and
interpseudomorphs (see box A). The former occur
within pseudomorphs and mainly developed along
the long fiber veins, and some even bifurcated when
crossing the intersecting veins (figure 12). In contrast,
the latter occur occasionally between pseudomorphs
and developed along the pseudomorph boundary. No
fissures were observed to cut through a pseudo-
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rhomb. The fissures ranged from 0.2 to 1.5 mm long.
Notably, ductile deformation and dynamic recrystal-
lization dominating the microstructure of jadeite
jade from Myanmar (e.g., Shi et al., 2009) were not
obvious in the Russian white nephrite due to the flat
contacts between the pseudomorphs (figure 10). The
direction of the lineation was closely related to its
growth microstructure. Some domains in the aggre-
gation were more compact than others (e.g., the
centers of some pseudomorphs or some pseudo-
rhombs), and microfissures were more likely to occur
at the weak edges of these aggregations, forming the
intrapseudomorph and interpseudomorph fissures
(figure 11). The intrapseudomorph fissures were
likely to be the main contributors to claw lineation,
which usually occurs on a small scale and is not eas-
ily observed without magnification.

Cathodoluminescence Imaging. CL imaging revealed
the presence of vein nets and pseudo-rhombs in the
Russian white nephrite. In sample ELS27 (figure 13),
the representative vein net exhibits strong pink lumi-
nescence, highlighting many pseudo-rhombs with
pink to violet light (figure 13). The fissures appeared
light pink due to the reflective cathodoluminescence.
Notably, figure 13 (right) reveals that the variation in
the long-axis directions of the pseudo-rhombs sug-
gests the presence of several pseudomorphs.

DISCUSSION

Microstructure Formation. White nephrite from Rus-
sia was reportedly hosted by carbonate rocks and
formed through the replacement of dolomitic marble
by skarn metasomatism (e.g., Harlow and Sorensen,
2005; Burtseva et al., 2015). Although not all replaced
phases have the same microstructure as the precur-
sor rock, the original microstructure was well
preserved in the white nephrite studied. The flat

“ Figure 11. Microstructure
| of the interior of a pseudo-
morph with a vein net,
inner region, and central
domain (sample ELS27).
Plane-polarized illumina-
tion (left) and cross-
polarized illumination
 (right). Photomicrographs
by Meiyu Shih; field of
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boundaries between the large pseudomorphs in the
studied nephrite reveal that its precursor rock,
dolomitic marble with an isogranular mosaic
microstructure, was likely formed by static metaso-
matism rather than dynamic metamorphism.
Dolomite has three sets of well-developed cleav-
ages, and twin planes easily develop during the
diagenetic process. These well-developed planes could
have separated and formed pseudo-rhombs inside a sin-
gle dolomite crystal. Such pseudo-rhombs are similar
to the outlines of the vein nets in the pseudomorphs
in the studied nephrite. This similarity was interpreted
to mean that the vein net outlines were the pseudo-

— —— Pseudo-rhombs

/

Pseudo-rhombs

g B
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Figure 12. Two fissure
types in sample ELS27.

A and B: Intrapseudomorph
fissures (IntraPF) were
curved rather than flat,
mainly developed along
the long fiber veins, and
some even bifurcated
when crossing the inter-
secting veins. C and D:
Interpseudomorph fissures
(InterPF) were rarely
observed and developed
along the pseudomorph
boundary. Plane-polarized
illumination (A and C)
and cross-polarized illumi-
nation (B and D).
Photomicrographs by
Meiyu Shih; fields of view
1.75 mm (A and B) and
3.50 mm (C and D).

rhomb bodies inherited from the prior dolomite crystal
grains. This interpretation is supported by the previ-
ously formed parallel vein net that linked the entire
pseudomorph, suggesting that an early phase of tremo-
lite precipitation occurred as the fluids penetrated
through existing channels induced by the cleavage
plane inside the precursor dolomite crystal.

The microstructure of the pseudo-rhombs of the
Russian white nephrite showed that the replacement
of dolomite by tremolite took place from the rim to
the core inside an individual pseudo-rhomb. Since no
residual dolomite or calcite was retained inside the
pseudo-rhombs and all the reactant products were

%

Figure 13. Cathodolumines-
cence images of sample
ELS27. Left: Classic pattern
of pseudo-rhombs and vein
net in the pseudomorphs.
Right: Fissures along the
vein net between the
pseudo-rhombs. Images

by Bigian Xing.

o+ Fissures

GEMs & GEMOLOGY FALL 2025 281



tremolite without any other phases, the replacement
is inferred to be complete, as indicated in reaction 1:

5CaMg(CQO,), + 4H,0 + 8SiO,(aq) —
Ca,Mg,[Si,0,,],(OH), | + 3Ca(HCQO,), + 4CO, (1)

This reaction implied a sufficient fluid supply for
metasomatism. Based on the observations, a for-
mation model of Russian white nephrite by fluid
flow within a single carbonate crystal (figure 14)
is proposed.

Before metasomatism occurred, transmission
channels for fluid flow had already developed through
the interconnected planes (i.e., grain boundaries and
cleavage planes) in the dolomite of the precursor mar-
ble, induced by factors such as abrupt temperature
changes or tectonic events. These channels allowed
the nascent pseudo-rhombs to be produced. During
metasomatism, the fluid then infiltrated along the
connected plane net as the carbonate crystals were
immersed, and an early-stage tremolite (Tr-I) precipi-
tated by occupying the intersecting plane net,
forming the pseudo-rhomb framework of tremolite.
This constituted the first formation stage of tremolite
and was associated with a precipitation mechanism,
as evidenced by the vein nets of the pseudomorph
framework having a similar crystallographic orienta-
tion (vein net in figures 10 and 11 and Tr-I in figure
14). The initial tremolite framework served to rein-
force and emphasize the pseudo-rhombs and was
further modified during the metasomatic process.
Afterward, middle-stage tremolite (Tr-II) formed
through metasomatism and grew from the base of the

framework toward the interior of each pseudo-rhomb,
as evidenced by the tremolite fibers oriented perpen-
dicular to the outline of each pseudo-rthomb (figure
11, inner region, and figure 14). A late-stage tremolite
(Tr-IIT) formed as tiny fiber-shaped crystal aggregates
around the core of an individual pseudo-thomb, form-
ing a microstructure similar to that of fully encircling
agate (e.g., Zhou et al., 2021).

A possible reason for the homogeneous chemical
composition of Russian white nephrite is the absence
of intermediate phases such as calcite and diopside
during metasomatism. Another possible reason is the
sufficient fluid supply passing through the pseudo-
rhombs, which serve as interconnected fluid
pathways and facilitate complete metasomatism, as
exemplified by reaction 1.

Pattern of the Orange Peel Effect and Interpretations.
Our observations clearly showed that microfeatures
among pseudomorphs in the nephrites were distinc-
tive. Within a specific pseudomorph, the separate
patterns of the higher-relief vein net and lower-relief
central domain observed under reflected illumination
correspond directly to the microstructural framework
revealed under cross-polarized illumination (figure
15). Moreover, the relief pattern shown in figure 15
(A and C) corresponds to the lenticular contours out-
lined in figure 6. Possible reasons for the seemingly
higher-relief and lower-relief areas on the well-
polished surface of the nephrite might involve
orientation discrepancies in the tremolite fibers cou-
pled with differences in their refractive indices and

Figure 14. A formation model of the specific microstructure of Russian white nephrite generated by fluid flow
within a single carbonate crystal. Stage 1: Fluid (orange line) flowing along the channels of the weak planes (black
lines), which are assumed to be cleavages or twinning planes of the carbonate crystal, initially precipitated the
early-stage tremolite (1r-1) and established a rhombic framework (blue lines). This early-stage tremolite (Tr-I)

deposited before the metasomatic process began and further developed during metasomatism. Stage 2: The entire
carbonate crystal was immersed in the fluid, and the middle-stage tremolite (Tr-II, curved thin gray lines) grew on
the foundation of the Tr-I vein net. Stage 3: Tr-II and late-stage tremolite (Tr-111, red dots) formed inward within the
pseudo-rhomb, around its center. The finely crystalline Tr-III may or may not grow in the form of fibrous crystals.

Weak plane Tr-I

NI T T

1]
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Stage 1
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dense or less compact configurations. Notably, this
visual effect was associated with a relatively flat plane
rather than any real topography on the surface (again,
see figure 6). The size and shape of the icy and cloudy
domains correspond to those of the isogranular
mosaic microstructure, with each domain very likely
representing one pseudomorph. In figure 5, if the
direction of the incident light were changed, then the
brightness and transparency of these pseudomorphs
may differ. Thus, these differences were associated
with the isogranular mosaic microstructure of the
precursor dolomite marble before the formation stage
of the nephrite.

Microstructural observations of the individual
pseudomorphs revealed that the vein net consisted
of long tremolite fibers with almost the same orien-
tation distributed along three cleavage planes,
forming a three-dimensional network system of
pseudo-rhomb frameworks by replacement of a pre-
cursor dolomite crystal. A schematic diagram
illustrates the approximate orientation of tremolite;
conoscopic interference images (featuring character-
istic extinction patterns called isogyres) of Tr-I, Tr-II,
and Tr-IMT indicate that the c-axis of tremolite (Tr-I)
is subparallel to the cleavage plane of the replaced
carbonate (figure 16). According to the optical indi-
catrix of tremolite (Verkouteren and Wylie, 2000;
Deer et al., 2013), the maximum refractive index of
tremolite was almost parallel to the long tremolite

WHITE NEPHRITE FROM RUSSIA

! Figure 15. Correlation
between textural pattern
and microstructural frame-
work in pseudomorphs from
sample ELS27. A and C:

* Reflected darkfield illumi-
nation images showing the
separate textural patterns of
higher-relief vein nets and
lower-relief central domains.
B and D: Cross-polarized
transmitted light images of
the same areas shown in A
and C, respectively, reveal-
ing the corresponding
microstructural framework.
8 Dashed lines outline the
pseudomorph boundaries.
Photomicrographs by Meiyu
Shih; field of view 2.8 mm.

fiber orientation, and most oblique and vertical fiber
sections had greater birefringence. This may explain
why the vein net looked higher than the adjacent
area. Furthermore, as the pseudo-rhomb may consist
of either Tr-II alone or of a combination of Tr-II and
Tr-I1I, the former, consisting of similarly oriented Tt-
II, tends to appear relatively flat with minimal light
scattering, and the latter, composed of variously ori-
ented Tr-IT and Tr-III, develops uneven surface relief
that increases light scattering.

The central domain had an indistinct empty space
between the tremolite fibers, indicating that the
replacement of dolomite by tremolite resulted in vol-
ume shrinkage. A calculation based on reaction 1 can
reveal the volume change. If the magnesium in
dolomite were assumed to be relatively immobile
and all the magnesium remained during the replace-
ment of dolomite by tremolite, the volume of ideally
calculated tremolite would be ~13% less than that of
the replaced dolomite. For a specific pseudo-rhomb,
assuming that the vein net framework had been con-
solidated, the process of forming tremolite would not
fully occupy the central domain. This indicates that
tremolite formation would require a greater volume
of dolomite to be replaced. In this situation, if the
earlier tremolite formation resulted in a consolidated
framework, such as a vein net, then empty space
would consequentially appear, similar to what has
been revealed near the central pseudo-rhomb.
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Figure 16. A: Schematic diagram of the optical orientation of tremolite. The red oval represents the optical indicatrix,
which is biaxial negative; the purple lines represent the optical axes (OA); the orange lines represent the crystallo-
graphic axes (a, b, and c); and the blue lines represent the optic principal axes (Bxa, Bxo, N,,) and the corresponding
minimum (N,; 1.599-1.612), intermediate (N,,; 1.614-1.626), and maximum (N,; 1.625-1.637) refractive indices.

B: Photomicrographs of Ti-I, Tr-1I, and Tr-11I in cross-polarized light. The orange lines and orange dot denote the possi-
ble orientations of the a-axis and correspond to the OA, while the white lines represent the possible orientations of the
b- and c-axes. The blue dot marks the orientation of Bxa. C: Conoscopic interference images of Tr-I, Tr-1I, and Tr-I11.
The yellow dashed lines outline the isogyre, the purple lines and purple dots correspond to the OA, and the white cir-
cle is the visual area size of the conoscope. Iiages by Meiyu Shih (B) and Bigian Xing (C).
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Ideally, in the case of individual dolomite grains,
when the replacement by tremolite is initiated along
the rhomb frame and subsequently formed a frame-
work, the porous interior inside each pseudo-rhomb
framework (again, see figures 11B, 13, and 14) could
be the consequence of such volume loss to some
degree, and a quantity of void space might accom-
modate further tremolite precipitation, as the
precipitation of tremolite occurs widely in both
dolomite-replacement and serpentine-replacement
nephrites (e.g., Harlow and Sorensen, 2005; Zhang
et al., 2022; Shi et al., 2024).

Causes of the Intrapseudomorph and Interpseudo-
morph Fissures. There are several possible causes for
the development of intrapseudomorph and inter-
pseudomorph fissures: volume-reducing replacement,
displacement along the weak plane, uneven thermal
expansion, or a gradual decrease in formation temper-
ature of the nephrite. The volume-reducing replace-
ment of dolomite by tremolite is regarded as the
predominant reason. However, this volume reduc-
tion was more or less counteracted by the unique
microstructure of the Russian white nephrite. In ad-
dition, the replacement occurred at a higher temper-
ature than that during fissure development. This
precludes synchronous formation of fissures, as the
fissure is assumed to be coeval with the replacement
and would have been occupied by precipitation of the
fluids. The reason for displacement along the weak
plane of the relevant rock and minerals by later tec-
tonic activity, which could have involved carbonate
cleavages or mechanical twinning retained during
nephritization, the rerupture of veined Tr-III, or deflec-
tion along rigid bodies such as pseudomorph bound-
aries, was proposed by Brown and Macaudiére (1984),
Tullis and Yund (1992), and Kushnir et al. (2015). How-
ever, flat and undeformed or very slightly deformed
boundaries between neighboring pseudomorphs, well-
preserved pseudomorphs, and their pseudo-rhombs
showed no obvious evidence of this influence. Uneven
thermal expansion caused by external forces might
have induced fissures. Several Russian nephrite mines
are located at elevations between 1000 and 1500 m
with seasonal changes involving freezing and thawing,
and the anisotropy of thermal expansion in randomly
oriented grains might have caused fissures to grow.
However, fissures, especially intrapseudomorph fis-
sures, occurred exclusively along the vein of the
pseudo-rhombs in the Russian white nephrite sam-
ples. Hence, the fissures were considered to be inde-
pendent of uneven thermal expansion.

WHITE NEPHRITE FROM RUSSIA

The most likely reason for the fissures was a
gradual decrease in the formation temperature of the
nephrite. For a specific rock body, if its microstruc-
ture is homogeneous, then volume shrinkage
induced by a temperature drop might occur homo-
geneously. Some long hexagonal basalt prisms are
good examples of this phenomenon (Xu et al., 2020).
Although Russian white nephrite is a monomineral
aggregate, its microstructure is inhomogeneous,
even in an individual pseudomorph. The fissure
morphology indicates gradual propagation rather
than brittle failure, as evidenced by its selective
occurrence along the boundaries among the pseudo-
morphs and the vein net inside the pseudomorphs.
Therefore, such fissure characteristics that corre-
lated with the inhomogeneous microstructure of the
Russian white nephrite were interpreted as unique
features. Thus, the lineation (especially the claw lin-
eation) in Russian white nephrite has implications
for locality identification.

Although lineation similar to that described in this
paper has only been found in white nephrite from
China (Xinjiang), South Korea, and Russia (e.g., Hou
etal., 2010; Jiang et al., 2020), the lineation features in
Xinjiang and South Korean nephrite show a long,
densely oriented pattern or a long, slightly curved pat-
tern and have been subjected to dynamic deformation.

Gemological Implications. Although all white
nephrite from Russia, China, and South Korea are
hosted by carbonate rocks and formed through the
replacement of dolomitic marble (e.g., Yui and Kwon,
2002; Harlow and Sorensen, 2005; Burtseva et al.,
2015; Gao et al.,, 2019b; Zhang et al., 2022), their
appearance characteristics (such as transparency, lus-
ter, homogeneity, and compactness) are quite similar.
However, this study reveals distinctive microfeatures
specific to Russian white nephrite.

In particular, among 60 samples of Russian white
nephrite, when seven samples with poor trans-
parency and polish were excluded, we determined
that 100% exhibited pits and bumps, 88% showed
pseudo-rhombic microstructure, 81% displayed icy
and cloudy domains, and 68% manifested claw lin-
eation. Compared to the Russian samples studied
here, reports from the literature and observations by
experienced dealers (e.g., Zhang et al., 2001; Pei et al.,
2011) indicate that white nephrite from other locali-
ties, including Qinghai, China, and Chuncheon,
South Korea, does not exhibit such distinctive
pseudomorphs with pseudo-rhombs. Therefore, this
pattern of pseudomorphs with pseudo-rhombs in
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white nephrite from Russia could be regarded as a
diagnostic microstructure, and the orange peel effect
could be used as a powerful and reliable way to dis-
tinguish Russian material from white nephrite
originating from other localities, which is possible
using only a 10x loupe.

CL imaging revealed the pseudomorphs, veins, and
pseudo-rhombs of the Russian white nephrite. The
strong pink luminescence of the netlike Tr-I made
Tr-II and Tr-III more distinguishable, both of which
exhibited pale pink to violet luminescing colors (again,
see figure 13). CL imaging strongly supported our pro-
posed model for the formation of this microstructure
by fluid flow and precipitation and has further impli-
cations for identifying the origin and understanding
the details of the formation of Russian white nephrite.
The distinct CL characteristics of distribution, color,
and intensity observed between Tr-I and Tr-II + Tr-III
imply variations in their formative fluid properties or
other growth conditions.

This microstructure, as well as the appearance of
the orange peel effect on the polished surface of Russ-
ian white nephrite, has significant implications for
understanding this nephrite’s special properties and
usage. The fissures and central domains within the
pseudo-rhombs indicate that the nephrite material
might easily become colored naturally in the pres-
ence of various dissolved metal oxides, which could
explain a feature that Russian white nephrite often
has: a thick “skin” with color variation. Such skin
makes the white nephrite highly desirable for
expressive carvings (e.g., Wang and Shi, 2020; figure
17). The thick colored layer may have geological
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Figure 17. A Russian white
nephrite carving depicting
a woman holding a lotus
flower, measuring approxi-
mately 30 x 19 x 5 cm.
Photo by Yu Ming.

and gemological implications that need further
investigation to fully understand. Conversely, this
characteristic may also allow this material to be
deliberately dyed in the laboratory or factory, poten-
tially causing problems with its identification.

CONCLUSIONS

White nephrite from Russia has a distinctive orange
peel effect and a fissure-like surface, both of which
can be attributed to a well-preserved isogranular
pseudomorph microstructure formed through a
unique metasomatic process. This microstructure
features a three-dimensional net pattern that reflects
its specific formation conditions.

A distinctive three-stage metasomatism model of
dolomite replacement by tremolite for this Russian
white nephrite with a unique microstructure of indi-
vidual pseudomorphs was proposed. In the early
stage, the Tr-I veins precipitated out during fluid
flow, establishing a vein net for the pseudo-rhombs.
In the middle stage, Tr-II formed on the foundation
of the vein net, growing toward the inner domains
inside the pseudo-rhombs. Finally, in the later stage,
the Tr-III possibly filled the central parts of the
pseudo-rhombs (the less compact parts of the
domains). These complicated and independent
pseudomorphs together create the distinctive
microstructure of the Russian white nephrite.

The results of this study will contribute to not
only understanding the microstructure of Russian
white nephrite, but also to supporting the origin
traceability of white nephrite.
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DIAMONDS

Extraordinary Large Bicolor Natural Rough Diamond
Rough pink diamonds are rarely found, and although the
cause of color has been correlated with plastic deformation,
the precise mechanism and atomic configuration for the
resulting color are topics of continuous research. There-
fore, when GIA receives a diamond with distinct pink and
colorless sections (figure 1), it is of scientific interest,
particularly at an astounding weight of 37.41 ct. GIA has
previously examined comparable type Ia pink and colorless
bicolor rough, both reportedly from Australia, in much
smaller specimens weighing less than 2 ct each (Spring
2021 Lab Notes, pp. 53-55).

Sourced from the Karowe mine in Botswana, this rare
find was submitted to GIA’s Botswana laboratory for the GIA
Diamond Origin Report service. The stone measured 24.3 x
16.0 x 14.5 mm and examination showed mostly a sharp
boundary between the pink and colorless zones (figure 2).

The Karowe mine recently has been a frequent source
of noteworthy diamonds, including the second-largest

Ediitors” note: All items were written by staff members of GIA laboratories.
Gems & GemoLocy, Vol. 61, No. 3, pp. 290-301.

© 2025 Gemological Institute of America
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Figure 1. This 37.41 ct
rough diamond has dis-
tinct pink and colorless
zones. Photos by Tebogo
Hambira.

rough diamond ever recovered at 2,488 ct (“GIA tests the
world’s second largest diamond,” GIA Research News,
August 15, 2025), nine diamonds weighing more than
1,000 ct each, and several other pink diamonds, such as the
62 ct type ITa “Boitumelo” (“Lucara recovers 62 carat fancy
pink diamond ‘Boitumelo’ from the Karowe mine in
Botswana,” July 13, 2021, https://lucaradiamond.com/
newsroom/news-releases/lucara-recovers-62-carat-fancy-
pink-diamond-boitum-122825/).

Fourier-transform infrared absorption, visible/near-
infrared (Vis-NIR) absorption, and photoluminescence (PL)
spectroscopy along with deep-UV imaging were collected
from both the pink and the colorless portions of the
submitted diamond in order to better characterize its
properties. The diamond was identified as type IIa with no
observable differences in the IR spectra in the two sections.
Vis-NIR absorption showed the 550 nm absorption band in
the spectrum collected from the pink section; unsur-
prisingly, it was absent from the colorless section (figure 3).
There were minor differences in features detected within the
PL spectra collected with 457, 633, and 830 nm lasers, along
with deep-UV fluorescence imaging when comparing data
collected between the pink and colorless portions. However,
the full peak width at half-maximum of the H3 center
(NVN?; 503.2 nm) was significantly narrower in the pink
section (0.61 nm) than in the colorless section (1.12 nm).

The 514 nm PL spectra did show some differences
(figure 4). The pink zone displayed an undulating broad
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photoluminescence band centered at ~670 nm, commonly
seen in the PL spectra of pink diamonds, that was not
apparent in the colorless spectrum (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).
Additionally, the 514 nm PL spectrum from the colorless
zone showed a series of features from 790-840 nm;
although this series of features is uncharacterized, it is

Figure 3. Comparison of Vis-NIR absorption spectra
collected from the pink and colorless sections. Spectra
are offset vertically for clarity.
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Figure 2. This boundary
shows a sharp transition
from pink to colorless

| zones. Photomicrograph
. by Wanling Tan; field of

V,i view 4 mm.

often observed in the 514 nm PL spectra of rough Ila
diamonds and occasionally faceted diamonds.

Nearly all natural pink diamonds derive their color from
the 550 nm absorption band, which is generally accepted as
a byproduct in the diamond when stress, such as mountain-
building events, results in plastic deformation of the stone.
From what is understood about pink diamond formation, the

Figure 4. Comparison of 514 nm PL spectra collected at
liquid nitrogen temperature from the pink and colorless
sections. Spectra are offset vertically for clarity and are
scaled such that the second-order diamond Raman
features are equal.
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pink section likely was initially colorless and then plastically
deformed resulting in its pink color; it is assumed that the
colorless section formed at a later time after the stress-
causing event. The distinctive appearance of this bicolor
rough diamond displaying two attractive colors, its large size,
and its potential to yield more information about pink
diamond formation make this diamond quite noteworthy.

Sally Eaton-Magafia, Kgotlaetsho Baatshwana, and
Norma-Jean Osi

Pink Diamond with Mottled Appearance

A 1.10 ct Fancy Deep brownish orangy pink round
diamond was recently submitted to GIA’s New York
laboratory for analysis (figure 5). This diamond was
multi-treated—a combination of high-pressure, high-
temperature (HPHT) annealing, irradiation, and subsequent
moderate temperature heating—with the intent to create
nitrogen vacancy (NV) centers and thus achieve the
desirable pink color. Prior to treatment, we assume this
diamond was probably a less desirable brownish color
(this has not been verified).

When viewed face-up, the diamond exhibited a mottled
appearance. Further examination with a gemological micro-
scope revealed that these patterns extended from a shallow
depth to the polished surface. An uneven distribution of
pink color created the mottled appearance—a very unusual
feature for a treated pink diamond.

Figure 5. A 1.10 ct Fancy Deep brownish orangy pink
diamond. Photo by Towfiq Ahmed.
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Figure 6. Mid-infrared spectrum showing the one-phonon
region, A and B aggregated nitrogen at 1282 cm™ and
1175 cm™, respectively, with type Ib (isolated nitrogen)
at 1344 cm™.

The mid-infrared spectrum of this diamond (figure 6)
shows it is a type IaAB with A aggregated nitrogen at
1282 cm and B aggregated nitrogen at 1175 cm™! distributed
throughout the diamond crystal structure. Isolated single
nitrogen impurities were detected at 1344 cm™ (likely the
result of HPHT annealing). An uneven distribution of
nitrogen aggregates may have resulted in a variable NV
center distribution and thus the subtle color distribution.

The visible/near-infrared (Vis-NIR) absorption spec-
trum obtained from this diamond has typical spectral
features of a treated diamond exposed to laboratory
irradiation and heat treatments. These features include the
594 nm peak indicative of irradiation, the NV®and NV-
centers causing the pink color, and the H2 center
indicative of heat treatment (figure 7). Deep-UV
fluorescence images, as observed using the DiamondView
instrument, show a combination of yellow and orange
fluorescence; both of these fluorescence colors can be
created by NV centers and the observed color can vary

Figure 7. Vis-NIR absorption spectrum showing the
594 nm, NV° and NV- (attributed to the pink color),
and H2 centers, indicative of treatment.
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Figure 8. DiamondView images of pavilion and crown facets. The yellow and orange fluorescence, attributed to the
NV? and NV- nitrogen vacancy centers, follows the patterns dictated by the deformation of the crystal structure.
Images by Paul Johnson.

based on the ratio of the negative to neutral NV center
intensities. The NV center distribution and the variation
in the ratio of the NV centers are assumed to be related to
the nitrogen aggregate distribution, which could explain
the mottled color distribution. However, no IR mapping to
chronicle the nitrogen aggregate distribution and no photo-
luminescence mapping of the NV centers to confirm their
distribution was performed.

After formation within the earth, the crystal structure
of a diamond can be subjected to plastic deformation,
which can impart a brown color to the crystal. Such defor-
mation, which is common in brown diamonds (R. Tappert
and M.C. Tappert, Diamonds in Nature: A Guide to Rough
Diamonds, Springer, 2011), appears to resemble the
fluorescence patterns observed in the DiamondView
images shown in figure 8. These DiamondView images
also show a striking pattern in the diamond following the
deformation lines on the octahedral crystal faces. Such

plastic deformation may have contributed to the mottled
pattern observed on the diamond, with the nitrogen
vacancy centers created by treatment appearing to follow
these deformation lines.

This is a notable example of treatments used to enhance
the color of a natural diamond.

Dimitry Krugolets and Paul Johnson

Starburst Cloud Inclusions in Diamond

Recently, the Carlsbad laboratory examined a 2.50 ct Faint
yellow-green round brilliant diamond with several
randomly distributed yellow zones consisting of stacks of
clouds with four-sided star patterns near the girdle (figure
9). The clouds were clusters of micro-inclusions, with the
center of each cloud containing more intensely colored
particles in a cross pattern. When viewed from a different

Figure 9. Viewed through the pavilion, trails of starburst-patterned clouds were observed in patches near the girdle in
a 2.50 ct diamond; in the center of each cloud were more intensely colored particles appearing to form a cross pattern.
Photomicrographs by Forozan Zandi; fields of view 1.26 mm (left) and 2.34 mm (right).
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Figure 10. The same clouds appeared as a row of triangular spikes when viewed from a different direction through the
pavilion. Photomicrographs by Forozan Zandi; fields of view 1.42 mm (left) and 1.58 mm (right).

direction, the same clouds appeared as a row of bright
yellow overlapping triangles (figure 10). The uniqueness of
these clouds triggered an in-depth investigation.

The body of the diamond exhibited blue fluorescence to
long-wave (365 nm) UV radiation, and with a deep-UV
(<230 nm) imaging microscope, the authors were able to dis-
cern that the cloud patches showed weak yellow
fluorescence (figure 11).

The diamond’s ultraviolet/visible/near-infrared
absorption spectrum revealed cape absorption features at
415 (N3 center) and 478 (N2 center) nm. In addition, broad
absorption bands centered at 730 and 836 nm, as well as a
peak at 563 nm, were indicative of hydrogen-related
defects (C.M. Breeding et al., “Naturally colored yellow
and orange gem diamonds: The nitrogen factor,” Summer
2020 Ge)G, pp. 194-219). The infrared absorption spec-
trum indicated that the diamond was type Ia with high
abundance of both nitrogen and hydrogen.

Figure 11. When exposed to deep-UV excitation, the
bulk of the diamond showed blue surface fluorescence,
whereas the yellow color zones and the cross patterns
with visibly darker particles showed weak yellow
surface fluorescence. Image by Sally Eaton-Magania.
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While hydrogen-related defects might cause brownish
or greenish components to the diamond bodycolor, they are
not responsible for the bright yellow color zones in this
diamond. Generally, yellow color in diamond is caused by
cape defects, H3 defects, isolated nitrogen (C-center), or a
480 nm absorption band (Breeding et al., 2020). However,
patchy yellow color zones are more often associated with
C-centers or a 480 nm absorption band (e.g., Breeding et al.,
2020; M.Y. Lai et al., “Spectroscopic characterization of rare
natural pink diamonds with yellow color zones,” Diamond
and Related Materials, Vol. 148, 2024, article no. 111428).

Photoluminescence (PL) spectra were collected on the
bright yellow color zones and the surrounding areas, and
neither the H3 center (at 503.2 nm) nor the characteristic
PL features associated with the 480 nm absorption band
(Lai et al., 2024) were detected. This finding suggests that
these were not the causes for the yellow color zones in
this diamond. The NV~ center at 637 nm, a common
feature of diamonds colored by isolated nitrogen, was
detected only within the bright yellow color zones,
indicating that the yellow color was likely due to the
presence of C-centers located in a confined region on the
surface of the diamond.

Previously, a yellow overgrowth layer that formed on
top of a near-colorless diamond in the late stage of diamond
growth was reported (e.g., M.Y. Lai et al., “Yellow
diamonds with colourless cores — Evidence for episodic
diamond growth beneath Chidliak and the Ekati Mine,
Canada,” Mineralogy and Petrology, Vol. 114, 2020, pp.
91-103). However, the composition and formation of the
clouds of micro-inclusions coincident with the yellow
color zones in this diamond are currently unclear and
require further investigation. This diamond with starburst-
patterned clouds and patchy yellow zones highlights the
crucial role of in situ analytical techniques in gemstone
identification, where the causes of color zones can be deter-
mined based on well-resolved spectroscopic features.

Forozan Zandi, Mei Yan Lai, and Sally Eaton-Magafia
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Figure 12. The 2.50 ct diamond under white LED lighting
of 6500 K (left) and in a dark environment around 10 s
after deep-UV excitation to showcase its phosphorescence
(right). Photos by Nick “Ka Chun” Chan.

Type Ila/IaB Diamond Showing Transient Type Ilb
Responses

Recently, the Dubai laboratory encountered a strongly
phosphorescent natural type Ila/laB diamond, which
showed a transient response, shifting to type IIb after deep-
ultraviolet (<230 nm) excitation. The 2.50 ct oval-shaped
diamond was graded as D color with VS, clarity and
received Excellent grades on both polish and symmetry.
Although instances of strong phosphorescence (Winter
2017 Gem News International, pp. 476-478; Summer 2021
Gem News International, pp. 177-178) and similar tran-
sient responses in natural diamonds (J. Li et al., “A diamond
with a transient 2804 cm™' absorption peak,” Journal of
Gemmology, Vol. 35, No. 3, 2016, pp. 248-252; Winter 2018
Gem News International, pp. 453-455) have been reported
previously, this diamond'’s size and quality make it notable.
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Strong and long-lived phosphorescence such as the blue
phosphorescence observed in this diamond is typical of
high-pressure, high-temperature (HPHT) laboratory-grown
diamonds. As the necessary ingredients for observed
phosphorescence, neutral boron and neutral isolated
nitrogen can be present in HPHT-grown diamonds in
abundance. However, when observed in natural diamonds,
particularly those with a D color grade, phosphorescence
is usually weak and fleeting. The fact that this diamond
exhibited a strong and long-lasting phosphorescence (figure
12) with a duration of more than one minute prompted
further investigation.

Photoluminescence (PL) spectra obtained using 830 nm
laser excitation at liquid nitrogen temperature showed a
very weak 883.1/884.6 nm doublet, a feature that is related
to nickel impurities. In addition, 514 nm laser excitation
produced a spectrum with a weak nickel-related broad
band centered at ~640 nm (W. Wang et al., “Natural type
Ia diamond with green-yellow color due to Ni-related
defects,” Fall 2007 GeVG, pp. 240-243) and a sharp 694 nm
peak ascribed to Ni-N complexes (C.M. Breeding et al.,
“Natural-color green diamonds: A beautiful conundrum,”
Spring 2018 GeJG, pp. 2-27). These characteristics all indi-
cated the presence of nickel, but compared to those
commonly seen in HPHT-grown diamonds, the PL inten-
sities of these nickel-related features were much lower.
DiamondView imaging further ruled out the possibility of
an HPHT-grown diamond due to the absence of typical
growth sectors.

While possible to observe nickel impurities in natu-
ral diamonds, it is rarely coupled with strong
phosphorescence, warranting a more thorough
investigation. A Fourier-transform infrared (FTIR) spec-
trum (figure 13) was re-collected immediately after

Figure 13. FTIR spectra
show a change in diamond
type before and after deep-
UV exposure. Immediately
after deep-UV exposure, an
absorption at ~2800 cim™
was observed, indicating
an uncompensated boron
concentration at ~3 ppb.
Spectra are normalized
for comparison and offset
vertically for clarity.
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deep-UV exposure. An absorption at 2800 cm~' was
induced which correlated to an ~3 ppb concentration of
uncompensated boron, and then it slowly decayed and
became undetectable within a few minutes, a timeframe
longer than the duration in which observable phos-
phorescence dissipated. The weak nitrogen B-center at
1175 cm™, on the other hand, remained unaffected by
deep-UV exposure. This transient response suggested
that boron had been made uncompensated upon deep-
UV exposure and then became detectable under FTIR
spectroscopy. A mechanism has been suggested by Dean
(P.J. Dean, “Bound excitons and donor-acceptor pairs in
natural and synthetic diamond,” Physical Review, Vol.
139, 1965, pp. A588-A602), and a decay model has also
been proposed and studied (J. Zhao et al.,, “Phos-
phorescence and donor-acceptor pair recombination in
laboratory-grown diamonds,” Physical Review B, Vol.
108, 2023, article no. 165203).

For PL analysis, the sample was transferred
immediately after deep-UV exposure to the PL system.
Each PL spectrum was re-collected shortly after deep-UV
exposure, but no noticeable changes were seen before and
after deep-UV irradiation. Unlike typical type IIb natural
diamonds, there were no detectable 648.2 cm™, 3H, or
other characteristic type IIb emissions.

This example demonstrates the intertwined relation-
ships and complexity of features observed in both natural
and laboratory-grown diamonds. Reliance on a single
observable screening feature such as strong phos-
phorescence might lead to misidentification. Advanced
gemological testing and thorough identification processes
are fundamentally important to ensure an accurate gem
identification result.

Nick “Ka Chun” Chan and Satyaprasad Pradhan

.
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Prismatic Bicolor DUMORTIERITE Crystal

Dumortierite is an orthorhombic, fibrous aluminum boro-
silicate mineral (Al,BO,(SiO,);0;) that typically forms
slender prismatic crystals with spectacular color and
pleochroism. The crystals can vary in color from brown,
blue, and green to rarer violet and pink. These color
variations are caused by the substitution of iron and other
trivalent elements for aluminum. Dumortierite typically
occurs in high-temperature, aluminum-rich regional
metamorphic rocks resulting from contact metamorphism
as well as in boron-rich pegmatites, with several reported
sources, including Austria, the United States (Nevada),
Madagascar, and Russia. A few reports of the mineral’s
occurrence have been published in the literature, which
may be of general interest to mineralogists (e.g., A.B. Peck,
“Dumortierite as a commercial mineral,” American Min-
eralogist, Vol. 11, No. 4, 1926, pp. 96-101). Because perfect
dumortierite crystals are very rare, small crystals
surrounded by quartz and andalusite are more typically
observed. Dumortierite has been reported to commonly
occur as a blue mineral inclusion in quartzite (Spring 2015
Gem News International, pp. 100-102).

Recently, GIA’s Bangkok laboratory received a 63.17 ct
partially polished rough crystal with a prismatic shape and
hexagonal cross section, measuring approximately 26.70 x
17.24 x 15.23 mm. The sample exhibited a uniform gray-
blue color externally, with a strongly zoned bicolor core
running along the length of the crystal featuring a pinkish
orange center surrounded by a rim of gray-blue (figure 14).
The color zoning was reminiscent of watermelon
tourmaline’s appearance, but in a different crystal form and
color. The bicolored zoning observed in this dumortierite
may be the result of a change in trace element composition
during the crystal’s growth.

Figure 14. A 63.17 ct
(26.70 x 17.24 x 15.23
mm) prismatic bicolor
dumortierite rough
crystal, viewed from the
side (left) along with a
cross-section view (right),
displaying a pinkish
orange core and a gray-
blue outer layer. Photos
" by Lhapsin Nillapat.
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A refractive index of 1.67-1.69, a hydrostatic specific
gravity of 3.38, and Raman spectroscopy identified this
stone as dumortierite. The stone displayed strong chalky
green fluorescence throughout the surface under short-
wave (254 nm) ultraviolet radiation. Microscopic
observation revealed a strong, partially hexagonal growth
feature along the crystal outline with a zoned pinkish
orange core and a gray-blue outer layer. The partially
hexagonal polished cross section displayed triangular
sectors under cross-polarizing filters. Fluid inclusions and
fingerprints as well as intersecting cleavage planes were
also present in the stone.

As the cause of blue color in dumortierite has been pre-
viously reported to be mainly from Fe*-Ti* intervalence
charge transfer (A.N. Platonov et al., “Fe**-Ti* charge-
transfer in dumortierite,” European Journal of Mineralogy,
Vol. 12, No. 3, 2000, pp. 521-528), energy dispersive X-ray
fluorescence was also performed on the stone to obtain
elemental information and to support its identification.
High aluminum and silicon, which are among the main
components of dumortierite, were detected along with
small peaks of other elements, such as silver, titanium,
chromium, and iron.

This dumortierite rough crystal is remarkable for its
vivid, clearly separated bicolor zones and its rarity, and to
the author’s knowledge, is the most significant example
reported in the literature due to its size, color, and shape.

Ungkhana Atikarnsakul

Quench-Crackled and Dyed LABORATORY-GROWN
SAPPHIRE

One common process used to alter gemstones is the
“quench-crackle and dye” treatment, in which a heated
stone is quenched in room-temperature water, inducing
fractures that allow dye to penetrate the stone and change
the appearance of its color. This technique was introduced
in the 1990s (S.F. McClure and C.P. Smith, “Gemstone
enhancement and detection in the 1990s,” Winter 2000
Ge)G, pp. 336-359) and is typically applied to quartz, cubic
zirconia, glass, and other synthetic gemstones due to their
low cost and high availability.

The Carlsbad laboratory recently received a 12.65 ct
laboratory-grown colorless sapphire that showed signs of
treatment (figure 15). At first glance, the overall face-up
color of this stone suggested it was a Paraiba tourmaline
or a low-quality emerald. With the unaided eye, the color-
causing dye-filled fractures were faintly visible. The
refractive index, specific gravity, and other basic
gemological tests identified the material as sapphire. Along
with the lack of natural inclusions, testing with X-ray
fluorescence revealed the absence of both gallium and iron,
confirming that the stone was laboratory-grown. Visible/
near-infrared (Vis-NIR) absorption spectroscopy displayed
a broad band around 650 nm that did not match natural
color-causing components found in corundum (figure 16).

LA NOTES

Figure 15. Face-up appearance of a quench-crackled and
dyed laboratory-grown colorless sapphire, measuring
13.10 x 12.73 x 7.51 mm. Photo by Adriana Gudino.

This explains the unnatural color of this sapphire. With a
microscope, the fractures within this stone displayed
characteristic weblike fractures induced by quenching.
Unlike naturally occurring fractures, the fractures

Figure 16. A comparison of the Vis-NIR spectra of a nat-
ural colorless sapphire, a natural bluish green sapphire,
and the bluish green laboratory-grown sapphire demon-
strates that the color in the latter results from the dye
seen in figure 17. Spectra are offset vertically for clarity.
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produced by this type of treatment have uniform spacing
and depth, as shown in figure 17.

Jamie Leigh Price

PEARLS
Two Assembled Pearls

Recently, GIA’s Mumbai laboratory received an intriguing
pair of mounted pearl earrings, which were later
unmounted for identification and concluded as assembled
pearls. Both button-shaped pearls were partially drilled and
exhibited a light cream hue. Pearl A measured 12.19 x
11.88 x 7.38 mm and weighed 7.40 ct, and pearl B measured
12.58 x 12.06 x 9.18 mm and weighed 9.37 ct (figure 18).

The face of each pearl appeared smooth and showed
typical fine overlapping aragonite platelets, while each
base exhibited prominent layering of materials used in
the assembly process. The inner layers revealed a concen-
tric acicular core with significant cracks typically seen in
a natural pearl growth structure. This was surrounded by
a layer of yellowish translucent material consisting of
brown bubble-like spots, likely the adhesive material
used in bonding the inner core with the outer nacreous
dome (figure 19).

Real-time X-ray microradiography (RTX) imaging of the
two pearls revealed similar unusual internal compositions
(figure 20). The inner cores were distinctly rounded and
exhibited growth features consistent with those of natural
pearl. The outer domes appeared more button shaped,
featuring a straight profile that flared outward toward the
base and lacked a defined growth structure. These features
suggested they may be blister materials, as indicated by the
visible dark conchiolin layer and open skirts. However,
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Figure 17. Dye concen-
trations along shallow,
weblike induced fractures
evenly spaced across the
surface of a colorless
laboratory-grown sapphire.
Photomicrograph by Jamie
Price; field of view 5.50 mm.

whether these nacre domes were shell blisters, blister
pearls, or cut whole pearls, and whether they were natu-
rally formed or cultured could not be determined.

Figure 18. Two partially drilled button-shaped light
cream assembled pearls weighing 7.40 and 9.37 ct,
respectively, mounted in a pair of earrings. Photo by
Gaurav Bera.
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Pearl A

Natural pearl core Adhesive layer

Therefore, their exact identity remains inconclusive (Fall
2015 Lab Notes, p. 318). Notably, each pearl showed a wide
opening at the end of its drill hole. RTX imaging indicated
that pearl A was partially drilled and pearl B was fully
drilled prior to assembly. Both surface evidence and RTX
imaging suggest that these natural cores had been bonded
with the nacre domes using a radiolucent adhesive mate-
rial. The natural cores and nacre domes may or may not
belong to the same pearl. In addition, both pearls presented
a significant internal void, which is a typical characteristic
of assembled pearls or materials such as mabe pearl.
When exposed to X-ray fluorescence, the faces of the
pearls displayed a very weak greenish reaction, while the
bases showed a weak greenish yellow reaction for the outer
nacre domes and the inner cores remained inert. Energy-
dispersive X-ray fluorescence analysis on the face of each

Figure 19. The base of pearl
A measuring 12.19 x 11.88
mm and pearl B measuring
12.58 x 12.06 mm, showing
the layering of different
materials used in the
assembly process. Photos
by Gaurav Bera.

Pearl B

<«<—> Nacreous dome layer

pearl revealed no trace of manganese and high strontium
levels of 1353 ppm and 1532 ppm, respectively, indicating
a saltwater origin. Under long-wave (365 nm) ultraviolet
radiation, the top surface of both pearls exhibited a mod-
erate bluish reaction, while the inner bottom layers
displayed a weak yellowish green to light orangy red. A
weaker overall reaction was observed under short-wave
(254 nm) ultraviolet radiation.

The specific type of assembled pearl observed in this
pair of earrings, in which natural pearl cores are used to
simulate the appearance of natural pearl growth, is
uncommon. Such items require comprehensive laboratory
testing for accurate identification, as once mounted, these
assembled pearls can easily deceive the human eye.

Roxane Bhot Jain, Abeer Al-Alawi, and Chunhui Zhou

Figure 20. RTX imaging of
both pearls revealing natu-
ral pearl cores (indicated
by red arrows), void for-
mations along with the

Pearl A

Natural pearl core

Adhesive layer

LA NOTES

radiolucent adhesive mate-
rial (green arrows), and
button-shaped nacreous

domes (yellow arrows).
Pearl B

<«— Nacreous dome layer
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Figure 21. A dark gray and brown hollow natural pearl (2.89 ct, 11.13 x 10.47 x 10.16 mm) with a surface opening
(indicated with arrow). The four fragments next to the pearl were recovered from its opening. Photos by Gaurav Bera.

Low-Heft Hollow Natural Pearl with an Opening

Pearls with low heft are always of interest as they usually
exhibit a large size relative to their weight, and it is often
difficult to ascertain whether they are hollow or have been
filled. GIA’s Mumbai laboratory recently received for
identification a dark gray and brown semi-baroque pearl
weighing 2.89 ct and measuring 11.13 x 10.47 x 10.16 mm
(figure 21). Chemical analysis using energy-dispersive X-
ray fluorescence determined no measurable manganese but
a strontium content of 934 ppm, indicating a saltwater
origin. Under long-wave (365 nm) and short-wave (254 nm)
ultraviolet radiation, the pearl was inert.

The pearl contained a surface opening measuring
approximately 2.46 x 1.94 mm, forming a window into the
pearl where light brown fragments could be observed
(figure 22, left). During transport and through the course of
testing, four angular-shaped fragments with slightly
rounded edges emerged from the opening, each weighing
approximately 0.01 ct (figure 22, right), suggesting they had
fractured within the pearl.

Real-time X-ray microradiography (RTX) revealed a
large void with a dark gray radiolucent material inside,
surrounded by a lighter gray outer rim of nacre (figure 23,
left). The structure was more apparent using X-ray

Figure 22. Left: Opening in the pearl’s surface with fragments visible. Right: A fragment that was dislodged from the

pearl. Photomicrographs by Keaton Talker; fields of view 6.40 mm (left) and 3.00 mm (right).
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Figure 23. RTX image (left) and u-CT image (right) of the 2.89 ct pearl with faint radiolucent material visible in the

hollow void.

computed microtomography (u-CT) imaging (figure 23,
right), where many radiolucent fragments were visible
inside the large void.

Further microscopic observation suggested that the dis-
lodged fragments were made of an organic-rich resinous
substance that appeared brownish yellow, similar to the
fragments inside the opening and the organic material
around it. However, due to the fragile nature of the pearl,
Raman spectroscopy to conclusively identify this material
was not possible.

Although some hollow pearls are intentionally filled
with foreign materials to increase their weight and durabil-

ity (Summer 2019 Lab Notes, pp. 251-254), the material
inside this pearl appeared to be an organic-rich substance
that naturally formed within the pearl. In addition, the
void’s shape followed the outline of the pearl, which has
been previously observed in natural pearls (“Pearls with
unpleasant odors,” GIA Research News, March 23, 2009).
The opening on the pearl’s surface provided a rare glimpse
into its natural filling, allowing the observation of organic-
rich material as it became dislodged—a fascinating and
significant occurrence.

Nishka Vaz and Abeer Al-Alawi
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Figure 1. This diamond feather and its reflection resem-
ble a UFO flying across the sun. Photomicrograph by
Michaela Damba; field of view 3.57 mm.

“UFO” in Diamond

The author recently examined a 3.03 ct Fancy Deep
brownish orangy yellow diamond featuring a small feather
on the table and very strong yellow color zoning in a
stellate pattern. When held table to culet, the diamond dis-
played a feather that, with its reflection, appeared as a
caricature of an unidentified flying object soaring across
the sun (figure 1).

Feathers are common inclusions that impact the clarity
grade of a diamond. This diamond received a clarity grade
of SI, based on its etch channels and several feathers. Color
zoning does not impact the clarity grade, but it can affect
the overall color grade of a diamond.

Michaela Damba
GIA, Carlsbad

302 Micro-WORLD

Cristobalite Stars and Snowflakes in
Devitrified Glass

Recently, the authors examined a 3.04 ct transparent green
oval mixed cut stone. Basic gemological testing suggested
this stone was glass, which was further supported with
Fourier-transform infrared and Raman spectroscopy
showing characteristic features of artificial glass.
Although artificial glass is one of the most common gem
simulants, microscopic observation revealed a unique
inclusion scene. In addition to gas bubbles, many six-pointed
star-shaped platelets were observed (figure 2). These star-
shaped platelets exhibited a dendritic pattern, which could
be seen clearly when observed in brightfield illumination
(figure 3). In this lighting environment, the stars more
closely resembled snowflakes. Additional inclusions were
also observed, taking the form of three-dimensional lattices
with spikes at each tip (figure 3). All inclusions were
identified as cristobalite by Raman spectroscopy.
Cristobalite, a crystallized form of silica, is a common
inclusion in artificial glass formed by devitrification (e.g.,
E.J. Gubelin and J.I. Koivula, Photoatlas of Inclusions in
Gemstones, Volume 1, ABC Edition, Zurich, 1986, p. 430;
G. Bosshart, “Cobalt glass as a lapis lazuli imitation”
Winter 1983 Ge)G, pp. 228-231). Devitrification is the
process by which an amorphous material changes to a
crystalline state. Crystalline inclusions produced by this

About the banner: Prismatic tourmaline crystals intersect in this goshenite
beryl from Goverador Valadares, Minas Gerais, Brazil. Photomicrograph
by Nathan Renfro; field of view 11.28 mm.

Gems & GEMOLOGY, VoL. 61, No. 3, pp. 302-307.
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Figure 2. Many six-pointed star-shaped platelets and
round gas bubbles are observed in this artificial glass.
Photomicrograph by Kanako Otsuka; field of view
2.51 mm.

process can give a natural appearance to glass simulants
(e.g., Summer 2018 Ge)G Micro-World, pp. 230-231).
However, this artificial glass, which was likely made to
imitate emerald, has a unique beauty that would not exist
in natural gemstones.

Kanako Otsuka and Kazuko Saruwatari
GIA, Tokyo

MicrRo-WORLD

Figure 4. A natural 47.77 ct Ethiopian opal with an
unusual play-of-color pattern. Photo by Nuttapol Kitdee.

Natural Opal with Unusual Play-of-Color Pattern

Ethiopian opal was first discovered in the early 1990s and
is capable of producing spectacular play-of-color in a
variety of patterns and bodycolors. Some Ethiopian opals
exhibit macroscopic finger-like structures called digit
patterns: columnar zones of interpenetrating play-of-color
within a network of common opal (B. Rondeau et al.,
“Play-of-color opal from Wegel Tena, Wollo Province,
Ethiopia,” Summer 2010 G&)G, pp. 90-105).

Recently, the author encountered a 47.77 ct gray
Ethiopian opal displaying attractive play-of-color in an
unusual pattern (figure 4). Basic gemological observation
and properties confirmed that the stone was a natural non-

Figure 3. Brightfield
illumination reveals a
dendritic pattern in the
star-shaped platelets,
which bear a striking
resemblance to snowflakes.
Smaller three-dimensional
crystal inclusions are also
| observed in the artificial

| glass. Photomicrograph by
Kanako Otsuka; field of
view 1.58 mm.
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hydrophane opal. Interestingly, the play-of-color pattern in
this specimen was confined to distinct “cells” separated
by greenish-colored opal, resembling a turtle-shell
structure on the top of the cabochon (figure 5). This is one
of the most extraordinary patterns in natural opal that the
author has examined.

Ungkhana Atikarnsakul
GIA, Bangkok

“Melon” Pearl

Non-nacreous pearls are characterized by the absence of
iridescent layers of nacre and are recognized for their dis-
tinctive surface characteristics. For some non-nacreous
pearls, their unique look is attributed to the calcite
structure’s patterning on the surface. Such structures
can result in a wide range of surface appearances,
predominantly featuring a cellular pattern, in contrast

304 Micro-WORLD

Figure 5. The turtle shell-
like pattern of the natural
opal as seen in oblique
reflected light. Photo-
micrograph by Ungkhana
Atikarnsakul; field of
view 14.4 mm.

to nacreous pearls, which typically display overlapping
aragonite platelets.

Recently, the authors examined a parcel of non-nac-
reous yellow, gray, brown, and black pearls of various
shapes reportedly sourced from Pinctada radiata
mollusks fished from Bahrain. Among the samples, an
oval non-nacreous black pearl with grayish yellow areas
at its center, weighing 0.085 ct and measuring 2.46 x
2.25 mm, stood out for its fascinating surface appearance
(figure 6, left). When viewed under magnification, its
subsurface revealed a reticular netted structure
characterized by a spiky veined cellular pattern (figure 6,
right). Although the authors have previously encountered
similar surface textures, this particular pattern was
intriguing, as it closely resembled the netted tissue found
on the surface of a melon.

Pfokreni Nipuni and Abeer Al-Alawi
GIA, Mumbai

Figure 6. Left: A non-nac-
reous 0.085 ct pearl with
a unique netted surface
resembling the exterior
of a melon. Right: The
reticular netted cellular
structure on the pearl’s
surface. Photomicrographs
by Pfokreni Nipuni; fields
of view 4.0 mm (left) and
1.0 mm (right).
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Gersdorffite in Quartz

While examining a 59.32 ct transparent colorless freeform
shield-shaped step cut from Kara-Oba in the Karagandy
Province of Kazakhstan, we noticed something curious.
Using optical microscopy, X-ray powder diffraction, and
standard gemological testing, we identified the sample as
transparent rock crystal quartz and its eye-visible inclusions
as the isometric nickel arsenic sulfide, gersdorffite.

What made this quartz subject particularly interesting
to study was the euhedral morphology of the opaque,

MicrRo-WORLD
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Figure 7. Octahedral
gersdorffite inclusions in
quartz appearing as trian-
gles. Photomicrograph by
Nathan Renfro; field of
view 8.16 mm.

silvery gray, highly reflective, cubically modified octahe-
dral crystals of gersdorffite. From one side of the quartz
host, the inclusions with octahedral faces reflected as trian-
gles (figure 7). Through the opposite side of the host, the
faces of the very same inclusions appeared as hexagons
(figure 8). In this sample, the perceived shape of the
inclusions—triangles or hexagons—depends entirely on
viewing direction.

John I. Koivula and Nathan Renfro
GIA, Carlsbad

Figure 8. When viewed
from the opposite side of
the quartz host, the same
gersdorffite inclusions
display as hexagons.
Photomicrograph by
Nathan Renfro; field of
view 8.11 mm.
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Figure 9. Sea urchin-like 3D radial fissures in a heated
Mong Hsu ruby. Photomicrograph by Taku Okada; field
of view 1.70 mim.

Sea Urchin-Like 3D Radial Fissures in a Heated
Mong Hsu Ruby

The author recently examined a 1.34 ct red stone with a
three-dimensional radial inclusion resembling a sea urchin,
or uni in Japanese (figure 9). The stone was identified as a
heated ruby from Mong Hsu, Myanmar, based on trace
element chemistry, chalky fluorescence under short-wave
(254 nm) UV radiation, and the altered state of diagnostic
inclusions (A.C. Palke et al., “Geographic origin deter-
mination of ruby,” Winter 2019 GeJG, pp. 580-613). Mong
Hsu rubies rarely contain such large crystals, indicating
that this was an aggregate of tension fissures and not a
crystal at all. These fissures likely formed when an
isolated, relatively small inclusion expanded during

306 Micro-WoRLD

heating. If an inclusion has a thermal expansion coefficient
greater than that of corundum, fissures may form around
the inclusion during heating, such as common discoidal
decrepitation fissures. The fissures usually develop in the
direction of maximum compression stress of the residual
strain inside the ruby (e.g., T.L. Anderson, Fracture
Mechanics: Fundamentals and Applications, Third
Edition, CRC Press, 2005). In this case, the radial fissures
developed almost isotropically in three dimensions,
suggesting that the surroundings of the inclusion were in
a quasi-hydrostatic pressure state with almost no dif-
ferential stress. The unexpected local stress state in the
ruby formed the fissure aggregates in this exciting and
unusual shape.

Taku Okada
GIA, Tokyo

Suspended Pargasite Crystal in Pink Spinel

A 1.33 ct pink spinel containing a distinct mineral
inclusion located near the stone’s surface was recently
examined by the author. Raman analysis identified the
inclusion as a pargasite (NaCa,(Mg,Al)(Si;Al,)O,,(OH),)
crystal. This euhedral prismatic crystal displayed
chamfered terminations, rhombohedral pinacoids, and a
near-colorless bodycolor (figure 10). Reflected light high-
lighted a central feature, possibly a growth hillock, which
gave the appearance of two connected pargasite crystals.
While pargasite inclusions are more commonly found in
corundum than in spinel, few have been documented
exhibiting such remarkable morphology.

Hannah Wiggins
GIA, New York

Figure 10. A prismatic
pargasite crystal against the
pink faceted background of
its spinel host. Photomicro-
graph by Tyler Smith; field
of view 1.76 mm.
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This Quarterly Crystal, chosen from that collection, is a
2.34 ct transparent near-colorless partially etched diamond
octahedron measuring 7.71 x 7.39 x 4.92 mm, which came
from the Republic of South Africa (figure 11). During
routine testing, the near-colorless octahedron fluoresced a
strong blue when exposed to long-wave (365 nm)
ultraviolet radiation.

The diamond crystal hosts a transparent yellow-orange
inclusion situated near its center. Laser Raman microspec-
troscopy identified this included crystal as an
almandine-pyrope garnet. The yellow-orange color is
typical of this type of inclusion. In addition to the garnet,
light grayish green transparent birefringent omphacite
crystals and opaque black sulfide and graphite crystals

Figure 11. Weighing 2.34 ct and measuring 7.71 mm in (some forming rosettes) were also present.

the largest dimension, this partially etched diamond As inclusions in diamonds, transparent almandine-
octahedron hosts a yellow-orange almandine-pyrope pyrope crystals are generally a medium to deep
garnet crystal. Photo by Diego Sanchez. yellow-orange color with a vitreous luster. As shown in

figure 12, such inclusions typically form as somewhat
rounded protogenetic mineral crystals. Geologically, the
Quarterly Crystal: AlImandine-Pyrope Garnet presence of an almandine-pyrope garnet inclusion is an
in Diamond indicator that the host diamond formed in a rock type

. . ) known as eclogite.
The authors recently examined a collection of African &

diamond crystals that hosted various mineral inclusions. John I. Koivula and Nathan Renfro

Figure 12. This yellow-orange transparent crystal of almandine-pyrope garnet is a very rare inclusion in diamond. The
example shown here has a typical somewhat rounded habit. Photomicrograph by Nathan Renfro; field of view 3.84 mm.

/‘
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DIAMOND REFLECTIONS
Editor: Evan M. Smith

Raw Brilliance: Nature’s Diamond Sculptures

The basic shape of a rough diamond is all around us, from
black diamonds on ski slopes to the familiar red diamonds
in a standard deck of playing cards. These symbols are the
silhouette of an octahedron, which is the archetypal dia-
mond crystal. Indeed, the octahedron appears regularly
within parcels of mined diamonds, but accompanying it
are many other nuanced shapes, all sculpted by natural
processes. GIA scientists recently had the opportunity to
examine a suite of 264 rough diamonds handpicked over
several years by Pintu Dholakia of Hari Krishna Exports
for their unusual or interesting nature. Here we showcase
some of these specimens to discuss their morphology and
highlight their striking appearances.

Sculpted by Natural Growth, Breakage, and
Resorption in the Earth

Diamonds form deep in the mantle when carbon-bearing
fluids migrate and interact with solid rocks. Chemical
reactions or other changes can decrease the solubility of
carbon, forcing it to form solid crystals of diamond. In the
simplest case, a growing diamond will take the shape of an
octahedron. However, variations in growth conditions can
lead to other shapes. By growing diamond crystals in dif-
ferent ways, nature can build diverse rough diamond
shapes—as an artist might press clay together to create a
masterpiece. Examples include variations of cubes
(cuboids, cuboctahedra, re-entrant cubes with concave
cube faces and protruding corners), spheres called ballas,
and twinned triangular plates called macles (figure 1).

Ediitor’s note: Questions or topics of interest should be directed to
Evan Smith (evan.smith@gia.edu).
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Despite its status as the hardest natural substance, dia-
mond is not invincible. Natural stresses that squeeze or
shear a diamond in the mantle or during transport to
Earth’s surface in a kimberlite eruption can lead to fracture
and cleavage. A diamond has four symmetrical planes
within its crystal structure along which it can cleave,
meaning that it can break apart with nearly perfect flat,
smooth surfaces (see figure 1A). In addition to breakage,
the shape and surface of a diamond can be refashioned by
a process known as resorption. During resorption, hot flu-
ids or magma in the earth partially etch away a diamond’s
outer surface. Resorption affects the overall shape, turning
sharp-edged octahedral crystals into rounded forms, and
can also modify the surface texture through the creation
of features including negative trigons, hillocks, and lus-
trous glossy surfaces (Robinson, 1979; Harris et al., 2022).
Removing material from a diamond by breakage and
resorption is akin to an artist taking a hammer and chisel
to a block of marble. Mother Nature engages in both addi-
tive sculpture, by crystal growth, and subtractive
sculpture, through breakage and resorption. The incredible
array of natural diamond sculptures attests to the dynamic
processes occurring deep beneath our feet over millions or
billions of years.

Nature’s Windows

Geologists sometimes refer to diamonds as metaphorical
windows into the mantle, but occasionally diamonds do
emerge resembling windowpanes of glass. The transparent
plate-like forms shown in figure 2 were created entirely
by natural processes. Diamond can form excellent plates
by cleavage, breaking along flat planes of weakness in the
crystal structure. A single cleave may liberate the face of
an octahedral crystal, for example, to make a flat plate
shape. The 2.22 ct hexagonal-shaped specimen shown in
tweezers in figure 2 was produced in this way. Examina-
tion using deep-UV luminescence shows that one side is
the original exterior surface of the crystal, while the
opposing face represents a cleave crosscutting multiple
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Figure 1. Examples of rough diamonds with shapes governed by various combinations of growth, breakage, and
resorption: a diamond broken cleanly along a flat plane by cleavage (A); irregular broken fragments smoothed by
resorption (B and C); cuboctahedron (D), ballas (E), and re-entrant cuboid (F) shapes produced during diamond
growth; two macles resulting from twinned crystal growth, along with two fragments resulting from macle breakage
(G); and an elongate fragment representing an edge broken from an octahedron crystal, with the former octahedron
corners forming the ends (H). Specimens range from 1.08 to 28.08 ct, with the largest specimen measuring 27 mm in
length. Photo by Evan M. Smith.

growth layers. Despite its incredible transparency, small  ent plates. Macle twinned diamonds tend to grow as flat
negative trigons (not shown) decorate all sides of this dia-  triangular plates (again, see figure 2, left). Natural trans-
mond, testifying to its natural unpolished state. In  parent diamond plates can therefore form by either growth
addition to cleavage, twinning can produce flat transpar-  or breakage.

Figure 2. Left: Transparent plate-shaped rough diamonds ranging from 0.99 to 9.67 ct. Ruled lines have 2.8 mm
spacing. Right: The top left specimen (2.22 ct) against the sky. Photos by Evan M. Smith.
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These shapes are evocative of portrait-cut diamonds, one
of the earliest faceting styles, which some jewelers have
recently repopularized. Portrait cuts possess two relatively
large parallel facets and a thin profile and were originally
intended for use as stylish protective covers for painted por-
traits. In a similar sense, diamond windows serve as
transparent yet robust physical barriers in devices such as
high-power laser systems and synchrotron beamlines. Dia-
mond windows can have high transmission across the
ultraviolet, visible, far-infrared, and microwave regions of
the electromagnetic spectrum, which, combined with their
thermal and chemical resistance and high strength, make
them ideally suited for some modern high-tech applications.

Raw Baguettes

The elongated diamond forms shown in figure 3 are remi-
niscent of baguettes, both the cut style and the loaves of
bread, though their shapes arise through crystal growth or
natural breakage in the mantle. Whereas macle twinning
provides a viable pathway to grow a natural plate-shaped
diamond, there is no such straightforward mechanism to
grow an elongate single crystal of diamond. That is not to
say that it is impossible for a diamond to crystallize as an
elongate rod, but the examples here appear to have been
shaped by breakage. In nearly all cases, the direction of

310 DiaAMOND REFLECTIONS

Figure 3. Elongate rough
diamonds reminiscent of
baguette cuts, ranging from
1.84 to 7.10 ct in weight
and 16 to 24 mm in length.
Photo by Evan M. Smith.

elongation is not random but is aligned with the internal
crystal structure due to breakage that occurred along cleav-
age planes. Some are further sculpted by resorption,
creating smooth, glossy finishes.

Among the specimens in figure 3, breakage has pro-
duced elongate diamonds in at least three distinct ways.
The first is depicted in figure 4, with the faces of the octa-
hedron parallel to the four different orientations of cleavage
planes within a diamond crystal structure. Cleaving a plate
from an octahedron (like those in figure 2) and then cleav-
ing one of the edges off that plate along a cleavage plane of
a different orientation can generate a fragment that is elon-
gated in a <110> crystallographic direction.

The second and third ways that natural breakage has
produced elongate rough diamonds are less intuitive and
involve macle twins, as illustrated in figure 5. In the second
mechanism, an edge is broken off a macle (figure 5A). The
breakage surface is not planar because of the change in
crystal structure orientation across the twin plane. If this
break occurs purely by cleavage, the broken surface will be
re-entrant, or angled inward, leaving sharp edges that are
likely to be rounded off by resorption. Some broken frag-
ments have more irregular or curved breaks (such as the
two broken macles in figure 1).

In the third mechanism (figure 5B), the breakage pro-
duces a fragment that is elongate in a direction

Figure 4. Three-part illus-
tration showing how an
octahedron (left) may
cleave to yield an elongate
parallel-sided fragment.
The initial cleave (middle)
produces a flat plate-
shaped fragment. Cleaving
an edge off the plate (right)
creates an elongate frag-
ment (as seen in figure 1H).

i
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Figure 5. Illustration showing two ways (A and B) that
a macle can fracture to yield an elongate parallel-sided
fragment. Each fragment will still have a twin plane
running through it (dashed line). In B, the breakage
surfaces develop a chevron pattern that “points”
toward the original point of the macle.

tions of a macle twin. Alternatively, these broken surfaces
could develop by the combined action of multiple {111}
cleavage planes, creating finely stair-stepped breakage sur-
faces that average out to a {110} plane. Some of these
broken surfaces develop a characteristic chevron pattern.

Diamonds Resembling Animals and Objects

The complex sculpted forms of natural diamonds are fertile
ground for lively imaginations. Depending on the lighting
and viewing angle, some may resemble animals or familiar

perpendicular to a macle edge. In this case, the breakage
surfaces are parallel to {110} planes. Although they are not
perfectly planar breaks, it is possible that the diamond is
effectively cleaving because diamond does possess a rarely
seen cleavage in this orientation (Brookes et al., 1990;
Smith et al., 2017). Unlike diamond’s typical {111} cleavage
planes, there are three possible {110} planes that transect
the twin plane and will align perfectly between both por-

objects. Perceiving familiar shapes in inanimate forms
such as clouds or rough diamonds is called pareidolia.

In some cases, these forms have arisen predominantly
by growth (additive sculpting), while in other specimens,
breakage or resorption (subtractive sculpting) has been more
important. For example, in figure 6C, the small colorless
“dog” on the left, resembling a West Highland white terrier,
is an irregular octahedral crystal with stepped surfaces,

Figure 6. Rough diamonds resembling animals: parrot, 5.99 ct (A); sitting cat, 5.68 ct (B); small dogs, 2.15 and
3.66 ct, respectively (C); yellow bird, 5.69 ct (D); rabbit, 2.79 ct (E; white rabbit for comparison created using
Adobe Photoshop Generative Al). Photos by Evan M. Smith.
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which grew in this shape. The yellow “dog” on the right,
however, resembling a dachshund, likely looked much dif-
ferent before being sculpted into this shape by breakage and
resorption. The two “raindrops” in figure 7B are another
example of contrasting formation, with the right dominated
by growth and the left dominated by breakage. Coinciden-
tally, the resulting “raindrops” are of equal weight.

One of the most unusual morphologies in the collection
is the “mortar” (pictured with non-diamond pestle) shown
in figure 7A. This bowl-like specimen consists of a colorless,
gemmy cuboid that is broken in half, revealing an octahe-
dral-shaped internal cavity. The cuboid faces are convex and
rounded between the protruding corners. The hollow central
portion looks as though an octahedron has been plucked out,
leaving a depression in the shape of the apex of a square-
based pyramid. One possible explanation suggests that an
inclusion formed a discontinuous layer partially separating
the inner core from the outer diamond rim (Harris and
Stachel, 2024). The inclusion could have weakened the dia-
mond, leading to breakage, after which the core and
inclusion would have been released or etched away.

Superdeep Diamonds

All mined diamonds originate at great depths and are
transported to Earth’s surface by kimberlites or related
mantle-sourced volcanic eruptions. Most diamonds crys-
tallize in the base of old, thick parts of continental
plates, at approximately 150-200 km deep. Some rare
diamonds (estimated 1-2% of mined diamonds) origi-
nate from even greater depths, ranging from 300 to
800 km (Stachel et al., 2005; Shirey et al., 2024). Known
as sublithospheric or superdeep diamonds, these curious
crystals can carry mineral inclusions that provide
invaluable insights into Earth’s interior. Superdeep dia-
monds possess highly irregular shapes (figure 8) resulting
from stressful growth conditions and multiple episodes
of breakage and resorption during the torturous journey
to Earth’s surface.

The depth of crystallization is mostly based on inclu-
sion mineralogy. Rocks and minerals undergo changes
with increasing depth inside Earth as pressure and temper-
ature increase. Some high-pressure minerals, such as

Figure 7. Rough diamonds resembling objects: mortar, 1.95 ct, with a pestle carved from a toothpick (A); raindrops,
3.23 ct each (B); campfire flame, 2.70 ct, backlit using orange light and placed with raw baguettes from figure 3 as
firewood (C); gummy bear, 9.18 ct (D; colored gummy bears for comparison created using Adobe Photoshop
Generative Al); fibrous diamond cuboids resembling dice, 22.45, 22.47, and 23.64 ct, respectively, shown with
a superimposed 10 mm die (E). Photos by Evan M. Smith.
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ringwoodite, can only form at great depths, and when
found as inclusions in a diamond, they indicate that the
diamond must have crystallized at a depth where that par-
ticular mineral was stable. Combinations of multiple
minerals also constrain the depth of diamond formation.
The diamond at the center of figure 8 contains an inclusion
identified as the mineral breyite (CaSiO;; figure 9), which
is a calcium silicate that signifies an original depth of dia-
mond growth deeper than 360 km (Anzolini et al., 2016).

Figure 8. Superdeep dia-
monds, ranging from 1.27
to 12.97 ct, with typical
irregular sculpted shapes
resulting from extensive
breakage and resorption.
The top left specimen is
21 mm in length. Photo
by Evan M. Smith.

Other diamonds in figure 8 have been deemed
superdeep on the basis of iron-rich metallic inclusions con-
sistent with those found in a variety of superdeep
diamonds referred to as CLIPPIR (Cullinan-like, Large,
Inclusion-Poor, Pure, Irregular, and Resorbed) (Smith et al.,
2016; Smith et al., 2017). All specimens in figure 8 are ten-
tatively classified as CLIPPIR diamonds. Here purity refers
to the low nitrogen concentration of these diamonds, being
either type Ila, with no nitrogen detectable by Fourier-

Figure 9. This 2.13 ct superdeep diamond (left; and shown at the center of figure 8) has an irregular shape and strongly
resorbed surface marked by many square etch pits or tetragons, which arise from resorption of {100} cube-orientation
surfaces. The inclusion (right; red arrow) is a colorless crystal of breyite surrounded by a black graphitic fracture.
Photos by Evan M. Smith; fields of view 14.52 mm (left) and 1.58 mm (right).
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transform infrared spectroscopy, or type [aB, with very low
(<20 ppm) concentrations of nitrogen in the form of B-cen-
ters. The specimens in figure 8 are all type Ila except for
the top right and top left diamonds. The CLIPPIR acronym
also calls out the characteristic morphology, being irregular
in shape and highly resorbed, which are common traits
across all superdeep diamonds.

In addition to CLIPPIR diamonds, the superdeep geo-
logical category encompasses type IIb (boron-bearing, often
blue) diamonds as well as those typically less gemmy dia-
monds associated with the Juina region of Brazil and the
Kankan region of Guinea (Smith et al., 2018; Shirey et al.,
2024). All three varieties of superdeep diamonds can be
found across multiple deposits worldwide, indicating that
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the processes that create these diamonds are not singular
but repeat through time and space (Smith et al., 2025).

Concluding Remarks

The beauty of natural rough diamonds is easily overlooked,
with most people only encountering diamonds after faceting.
But given the opportunity to take a closer look, it is hard not
to admire the myriad of morphologies among rough dia-
monds. Natural processes of crystal growth, breakage, and
resorption can sculpt almost anything, from the ideal octa-
hedron to irregular shapes resembling animals and familiar
objects. The shape of each rough diamond is a testament to
unseen geological activity inside our dynamic planet.

GIA gratefully acknowledges the generosity of Pintu Dholakia of Hari Krishna Exports for lending these specimens for scientific examina-
tion and for display at GIA-AGS Converge. They are part of a broader collection of notable rough diamonds assembled by Dholakia.
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Gagan Choudhary, IIGJ-Research & Laboratories Centre, Jaipur, India (gagan.choudhary@iigjrlc.org)

Guanghai Shi, School of Gemmology, China University of Geosciences, Beijing (shigh@cugb.edu.cn)

COLORED STONES AND ORGANIC MATERIALS

Palaeoclavaria burmitis inclusions in Burmese amber.
Biological inclusions represent an extraordinary and scien-
tifically valuable aspect of amber. Beyond an aesthetic and
commercial appeal, these inclusions provide significant
insights into ancient ecosystems. Among global amber
sources, Burmese amber is particularly renowned for its
abundance and diversity of biological inclusions. These
inclusions encompass a wide range of organisms, including
fauna (ants, bees, beetles, scorpions, lizards, small birds,
and snails), flora (leaves, bark, and stems), and fungi.

Recently, during a visit to the Mandalay Gem Market
in Myanmar, the authors encountered several high-quality
amber specimens containing fossilized fungi and acquired
two amber cabochons weighing 131.85 and 130.37 ct and
measuring 59.04-39.91 x 21.97 mm and 53.73-40.35 x
21.08 mm, respectively (figure 1). Both specimens dis-
played a transparent yellow-orange bodycolor.

Standard gemological testing revealed specific gravity
values of 1.05 and 1.04, with a spot refractive index of 1.50
for both. Neither sample reacted with acetone. Fourier-
transform infrared (FTIR) spectroscopy exhibited
characteristic absorption peaks at approximately 2923,
2852, 1720, 1450, 1150, 1030, and 813 cm™!, with the
notable absence of the 887 ¢m™ peak typical of copal.
These findings confirmed that the specimens were natural
amber, exhibiting diagnostic features consistent with
Burmese amber (L.N. Nang et al., “Characteristics of
newly discovered amber from Phu Quoc, Vietnam,” Sum-

Editors’ note: Interested contributors should send information and
ilustrations to gandgeditorial@gia.edu.
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Figure 1. Two amber specimens (131.85 and 130.37 ct,
respectively) containing Palaeoclavaria burmitis fungal
inclusions. Photo by Ta Quan Ngoc.

mer 2022 GeJG, pp. 184-194). Each piece contained a clus-
ter of approximately 20-25 fungal fruiting bodies. Based on
morphological characteristics, these inclusions were iden-
tified as Palaeoclavaria burmitis—an extinct fungal
species observed only in Burmese amber (G.O. Poinar and
A.E. Brown, “A non-gilled hymenomycete in Cretaceous
amber,” Mycological Research, Vol. 107, No. 6, 2003, pp.
763-768) (figure 2, left).

Within the amber, the Palaeoclavaria burmitis inclu-
sions were preserved with a granular gray outer surface and
an interior ranging in color from light gray to black (figure
2, right). The fruiting bodies measured ~1-3 mm in diam-
eter and reached heights of ~2-4 mm. Notably, nearly
colorless siliceous crystalline structures were observed
within the fungal tissues—a diagnostic feature indicative
of fossilization through silicification replacement. These
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crystalline clusters exhibited a higher degree of crys-
tallinity than the surrounding material, forming
microcrystalline quartz or chalcedony—types of silica crys-
tallization commonly found in siliceous fossils as well as
in silica precipitates from magmatic sources (especially
within chalcedony masses).

FTIR spectroscopy of the fungal interior confirmed the
presence of silica, indicated by absorption peaks at 1006,
775, and 693 cm™ (B.C. Smith, “Inorganics III: Even more
spectra, and the grand finale,” Spectroscopy, Vol. 39. No.
3, 2024, pp. 11-15), along with organic compound bands at
1431 and 1625 cm™ and water at a peak of 3622 cm™ (figure
3) (R.H. Ellerbrock and H.H. Gerke, “FTIR spectral band
shifts explained by OM-cation interactions,” Journal of
Plant Nutrition and Soil Science, Vol. 184, No. 3, 2021, pp.

Figure 3. FTIR spectrum confirming the presence of
siliceous material, along with organic compounds
and water.
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Figure 2. Left: Lateral view of Palaeoclavaria burmitis fungal inclusions in the 131.85 ct Burmese amber sample.
Right: Cross section of the Palaeoclavaria burmitis inclusions showing a siliceous crystalline structure. Photos by Le
Ngoc Nang; field of view 4 mm (right).

388-397). These data suggest that the fungi underwent
siliceous replacement fossilization—a separate process
from the surrounding amber’s polymerization.

Fungi belong to a unique biological kingdom, distinct
from both plants and animals, and are rarely fossilized out-
side of the amber environment. According to a
comprehensive study by Poinar Jr. (G. Poinar Jr., “Fossil
fleshy fungi (‘mushrooms’) in amber,” Fungal Genomics
e) Biology, Vol. 6, No. 2, 2016, article no. 1000142), each
amber deposit contains a unique assemblage of fungal taxa.
Fungi identified in Dominican amber include Aureofungus
yaniguaensis, Protomycena electra, Coprinites domini-
cana, Favolaschia sp., Xylaria antiqua, Ganoderma sp.,
and Paleomorchella dominicana sp. nov.; Gerontomyces
Iepidotus in Baltic amber; and Palaeoagaracites antiquus,
Palaeogaster micromorpha, and Palaeoclavaria burmitis
in Burmese amber. These fungal taxa differ markedly in
geological age, geographic distribution, and morphology.
As such, they serve as reliable paleobiological markers for
determining the provenance and geological age of amber
specimens with high accuracy.

Le Ngoc Nang
Liu Gemological Research and Application Center
Ho Chi Minh City, Vietnam

Ta Quan Ngoc
Bong Cam Thach Myanmar
Ho Chi Minh City, Vietnam

Trapiche pattern formation of grossular garnets. The six-
fold rotational symmetric pattern, called trapiche, is
commonly reported in hexagonal or trigonal crystal system
minerals such as beryl, corundum, tourmaline, and quartz,
but also can be found in diamond, spinel, and garnet having
a cubic crystal system (J. Bergman, “Trapiche: The rising
star,” InColor, No. 31, 2016, pp. 32-44). Recently, three
near-colorless transparent tablets with six-rayed black
inclusions arranged in a snowflake-like pattern forming a
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trapiche structure were submitted to GIA’s Tokyo labo-
ratory for identification (figure 4A). Standard gemological
properties, Raman spectra, and chemical analyses using
energy-dispersive X-ray fluorescence identified the stones
as grossular garnets, composed mainly of Ca;Al,Si,O,,.
The arms and cores were black due to irregular black
inclusions, and the samples also contained numerous col-
orless transparent inclusions (figure 4B). In cross-polarized
light, the largest stone, weighing 1.00 ct, showed a clear
concentric hexagonal light and dark pattern (figure 4C).
The three submitted samples were very similar to the
recently reported trapiche grossular garnets from Zhejiang
Province, China (Y. Wang et al., “Trapiche garnets in
Chun’an, Zhejiang Province, China: New constraints
from their gemology, geochemistry, and geochronology,”
Crystals, Vol. 15, No. 3, 2025, article no. 201; T. Hain-
schwang, “Trapiche grossular from China,” Journal of
Gemmology, Vol. 39, No. 5, 2025, pp. 418-421; Summer
2025 GNI, pp. 208-210).

Typical idiomorphism of single crystal gemstones,
such as hexagonal prismatic emeralds, octahedral dia-
monds, and rhombic dodecahedral garnets, is the
thermodynamic equilibrium shape in which the sum of
all surface energies is minimized (Wulff’s theorem). Since
the distance between the euhedral facets and the center is
shorter than that between the apexes and the center, it is
clear that the euhedral facets grow slower than the apexes.
This slower crystal growth for the flat euhedral facets as
compared to the apexes relates to the fact that they are
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smooth at the atomic level and have fewer defects (e.g.,
Y. Saito, Statistical Physics of Crystal Growth, World Sci-
entific, Singapore, 1996). A smooth surface is one in which
the constituent atoms in a crystal structure (i.e., the lattice
points that represent molecular groups) are most densely
packed. The densest plane can be determined primarily
by the mineral’s Bravais lattice type. The seven crystal
systems are further classified into 14 types of Bravais lat-
tices by considering four unit cell lattice patterns:
primitive, body-centered, face-centered, and base-centered.
Snowflakes and emeralds (beryls) have primitive hexago-
nal lattices, diamonds have face-centered cubic (fcc)
lattices, and garnets have body-centered cubic (bcc) lat-
tices (figure 5, first column). A primitive hexagonal lattice
often forms a hexagonal prism or plate consisting of two
basal pinacoids {0001} and six prism faces {1010}. An fcc
lattice has the {111} plane where the lattice points are
densest and often forms a euhedral octahedron. On the
other hand, the densest plane for a bee lattice is the {110}
and often forms a euhedral thombic dodecahedron (Bra-
vais’ empirical law; figure 5, second column).

The critical nuclei, which are the earliest stages of crys-
tal growth and are the smallest crystals nucleated, have the
shapes of small equilibrium euhedral crystals that depend
on the Bravais lattices (figure 5, third column; e.g., Saito,
1996). Immediately after the critical nuclei are formed, or
after a certain amount of growth, if the driving force for
growth (such as supersaturation of gemstone components
in the magma or fluid) increases, the gems will grow rapidly.

Figure 4. A: Three near-
colorless transparent
grossular garnet tablets
with black inclusions
arranged in snowflake-
like patterns: 0.46, 0.68,
and 1.00 ct, respectively.
B: Black and colorless
inclusions in the 0.46 ct
sample; field of view 1.10
mm. C: Concentric hexago-
nal light and dark growth
pattern of the 1.00 ct stone
in cross-polarized light.
Photos by Shunsuke Nagai
(A) and Taku Okada (B
and C).
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Bravais lattice Equilibrium shape Critical nuclei Rapid growth Slow growth Example
(step 1) (step 2) (step 3)
Primitive
hexagonal ‘ —> — Snowflake
< {000}
{1070} . — Emerald
[

Diamond

Garnet

Figure 5. According to Bravais’ empirical law, a primitive hexagonal lattice forms a hexagonal prism, a face-centered
cubic (fcc) lattice forms an octahedron, and a body-centered cubic (bec) lattice forms a rhombic dodecahedron as an
equilibrium euhedral shape, respectively (modified from M. Tachibana, Beginner’s Guide to Flux Crystal Growth,
NIMS Monographs, Springer, Tokyo, 2017). The shape of the critical nuclei corresponds to the equilibrium euhedral
shape. In rapid growth, the sharpest corners of the euhedral crystal grow preferentially along the extension of each
axial diagonal. Note that the size of the euhedral core crystal may or may not be observable. In slow growth, equilib-
rium euhedral shapes are again formed as the external shapes.

In general, the sharpest corners of a euhedral crystal will
preferentially grow faster due to the greater supersaturation
as well as the “rough” interface (figure 5, fourth column).
At this time, the tiny inclusions suspended in the magma
or fluid will not be expelled from the gems and will instead
be trapped inside and solidified. In fact, Monte Carlo sim-
ulations showed that branched dendritic crystals formed
in the early stages of garnet growth when the gem’s com-
ponent was highly supersaturated in fluid (D.E. Wilbur and
J.J. Ague, “Chemical disequilibrium during garnet growth:
Monte Carlo simulations of natural crystal morpholo-
gies,” Geology, Vol. 34, No. 8, 2006, pp. 689-692). These
Monte Carlo simulations explain processes that are also
reflected in the growth processes and shapes of snowflakes

GEM NEWS INTERNATIONAL

(e.g., K.G. Libbrecht, Snow Crystals: A Case Study in Spon-
taneous Structure Formation, Princeton University Press,
Princeton, New Jersey, 2022).

Trapiche emerald and garnet and stellate diamond crys-
tals seem to rapidly grow into a dendritic shape,
incorporating the surrounding impurities into six axial diag-
onals consisting of the 12 vertices of a hexagonal prism in
the case of emerald, three axial diagonals consisting of the
six vertices of an octahedron in the case of diamond, and
seven axial diagonals consisting of the 14 vertices of a rhom-
bic dodecahedron in the case of garnet (figure 5, fourth
column). During this rapid growth phase, the fastest growth
is along the sector boundaries (the axial diagonals), forming
a 3D internal structure such as the six axial diagonal black

Gems & GEMOLOGY FALL 2025 319



lines seen in the rough trapiche emeralds reported by
Schmetzer (Spring 2019 GNI, pp. 156-158). Alternatively,
axial thickening may occur, incorporating impurities, as
seen in diamond, where six thick “hydrogen clouds” are sep-
arated by a central core (Summer 2024 Lab Notes, pp.
212-214). Then, when the growth rate slows down due to a
decrease in supersaturation or a change in temperature or
pressure, the crystal approaches equilibrium with the sur-
rounding environment, and the densest faces grow slowly,
forming an equilibrium euhedral crystal again (figure 5, fifth
column). These growth processes correspond to the forma-
tion of a central core by slow growth on a smooth surface
(step 1), the formation of a skeleton structure by fast adhe-
sive growth on a rough interface (step 2), and the formation
of an outer shape by slow growth on a smooth surface (step
3) as the driving force for growth changes (I. Sunagawa et al.,
“Texture formation and element partitioning in trapiche
ruby,” Journal of Crystal Growth, Vol. 206, No. 4, 1999, pp.
322-330; 1. Pignatelli et al., “The texture and chemical com-
position of trapiche ruby from Khoan Thong, Luc Yen
mining district, Northern Vietnam,” Journal of Gemmol-
ogy, Vol. 36, No. 8, 2019, pp. 726-746).

We do not know how the submitted trapiche tablets
were physically sliced from the euhedral crystals, but our
observations and growth model indicate that they were
sliced along the {111} planes (figure 6), and are central por-
tions of garnet single crystals in which black inclusions
have been distributed along the seven axial diagonals of a

rhombic dodecahedron. Our model differs from the
reporting in Wang et al. (2025), but is consistent with the
latest detailed report in Wu et al. (Summer 2025 GNI, pp.
208-210). In the case of an octahedral diamond with an
fcc lattice, the hydrogen clouds included along the three
<100> axes connecting the rapidly growing vertices
appear as four lines when viewed along the <100> axis but
six lines when viewed along the <111> axis (e.g., W. Wang
and W. Mayerson, “Symmetrical clouds in diamond - The
hydrogen connection,” Journal of Gemmology, Vol. 28,
No. 3, 2002, pp. 143-152). Since the “essential symme-
try” of the cubic crystal system is four three-fold axes of
symmetry along four equivalent <111> axes, the six-rayed
“star” or trapiche pattern seen in such cubic gemstones
is a pseudo six-fold rotational symmetry observable only
through inclusions produced by three-fold rotation-inver-
sion symmetry. By conducting thought experiments
based on crystallography and crystal growth theory to
study the trapiche pattern formation process in garnets
exhibiting the complicated euhedral rthombic dodecahe-
dron, to our knowledge we have explained the apparent
six-fold symmetry that can appear in cubic gemstones and
established a growth model that can be applied to trapiche
pattern formation in gems of various crystal systems and
Bravais lattice types.

Taku Okada and Kazuko Saruwatari
GIA, Tokyo

Figure 6. The seven axial diagonals in a rhombic dodecahedron viewed from different angles. Left: The blue lines are
the three equivalent <100> axes, and the red lines are the four equivalent <111> axes. Center: Cutting along the two
yellow dotted lines perpendicular to a <111> axis gives a uniform regular hexagonal plate. Right: The black snowflake-
like pattern in trapiche garnets corresponds to three equivalent <111> axes (red lines) excluding the central <111> axis.
Three equivalent <100> axes (blue lines) intersecting at higher angles may produce the black core.
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Figure 7. Immiscible two-phase fluid inclusions in a
0.48 ct Paraiba tourmaline. All circular phases were
identified as gaseous CO, by confocal Raman spec-
troscopy. Photomicrograph by Kazuko Saruwatari;
field of view 1.10 mm.

Gaseous carbon dioxide phases in Paraiba tourmaline.
Recently, the authors encountered immiscible two-phase
fluid inclusions in several Paraiba tourmaline stones. One
stone weighed 0.48 ct and contained many two-phase inclu-
sions (figure 7). Confocal Raman spectroscopy using a 100x
objective lens detected carbon dioxide peaks of various
intensities at around 1285 and 1388 cm™ in the circular
phases, identifying them as gaseous CO, (L. Li et al.,

RAMAN SPECTRA

INTENSITY —>

1284.6
‘ 1388.6

“In situ Raman spectral characteristics of carbon dioxide
in a deep-sea simulator of extreme environments reaching
300°C and 30MPa,” Applied Spectroscopy, Vol. 72, No.
1,2017, pp. 48-59) (figure 8), while no specific peaks were
observed in the matrix phases. The most likely candidate
for the matrix phase was liquid water (H,0O; e.g., H.
Beurlen et al., “Geochemical and geological controls on
the genesis of gem-quality ‘Paraiba tourmaline’ in granitic
pegmatites from northeastern Brazil,” Canadian Miner-
alogist, Vol. 49, No. 1, 2011, pp. 277-300), but it was
difficult to detect because the Raman modes of O-H in
tourmaline overlap with the two main O-H stretching
modes at 3657 and 3756 cm™! of liquid H,O (M.L. Frez-
zotti et al.,, “Raman spectroscopy for fluid inclusion
analysis,” Journal of Geochemical Exploration, Vol. 112,
2012, pp. 1-20).

It is generally known that natural H,0-CO, fluid inclu-
sions can collapse when heated to approximately 350°C
(R.J. Bodnar, “Introduction to aqueous-electrolyte fluid sys-
tems,” in I. Samson et al., Fluid Inclusions: Analysis and
Interpretation, Mineralogical Association of Canada, Short
Courses Vol. 32, 2003, pp. 81-99), which is lower than the
conventional heating temperature of Paraiba tourmaline
(Spring 1990 Gem News, p. 103). The immiscible coexis-
tence of small amounts of gaseous CO, and possible liquid
H,O phases, and the absence of many tension fissures, may
be evidence that the Paraiba tourmaline did not undergo
heat treatment. To verify this, further heating experiments
are needed.

Kazuko Saruwatari and Taku Okada

Figure 8. Raman spectra
of two gas phases shown
in figure 7. The upper
Raman spectrum dis-
plays stronger CO, fermi
doublets at 1282.6 and
1387.6 cim™, while the
lower Raman spectrum
shows weaker CO, fermi
doublets at 1284.6 and
1388.6 cm™. The three
broad peaks between
3200 and 3700 cm™ are
hydroxyl (OH) peaks of
the tourmaline host.
Spectra are offset verti-
cally for clarity.
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Figure 9. Eight-rayed star peridot from Myanmar weigh-
ing 34.16 ct. Photo by Karola Sieber.

Large peridot from Myanmar with an eight-rayed star. Peri-
dot is the gemstone variety of the mineral olivine, a solid
solution series with the end members forsterite (Mg,SiO,)
and fayalite (Fe,SiO,). Peridot crystallizes in the
orthorhombic system. Its main commercial sources
include the Mogok region in Myanmar, the San Carlos area
in the U.S. state of Arizona, and, more recently, the Yan-
bian Chaoxianzu area in China’s Jilin Province.

Star peridot is rare and mostly occurs with a four-rayed
star (L.B. Benson, Jr., “Highlights at the Gem Trade Lab in
Los Angeles,” Spring 1960 Ge)G, p. 3), though extremely
rare six-rayed (R.T. Liddicoat, Jr., “Highlights at the Gem
Trade Lab in Los Angeles: Rare star peridot,” Spring 1970
GeJG, p. 150) and eight-rayed (M.P. Steinbach, Asterism:
Gems with a Star, MPS Publishing and Media, 2016; M.P.
Steinbach, Star Gems: A Fascinating World, MPS Publish-
ing and Media, 2023) star peridots have been identified.

Figure 10. Short reflective needles create one of the
four-rayed stars in the eight-rayed star peridot. Pho-
tomicrograph by Liviano Soprani; field of view 3 mm.
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Figure 11. Top: Dark short needles and elongated particle
clouds are responsible for the second four-rayed statr,
oriented at a 45-degree angle to the first star. Bottom:
Skeletal inclusions, likely of dissolved magnetite.
Photomicrographs by Liviano Soprani; fields of view
2.5 mm (top) and 2.0 mm (bottom).

In the case of the apparent eight-rayed star, it was proposed
that the phenomenon was caused by diasterism, in which
the star is viewed in transmitted light.

During the 2023 Hong Kong Gem and Jewellery Fair,
author MPS purchased an eight-rayed star peridot report-
edly from Myanmar weighing 34.16 ct (figure 9). The oval
cabochon measured 17.61 x 15.48 x 13.82 mm and exhib-
ited eye-visible dark inclusions. The stone was identified
as peridot by Raman spectroscopy. Compared to the
eight-rayed star mentioned above (examined in transmit-
ted light), this star was readily visible in reflected light,
a phenomenon called epiasterism. To our knowledge,
eight-rayed star peridots exhibiting epiasterism have not
been previously described.

Microscopic analysis revealed two sets of inclusions,
each creating a four-rayed star oriented 45-degrees apart,
forming an eight-rayed star. The first set consisted of short
light-colored reflective needles (figure 10) (see Spring 2020
GNI, pp. 159-160). The second set was comprised of thicker
black acicular inclusions and elongated clouds of dark
particles (figure 11, top). Such needles and dendritic inclu-
sions were previously described in a four-rayed star peridot
from Myanmar and identified as magnetite by Raman
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spectroscopy (Fall 2020 Lab Notes, pp. 422-423). Several of
these inclusions were observed in this studied stone as well
and are most likely skeletal magnetite (figure 11, bottom).

The eight-rayed star, made up of light- and dark-colored
needle-like inclusions, resembles a combination of the
four-rayed stars observed in two smaller stones studied for
comparison (figure 12). A 2.89 ct lighter colored star peridot
with sharp reflective needles and a 3.56 ct darker colored
star peridot with dark cloud-like particles showed nearly
identical inclusions to those described in the eight-rayed
sample, and the colors of the stones are similar.

To the authors’ knowledge, an eight-rayed star peridot
with a star system made up of two different sets of inclu-
sions has not been described before, and the authors feel
privileged to report on this rarity.

Martin P. Steinbach
Steinbach-Gems with a Star
Idar-Oberstein, Germany

Lore Kiefert
Gemmology Consulting
Heidelberg, Germany

Jeanette Fiedler
Deutsches Diamant Institut
Pforzheim, Germany

Figure 12. Similar inclusions observed in a 2.89 ct lighter
colored four-rayed star peridot (top) and a 3.56 ct darker

colored four-rayed star peridot (bottom) studied for com-
parison. Photomicrographs by Lore Kiefert; fields of view
approximately 2.0 mm (top) and 1.8 mm (bottom).
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Blue color in quartz caused by elbaite inclusions. Blue
color in quartz is usually caused by micro-inclusions of
dumortierite (Spring 2015 GNI, pp. 100-102). Although
other blue minerals, such as chrysocolla, apatite, and chlo-
rapatite, have been reported as inclusions in quartz, they
have not been known to impart a blue bodycolor to quartz
(Spring 2015 GNI, pp. 89-90; Summer 2017 Ge)G Micro-
World, pp. 241-242; Spring 2022. Ge)G Micro-World, p. 62).

Recently, three semitransparent to opaque quartz
spheres weighing 4.85, 5.40, and 5.50 ct, and measuring
9.04,9.26, and 9.28 mm in diameter, respectively (figure 13,
top), were submitted for identification to the National
Gemstone Testing Center (NGTC) in Shenzhen, China.
Under fiber-optic transmitted illumination, the specimens
each exhibited a blue color associated with numerous nee-
dle-like blue inclusions.

The spot refractive index of the specimens was approx-
imately 1.55, while hydrostatically calculated specific
gravity (SG) values spanned from 2.50 to 2.65. Standard

Figure 13. Top: Three quartz spheres weighing 4.85, 5.50,
and 5.40 ct, respectively, colored by blue needle-like
inclusions. Bottom: Abundant needle-like blue mineral
inclusions in the 5.50 ct quartz sphere, with some dis-
playing triangular cross sections; field of view 1.75 mm.
Photos by Rong Liang.
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Figure 14. Under cross-
polarized light, numerous
prismatic inclusions are
distributed within the
4.85 ct sphere. Photomi-
crograph by Rong Liang;
field of view 2.15 mm.

gemological testing, along with Fourier-transform infrared ~ were either clustered or randomly distributed, with some
(FTIR) spectroscopy, identified the host material as quartz.  displaying a triangular cross-sectional morphology (figure
Microscopic examination revealed abundant needle-like 13, bottom). The samples’ surfaces showed resin-impreg-
mineral inclusions and healed fractures. These inclusions  nated fractures contrasting with the inherent vitreous

POWDER XRD PATTERN

—— Blue quartz sample
Q PDF#88-2302 a-quartz
E PDF#86-2227 Elbaite

Figure 15. Powder XRD
pattern of the 4.85 ct
quartz sample, displaying
characteristic peaks of
a-quartz and elbaite.
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luster of the quartz matrix. Semitransparent zones of the
samples maintained full brightness in cross-polarized illu-
mination while being rotated 360° in all directions,
whereas the inclusion-dense areas remained opaque. Due
to the optical behavior being obscured by numerous inclu-
sions, thin sections were prepared from inclusion-rich
areas of all three samples. Both the residual bulk material
and the thin sections were subsequently examined by a
combination of analyses, including polarizing microscopy,
Raman spectroscopy, FTIR, laser-induced breakdown spec-
troscopy (LIBS), energy-dispersive X-ray fluorescence
(EDXRF), and X-ray diffraction (XRD).

In cross-polarized light, the entire quartz host went
extinct at the same time, confirming the quartz was a sin-
gle crystal. In the thin section from the left sphere in figure
13, seven voids (0.3 to 0.6 mm in diameter) and three frac-
tures (0.01 to 0.04 mm in width) were observed within the
quartz matrix. Some of these voids were filled with acicu-
lar minerals (figure 14). This sample’s lower SG of 2.50
compared to quartz’s theoretical value is likely attributed
to these voids and fractures. Under plane-polarized light,
the blue acicular inclusions displayed strong pleochroism,
transitioning from deep blue to pale blue.

Raman spectroscopy of the inclusions detected peaks
at 225,267,370, 640, and 707 cm™, consistent with elbaite
(R100137) in the RRUFF database (B. Lafuente et al., 2015,
https://rruff.info/about/downloads/HMC1-30.pdf). XRD
also identified their mineralogical phase as elbaite, reveal-
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ing that one specimen (figure 13, top, left stone) exhibited
an elbaite content of approximately 20 wt.% (figure 15).
Since black tourmaline is a common type of inclusion in
quartz, this case of blue elbaite inclusions responsible for
the blue bodycolor in these quartz samples is rare.

LIBS identified lithium, sodium, magnesium, calcium,
aluminum, silicon, iron, and boron in these inclusions (fig-
ure 16). The LIBS and EDXRF analyses detected iron but
not copper or manganese, suggesting that the blue color was
primarily attributable to iron, potentially by an Fe®"-Fe*
intervalence charge transfer.

FTIR revealed organic absorption peaks at 3036, 3057,
2958, 2928, and 2870 cm™'. Raman peaks at 639, 1110,
1184, and 1605 cm™ confirmed the presence of epoxy resin
in the fractures and voids, indicating resin infiltration for
structural stabilization and to improve transparency.

The systematic differentiation of single-crystal versus
polycrystalline aggregates is critical to gemological classi-
fication. This is one case study in which sample
morphology or inclusion density complicates identifica-
tion, but thin section polarized microscopy observation
and related analyses provided simple yet effective methods
for determining the mineral phases.

Rong Liang, Ying Ma, Huihuang Li,
Rongxiang Du, and Muyu Chen
National Gemstone Testing Center
Shenzhen, China

Figure 16. LIBS spectrum of
an elbaite inclusion in the
5.50 ct quartz sample using
a 266 nm laser showed
characteristic emission
lines of boron, magnesium,
silicon, aluminum, iron,

Na calcium, sodium, hydro-
gen, and lithium.
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Figure 17. Left: This 3.49 ct yellow diamond with a diameter of ~7 mm exhibits a unique shape due to a combination
of growth and dissolution features. Right: Tetragonal etch pits suggesting dissolution on cubic faces of initial habit.

Photos by Cristiano Ferraris.

DIAMONDS

Unusual yellow diamond with a complex growth history.
A rare yellow 3.49 ct diamond from a private collector
exhibiting an unusual form due to a combination of growth
and dissolution features was recently studied by the
authors (figure 17). Microscopic examination highlighted
the absence of solid inclusions and the presence of brown
stains near the surface (figure 18, left). The stains were due
to natural irradiation causing the formation of GR1 defects,
implying that the stains were initially green and turned
brown after the annealing process (S. Eaton-Magana et al.,
“Low-temperature annealing and kinetics of radiation

stains in natural diamond,” Diamond and Related Mate-
rials, Vol. 132, 2023, article no. 109649).
Ultraviolet/visible/near-infrared spectroscopy indicated
absorption features at 415, 373, 383, 392, and 404 nm
related to N3 and N2 defects. A small percentage of yellow
diamonds with these defects also contain hydrogen-related
defects (C.M. Breeding et al., “Natural-color green dia-
monds: A beautiful conundrum,” Spring 2018 Ge)G, pp.
2-27). In fact, the infrared spectrum of this stone showed
the absorption peaks at 3107 and 1405 cm™ characteristic
of N,;VH? defects. With the sharp 3107 cm™ peak, the
hydrogen concentration was enough to classify the dia-
mond as “hydrogen-rich” (T. Hainschwang et al., “A defect

Figure 18. Brown stains near the surface (left) and a trigon on the octahedral face (right) of the diamond. Photomicro-
graphs by Cristiano Ferraris; fields of view 2.43 mm (left) and 1.82 mm (right).
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study and classification of brown diamonds with non-
deformation-related color,” Minerals, Vol. 10, No. 10, 2020,
article no. 914). The peak at 1377 cm™ indicated that the
diamond also contained platelets (i.e., extended planar
defects considered byproducts of nitrogen aggregation) (J.P.
Goss et al., “Extended defects in diamond: The interstitial
platelet,” Physical Review B, Vol. 67, No. 16, 2003, article
no. 165208).

While its color and size were impressive, the unique
shape of the diamond, a result of growth and dissolution
events, attests to the specimen’s complex history. The yel-
low diamond’s well-developed octahedral faces were
marked by the presence of shallow trigons (figure 18, right)
and separated by slightly curved resorbed faces. Tetragonal
etch pits were clearly recognizable in this diamond (figure
17, right). This type of pit has been observed in diamonds
from Botswana (C.M. Welbourn et al., “A study of dia-
monds of cube and cube-related shape from the Jwaneng
mine,” Journal of Crystal Growth, Vol. 94, No. 1, 1989,
pp. 229-252) and are referred to as “re-entrant cubes,” indi-
cating dissolution processes that modified the initial
cuboctahedral mixed habit. Unfortunately, the geological
and geographical provenances of the yellow diamond are
unknown, making the reconstruction of the formation
conditions more difficult. However, trigon features (such
as size and shape) can provide information about fluid
composition and temperature during dissolution event(s)
(Y. Fedortchouk et al., “Diamond destruction and growth
during mantle metasomatism: An experimental study of
diamond resorption features,” Earth and Planetary Sci-
ence Letters, Vol. 506, 2019, pp. 493-506), helping to
determine if this occurred during kimberlite transport or
mantle storage (K.V. Smit and S.B. Shirey, “Diamonds are
not forever! Diamond dissolution,” Spring 2020 GeJG, pp.
148-155). A possible formation history of this exceptional
diamond has been recently proposed by authors IP and CF
(I. Pignatelli and C. Ferraris, “A rare yellow diamond:
Reconstruction of the possible geological history,” Crys-
tals, Vol. 15, No. 5, 2025, article no. 461) on the basis of
non-destructive analyses.

Isabella Pignatelli

Université de Lorraine, Centre de Recherches
Pétrographiques et Géochimiques (CRPG)
Nancy, France

Cristiano Ferraris

Institut de Minéralogie,

de Physique des Matériaux et de Cosmochimie,
Museum National d’Histoire Naturelle

Paris, France

Dominik Schaniel

Université de Lorraine, CNRS,
Laboratoire de Cristallographie,
Résonance Magnétique et Modélisation
Nancy, France
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Diamond ring prize from an arcade-style claw game. In
Tokyo, the author recently had the opportunity to play a
coin-operated claw game (figure 19A) for 100 yen (approxi-
mately US$0.70). The prizes offered were gold-colored rings
set with natural diamond, cubic zirconia, or white topaz.
After 24 attempts, the ring shown in figure 19 (C and D)
was captured. The label on the box noted the following:

Figure 19. A: The arcade-style claw game. B: The dia-
mond ring prize packaged in a paper box. C and D: The
diamond ring shown from two angles: front view and
back view. Photos by Mari Sasaki (A) and Shunsuke
Nagai (B-D).
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adjustable-size brass ring with 18K gold plating, natural dia-
mond of approximately 0.01 ct, made in Japan, along with
the names of the manufacturer and distributor (figure 19B).

The ring itself, weighing 1.28 g, had a simple open-
band design, with a diameter of about 18 mm and a width
ranging from 5.6 to 2.4 mm. For closer inspection, the
stone was removed, which damaged the ring’s prongs and
surrounding areas of metal. The small melee stone
weighed 0.0119 ct—consistent with the “approximately
0.01 ct” packaging claim—and measured around 1.37-1.38
mm in diameter and 0.88 mm in depth (figure 20). Internal
fractures were observed in the brownish orange-yellow
stone, which exhibited poor clarity. The crown featured a
table surrounded by eight facets, while the pavilion also
displayed eight facets, suggesting a single-cut stone, with
visible chips on the girdle and culet.

Standard gemological testing, including photolumines-
cence and ultraviolet/visible spectroscopy, confirmed that
the stone was indeed a natural untreated diamond. Energy
dispersive X-ray fluorescence spectroscopy revealed that the
metal was a gold-plated alloy of copper, zinc, and nickel,
matching the gold-plated brass description on the package.

Interestingly, the promotional poster inside the
machine described the diamonds as “transparent” and
“colorless,” which was clearly not the case with this ring.
The tested sample featured on the poster may have been
colorless, but colored diamonds could have been mixed in
during mass production. Japanese regulations limit the
market value of claw machine prizes to around 1,000 yen
(approximately US$7) (Summer 2024 GNI, pp. 256-257),
making it impossible for each prize to include a gem report
confirming its features.

In a previous attempt with another machine, the author
won a 0.06 ct “yellow diamond” for about 800 yen (approx-
imately US$5.60). Testing indicated it was a treated,
artificially irradiated, natural brownish greenish yellow dia-
mond. Though a prize may be labeled simply as “diamond,”
considering the possibility of treatments is advised.

Mari Sasaki
GIA, Tokyo
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TREATMENTS

Low-temperature heat treatment of corundum and the
behavior of the 3161 cm™ infrared band. The 3161 cm™!
infrared (IR) band can be observed in variously colored nat-
ural corundum, most commonly in yellow sapphire. The
presence of this feature is used frequently as supporting
evidence to conclude that a sapphire has not been heat
treated (C.M. Breeding and N.J. Ahline, “Infrared spec-
troscopy and its use in gemology,” Winter 2024 Ge)G, pp.
474-492). This 3161 cm™ band is often present with other
less intense side bands known as the “3161 cm™ series”
and includes features at ~3355, 3242, 3100 (shoulder), 2460,
and 2420 cm™ (C.P. Smith and C. van der Bogert, “Infrared
spectra of gem corundum,” Fall 2006 Ge)G, pp. 92-93).
The exact origin of the 3161 cm™ band is not well under-
stood, although it is thought to be related to stretching
vibrations of hydroxyl groups caused by interstitial H* ions
present as charge compensation for Fe** substituting for
Al* in the corundum structure (M.C. Jollands et al.,
“Vibrational properties of OH groups associated with diva-
lent cations in corundum (a-Al,O,),” European Journal of
Mineralogy, Vol. 35, No. 5, 2023, pp. 873-890).

As previously reported by Atikarnsakul and Emmett
(Fall 2021 GNI, pp. 286-288), the intensity of the 3161 cm™
band does not change after heating at 700°C in air, but it
disappears or significantly decreases in intensity after heat-
ing at 900°C and above. Additionally, the prominent broad
band at around 3000 cm™ together with the 2625 cm™ band,
or the so-called “3000 cm™ band series,” can be created in
some heated yellow sapphires containing low iron concen-
trations after heating at 900°C and higher. This series is
related to stretching modes of hydroxyl groups in corundum
doped with Mg?* (N. Fukatsu et al., “Incorporation of hydro-
gen into magnesium-doped a-alumina,” Solid State Ionics,
Vol. 162-163, 2003, pp. 147-159). The 3000 cm™! band series
can also be observed in high iron yellow sapphires from
basalt-related deposits without artificial heat treatment
(Fall 2016 GNI, pp. 325-327). Moreover, a combination of
the 3161 cm™ series and the 3000 cm™ series has been

Figure 20. Table (left) and
pavilion (right) views of the
removed 0.0119 ct melee
stone. Photos by Shunsuke
Nagai.
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Figure 21. Color-calibrated photos of studied natural corundum crystals from various deposits ranging from 0.44 to
1.28 ct before (left) and after heating at 850°C (right). At this heating temperature, stronger yellow/orange coloration

can be created. Photos by Sasithorn Engniwat.

reported in a few untreated Rock Creek sapphires from the
state of Montana (J.L. Emmett et al., “Yellow sapphire: Nat-
ural, heat-treated, beryllium-diffused, and synthetic,” Fall
2023 GeJG, pp. 268-297).

In this study, 10 natural corundum samples of various
colors from GIA’s colored stone reference collection were
selected to analyze the thermal behavior of the 3161 cm™
IR feature starting with its strong intensity prior to any
heating (figure 21). These untreated stones were from var-
ious deposits: Madagascar (samples C1, C2, C5, C6, and
C7), Myanmar (sample C3), Sri Lanka (samples C4 and C8),
and Mozambique (samples C9 and C10). The stones were
heated in air to 650°, 700°, 750°, 800°, 850°, and 900°C for
5 hours at each temperature. At the end of each heating
session, the samples were rapidly cooled to room temper-
ature, and color-calibrated photos and Fourier-transform
infrared absorption (FTIR) spectra were collected. The light
yellow zones exhibited a stronger yellow color after heating
at 800°-850°C (samples C1 to C8). Additionally, when
present, blue color zones became less saturated after heat-
ing at 800°C (samples C7 and C8).

Figure 22. FTIR spectra of sample C1 before heat
treatment and then heated at 750°, 800°, 850°, and 900°C

for 5 hours at each temperature. After heating at 850°C,

both the 3161 cm™ series and the 3000 cm™ band series
were present in the same spectrum. Spectra are offset

vertically for clarity.
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For comparison, unpolarized FTIR spectra were
recorded at the identical sample area after heating at each
experimental temperature. Figure 22 shows FTIR spectra
of sample C1 before heating and after heating at 750°, 800°,

FTIR SPECTRA
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850°, and 900°C. An insignificant to slight decrease in the
3161 cm™ band intensity was observed after heating at
750°C or lower (figure 23). When heating between 800° and
850°C, the 3161 cm™ intensity reduced significantly in all
samples (figure 23), and the 3000 cm band series was cre-
ated in some samples, resulting in a combination of the
3161 ecm™ and the 3000 cm™ band in the same spectrum
(figure 2.2, purple line). After heating at 900°C, the 3161 cm™!
band either disappeared entirely or was still present but at
a much lower intensity.

These experimental results and the previous work
cited above indicate that natural corundum from dif-
ferent deposits possibly formed under various growth
conditions such as temperature. Geological origin
should also be taken into consideration when using the

; EMOLOGY.
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3161 cm™ and/or the 3000 cm™" IR band to identify the
presence of heat treatment.

Wasura Soonthorntantikul
GIA, Bangkok

Aaron C. Palke
GIA, Carlsbad

ERRATUM

In the Summer 2025 Colored Stones Unearthed section
titled “Gem Granitic Pegmatites,” a citation was incor-
rectly omitted on p. 192. In the second column, the first full
paragraph should begin with “According to London (2008,
p- 4), the name pegmatite....” We apologize for this error.

FAMERICA-

Join our growing G&G Facebook group of more than 45,000
members, connecting gem enthusiasts from all over the world!
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