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Saltwater non-bead cultured pearls, sometimes referred to as “keshi,” are byproducts of the bead cultured pearl
cultivation process and are mainly composed of solid nacre, in keeping with natural pearls. They often form as in-
dividual pearls or may be seen as additional features on the surfaces of some bead cultured (BC) pearls, sometimes
known as “Tokki pearls.” The 86 saltwater cultured samples in this study, comprising 74 non-bead cultured (NBC)
pearls and 12 BC pearls with intriguing additional surface features, were collected directly from the gonads of op-
erated Pinctada maxima mollusks by two of the authors during a visit to a pearl farm. They were collected in order
to study the internal structures using real-time microradiography and X-ray computed microtomography analyses.
Three structural types—including organic-rich concentric, void, and linear—were observed in the NBC samples, as
expected for saltwater NBC pearls produced by Pinctada species. The structures were also observed within the as-
sociated additional features related to the bead nuclei in the BC pearl samples. The internal features of most of the
NBC samples permitted them to be separated from their natural counterparts. Nevertheless, a limited number of
NBC samples contained particular structural forms similar to those observed in known P. maxima natural pearls
previously studied, or they contained complex overlapping features that do not conform to the majority of structures
observed in NBC pearls in this study and previous publications. This illustrates the challenges GIA and other gemo-
logical laboratories face with some pearl identification cases. Therefore, GIA’s procedure in addressing such cases
is discussed and demonstrated. Since the pearl identification stated on reports is an opinion based on a reference
collection database and the gemologist’s experience, possible differences of opinion among various gemologists and
organizations are hardly surprising. This study on known cultured pearls provides additional reliable data that is es-
sential in consolidating GIA’s reference collection database on the internal structures of pearls.

oyster), Pinctada margaritifera (the black-

lipped pearl oyster), and Pinctada fucata
(martensii) (“the akoya pearl oyster”) are the main
mollusks of the Pinctada genus that are commer-
cially farmed. They are routinely used to produce
bead cultured (BC) pearls and, as a consequence,
sometimes also produce non-bead cultured (NBC)
pearls (Otter et al., 2014; Sturman et al., 2016; Nilpet-
ploy et al., 2018a). P. maxima is the largest species in
the genus (Scarratt et al., 2012) and generally requires
a minimum two-year growth period to yield BC
pearls with the thickest nacre layers of all BC pearls

Pinctada maxima (the silver- or gold-lipped pearl
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(Gervis and Sims, 1992, Cartier and Krzemnicki,
2016). Cultured pearls from the P. maxima mollusk
are often referred to as “South Sea” in the market.

Australia is the largest producer of white P. max-
ima (silver-lipped) cultured pearls, while Indonesia,
Myanmar, and the Philippines are major producers of
“golden” P. maxima (gold-lipped) cultured pearls. The
farms producing these pearls are located between the
Tropic of Cancer and the Tropic of Capricorn, which
coincides with the native P maxima mollusk’s geo-
graphic distribution. The silver-lipped shells are found
mostly south of the equator, while the gold-lipped
shells populate the region north of the equator (Strack,
2006). P. maxima mollusks used for pearl culturing
production in Australia are predominantly wild-
caught shells collected in accordance with the annual
quota that takes the shell sizes into account (between
120 and 175 mm shell length) and allows fishing
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Figure 1. A selection of P. maxima cultured pearls (pictured with a P. maxima shell) randomly drawn from a total of
86 pearl samples examined. These consist of NBC pearls as well as BC samples with additional features attached to
the surface (“Tokki pearls”). The largest center pearl measures 22.05 x 14.07 x 13.24 mm. Photo by Nuttapol Kitdee.

within specific commercial pearl oyster fishery zones
(Western Australia Department of Fisheries, 2016).
Hatchery-bred shells are also used to supplement the
wild stock (Gervis and Sims, 1992; Southgate and
Lucas, 2008). Although BC pearls are the primary pro-
duction goal, some NBC pearls are also unintention-
ally produced as a secondary product.

The general technique for cultivating saltwater BC
pearls was originally developed for the Japanese akoya
pearl culturing industry before being accepted for other
culturing operations globally (Otter et al., 2017). It be-
gins with the insertion of a bead nucleus (referred to as
a seeding or nucleation process), along with a small
piece of mantle tissue (saibo in Japanese) that is cut
from a donor mollusk in a grafting process and subse-
quently inserted into the gonad of a living host mol-
lusk (Al-Alawi et al., 2020; Sturman et al., 2020). Shell
bead nuclei are usually fashioned from American fresh-
water mussels of the Unionidae family such as wash-
board (Megalonaias nervosa), ebony (Fusconaia ebenal),
and three-ridge (Amblema plicata), which are the most
widely used source material for saltwater BC pearl pro-
duction (Hsu et al., 2016; Sturman et al., 2020). Other
materials have been used on an experimental basis in

INTERNAL FEATURES OF CULTURED PEARLS FROM P. MAXIMA

place of traditional shell beads, including plastic, resin,
gemstones, dolomite, bironite, organic gelatinous poly-
mer (superabsorbent polymer, or SAP), low-quality nat-
ural pearls, freshwater NBC pearls, and shell beads

In Brief

¢ Bead cultured (BC) pearls are primary products of pearl
cultivation, and some non-bead cultured (NBC) pearls
occur as a byproduct. NBC pearls are composed
mainly of solid nacre, similar to natural pearls.

e 74 NBC and 12 BC pearls with intriguing additional sur-
face features were collected directly from the gonads of
operated Pinctada maxima mollusks, and their internal
structures were analyzed using RTX and p-CT.

¢ Organic-rich concentric, void, and linear structural
types were observed in the NBC samples and presented
as associated additional features in the BC samples.

e Most NBC samples contained characteristic internal
features that differentiated them from their natural
counterparts. Nevertheless, some NBC samples
showed particular structural forms comparable to the P
maxima natural pearls previously studied.
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produced from Tridacna shell (Snow, 1999; Hanni et
al., 2010; Cartier and Krzemnicki, 2013; Cartier et al.,
2013; Scarratt et al., 2017; Kessrapong and Lawanwong,
2020). However, none have matched the success of tra-
ditional freshwater mussel shell nuclei or been widely
adopted for commercial use.

The grafted mantle tissue ideally consists of the
outer ectoderm layer containing epithelium cells
that are responsible for shell and pearl formation via
the production of calcium carbonate (CaCO,) poly-
morph aragonite in a brick-type arrangement, as well
as organic matrix that is composed of proteins and
polysaccharides (Crichton, 2019). Together these are
referred to as nacre or mother-of-pearl (MOP). The
epithelium cells within the gonad exist as a result of
the grafted mantle tissue and are involved in the bio-
mineralization process, while the host’s gonad is the
reproductive organ and cannot procreate CaCO,
(Hanni, 2012). After insertion, the epithelium cells
multiply by cell division and link together to form a
pearl sac that surrounds the bead nucleus and subse-
quently deposits nacre to form a pearl. Since this
pearl sac is a result of the cultivation process, it is
sometimes referred to as a “cultured pearl sac” in
this study to differentiate it from a pearl sac that is
naturally formed without any human intervention.
The location from which mantle cells were extracted
determines the type of calcium carbonate polymorph
that results (Marie et al., 2012). Genetics, as well as
the suitability of the mantle tissue selected, greatly
impact the properties and quality of the resulting
pearl (Otter et al., 2017). Therefore, the mantle tissue
is usually selected from donor mollusks that have
produced superior quality MOP exhibiting high lus-
ter and desirable color. Additionally, it is important
to ensure that the transplanted mantle tissue main-
tains good contact with the bead nucleus and that
the bead’s resulting encapsulation by the pearl sac is
as complete as possible before the nacre is secreted
in order to form a high-quality BC pearl. The pearl
sac will continue to produce nacreous layers around
the bead nucleus as long as conditions are suitable
for the host to do so or until the pearl is harvested. If
the mantle tissue is not ideal, or the initial develop-
ment of the pearl sac is not optimal, the pearl sac and
additional features formed during nacre deposition
may result in a baroque and/or lower-quality pearl.
After harvesting the first BC pearls, farmers usually
re-nucleate the mollusk, as the existing pearl sac is
still productive and will accept a second bead (second
operation). The P. maxima mollusk can be operated
on up to three times, although in very rare cases four
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operations have occurred (Gervis and Sims, 1992).
The number of operations will be determined by the
mollusk’s health and the quality of pearl produced.

In cases where the grafted mantle tissue separates
from the bead, the mantle tissue continues to secrete
nacre and the formation of a pearl sac is still possible.
If the pearl sac does form, it is possible for an NBC
pearl to develop (Southgate and Lucas, 2008; Hinni,
2012). It is also possible that individual epithelium
cells will break away from the main mantle tissue
during the first operation to form additional pearl
sac(s). Such accidental pearl sacs function in the
same way by secreting nacre and may form an unin-
tentional NBC pearl, in parallel with the creation of
the intended BC pearl forming in the primary pearl
sac created by the original mantle tissue (Strack,
2006). This additional NBC pear]l may form as a fea-
ture on the surface of a BC pearl, which may subse-
quently detach from the surface and appear to be a
separate individual NBC pearl later. A BC pearl with
an additional feature(s) attached to the surface is also
known as a “Tokki pearl” (figure 1 and table 4; see
also Krzemnicki et al., 2011). Tokki is a Japanese
term referring to a surface protuberance. In yet an-
other scenario, the bead nucleus is ejected from an
already formed or partially formed pearl sac and an
NBC pearl forms in its place (figure 2).

NBC pearls are mainly composed of nacreous lay-
ers similar to their natural counterparts, and they are
often referred to as “keshi” in the market. However,
this Japanese term (meaning “poppy seed”) was orig-
inally used for natural saltwater seed pearls measur-
ing 1-3 mm (Sturman and Al-Attawi, 2006), before
being applied to byproducts found in the mantle area
of Japanese akoya cultured pearls (Landman et al.,
2001; Hanni, 2006). The World Jewellery Confedera-
tion (CIBJO) states that the use of “keshi” alone is
misleading and inappropriate, and instead recom-
mends using the term with a qualification such as
“keshi cultured pearl” (CIBJO, 2020). The term
“keshi” is not used on GIA pearl reports.

Three internal structural types—organic-rich con-
centric, void, and linear—have been reported in the
majority of NBC pearls previously studied (Hanni,
2006; Wehrmeister et al.,, 2008; Sturman, 2009;
Krzemnicki et al., 2010, 2011; Sturman et al., 2016,
2017; Nilpetploy et al., 2018a; Manustrong, 2018;
Manustrong et al., 2019; Al-Alawi et al., 2020). Most
NBC pearls show characteristic structural features be-
longing to these three groups that allow gemologists
to differentiate them from natural pearls. However,
some NBC pearls contain particular forms of these
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structures that are comparable with those observed
in natural pearls, or they contain complex overlapping
structures that do not correspond with the structures
typically observed in NBC pearls. Moreover, some
natural pearls also possess structures that resemble
those observed in NBC pearls. These can be challeng-
ing to correctly identify, especially when the pearls
are submitted without any provenance (Scarratt et al.,
2012; Sturman et al., 2019; Homkrajae et al., 2021).
To better understand the characteristic internal fea-
tures of P. maxima NBC pearls, as well as BC pearls
with associated additional surface growths, the au-
thors studied a selection of NBC and BC pearls grown
in cultured pearl sacs and harvested directly from the
gonads of operated mollusks. The various types of in-
ternal structure recorded in these samples are pre-
sented here, the second in a series of three articles
that investigate the internal structures of P. maxima
pearls produced by different growth mechanisms. The
natural pearls retrieved directly from unoperated wild
mollusks were covered in Homkrajae et al. (2021}, and
the final article will address pearls that form in the
mantle area or adductor muscle, or are found attached
to the shell of operated wild and hatchery mollusks.

Figure 3. A map showing the location of the Paspaley
Pearling Company farm near Middle Osborn Island
in Western Australia, where GIA collected cultured

pearls from operated P. maxima mollusks. Image from
Google Maps.
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Figure 2. One example
where the authors (AH
and NN) found an
ejected shell bead nu-
cleus (7.53 x 6.94 mm)
inside a mollusk’s
gonad. When the shell
was opened, a pea crab
(Pinnotheres villosu-
lus), which has a sym-
biotic relationship with
P. maxima mollusks
(Scarratt et al., 2012),
was observed next to
the ejected bead. A
6.92 x 4.95 mm NBC
pearl (inset) was found
together with the bead.
Photos by Nanthaporn
Nilpetploy.

MATERIALS AND METHODS

In October 2014, two members of GIA’s pearl team
(authors AH and NN) visited a farm owned and op-
erated by the Paspaley Pearling Company located
near Middle Osborn Island, off the coast of the Kim-
berley region in Western Australia, approximately
560 km southwest of Darwin (figure 3). The purpose
of the trip was to collect known samples of South Sea
cultured pearls (again, see figure 1), particularly NBC
pearls, directly from cultured pearl sacs that had de-
veloped from pieces of mantle tissue inserted into
the gonads of host mollusks. Throughout the seven-
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TABLE 1. Examples of NBC pearls from operated mollusks with organic-rich concentric structures (type 1).

Position where found
in the mollusk

Sample details

Macro image RTX image p-CT image

1-1
(3rd operation wild shell)
0.35 ct
3.95 x 3.82 x 3.08 mm

1-2
(3rd operation wild shell)
0.29 ct
3.92 x 3.78 x 3.51 mm

1-3
(3rd operation wild shell)
0.66 ct
4.80 x 4.77 mm

1-4
(3rd operation wild shell)
0.30 ct
4.10 x 3.75 mm

1-5
(3rd operation wild shell)
0.33 ct
4.04 x 3.35 mm

1-6
(3rd operation wild shell)
1.05 ct
6.04 x 5.63 mm

1-7
(2nd operation hatchery shell)
2.08 ct
7.97 x 6.39 mm

1-8
(3rd operation wild shell)
1.80 ct
6.57 x 6.50 x 5.95 mm

Dark gray core

The position of the pearl in the mollusk is indicated by a red arrow.

day visit, nearly 925 mollusks from approximately
10,000 operated shells available were inspected, and
a total of 86 cultured pearls (74 NBC and 12 BC) were
selected for this study. Only the BC pearls with in-
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triguing surface protrusions were selected from the
numerous BC pearls recovered.

GIA created pearl sample classification codes to
differentiate the degrees of origin dependability, as
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TABLE 1. (continued).

Position where found

Sample details in the mollusk

Macro image

RTX image p-CT image

1-9
(3rd operation wild shell)
0.30 ct
4.13 x 3.56 x 3.42 mm

1-10
(3rd operation wild shell)
0.09 ct
2.60 x 2.47 mm

1-11
(1st operation wild shell)
0.18 ct
3.24 x 3.20 mm

1-12
(3rd operation wild shell)
0.62 ct
5.00 x 4.11 mm

1-13
(2nd operation hatchery shell)
1.19 ct
6.26 x 5.89 mm

1-14
(2nd operation hatchery shell)
0.97 ct
5.66 x 4.03 mm

1-15
(1st operation wild shell)
0.09 ct
2.81 x2.72 mm

1-16
(2nd operation hatchery shell)
0.30 ct
3.80 x 3.72 mm

Off-round (spindle-shaped) core

The position of the pearl in the mollusk is indicated by a red arrow. The white arrows indicate the light gray CaCO, “seed” features

(more radiopaque) observed.

previously described by Homkrajae et al. (2021; see
table 1 of that article). Since 86 pearl samples in this
study were harvested in situ from the gonads of
freshly opened mollusks by two of the authors and
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their positions were documented by photos and
videos, they are of known origin and may accord-
ingly be classified as Bl samples (Homkrajae et al.,
2021; see table 1).
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SUMMARY OF INTERNAL STRUCTURES: CULTURED PEARL SAMPLES

-

.Organic-rich concentric
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Figure 4. Summary of the four main internal structural types, including any variations found in the 86 cultured
pearl samples studied (types 1-3 are observed in NBC and type 4 only in BC). The percentage of each structure

recorded in the 74 NBC pearl samples is also shown.

The majority of the host mollusks (90%) were
wild shells collected from the ocean floor, while the
remainder (10%) were hatchery produced. The age
and operation history of the host mollusks varied.
Some were older and had already been operated on
three times, while others were younger and had only
been operated on once. The measurements and
weights of the 74 NBC pearls ranged from 1.80 x 1.61
x 1.28 mm to 10.42 x 10.30 x 8.50 mm, and from 0.02
to 6.28 ct. The 12 BC pearls measured from 14.80 x
13.06 x 12.35 mm to 32.51 x 15.62 x 15.40 mm and
weighed from 14.31 to 43.33 ct.

The samples were loaned to GIA, and their internal
structures were recorded using real-time microradiog-
raphy (RTX) and X-ray computed microtomography
(1-CT). The RTX analysis was performed using a Pa-
cific X-ray Imaging GenX-90P X-ray system with 4-
micron microfocus, 90 kV voltage, and 0.16 mA
current X-ray source with an exposure time of 200~
400 milliseconds per frame, combined with a
PerkinElmer 1512 flat-panel detector with an average
maximum of 128 frames and 74.8 micropixel pitch
with 1944 x 1536 pixel resolution on all the samples.
The samples that showed intriguing or indistinct
structures were selected for more detailed viewing
with p-CT. The p-CT work was carried out with a Pro-
Con CT-mini X-ray system with a 5-micron microfo-
cus, 90 kV voltage, and a 0.18 mA X-ray current
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source. Two detectors with a frame grabber card were
used to capture the results: a Hamamatsu C7921CA-
29 flat-panel detector with 50 micropixel pitch and
1032 x 1032 pixel resolution, and a Varex 1207 flat-
panel detector with 74.8 micropixel pitch and 1536 x
864 pixel resolution. RTX and p-CT data were col-
lected in GIA’s Bangkok laboratory. Photomicrographs
were obtained to show certain features in greater de-
tail using a Nikon SMZ18 stereomicroscope with an
SHR Plan Apo 1x objective lens and NIS-Elements im-
aging software. As with Hombkrajae et al. (2021), the
purpose of this work was only to investigate the sam-
ples’ internal characteristics.

OBSERVATIONS AND RESULTS

The characteristic internal features observed in the
86 cultured pearl samples using RTX and p-CT
analyses can be categorized into four broad growth
structural types (figure 4). Types 1-3 correspond to
NBC samples, and type 4 applies to BC samples only.

1. Organic-rich concentric

2. Void

3. Linear

4. Bead nucleus and associated additional features

Thirty NBC and eight BC pearls from the samples
studied were selected as representative samples to
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show the variations in the internal structures of the
four main structural types and to serve as a reference
for future pearl identification. Information and re-
sults for each sample are shown in tables 1 to 4. The
sample number, weight, measurements, and the
number of times the mollusk was operated on are
listed in the first column. The second column con-
tains images showing the position of the pearl in
each shell when retrieved (indicated by a red arrow).
Macro, RTX, and p-CT results, respectively, are
shown in the third through fifth columns. Since RTX
and p-CT are microradiography techniques, all the
relevant images in this study are shown in a
grayscale intensity scheme. Thus, the internal
growth patterns/features display varying intensities
of gray corresponding to the differing X-ray densities
or radiopacity of the materials that make up the
pearls. CaCO, polymorphs such as aragonite (nacre
or shell bead) are mineralized materials that are
denser to X-rays (more radiopaque) than organic-rich
material or voids (i.e., areas filled with gases and/or
liquids) that are more radiolucent and allow more X-
rays to pass through (Wehrmeister et al., 2008; Stur-
man, 2009; Otter et al., 2014). Therefore, aragonite
typically appears light gray, while organic-rich mate-
rial or voids have a darker gray to black intensity.
[Note: In this article, the description of an internal
structure as “dark gray” and “light gray” corre-
sponds to its X-ray density, not its actual color.]

Type 1: Organic-Rich Concentric Structures. Various
organic-rich concentric structures were observed in
30 of the NBC pearl samples. Sixteen were selected
as representative of these structures (table 1). Or-
ganic-rich concentric structures were visible as dark
gray concentric layered areas in the center and occu-
pied a large portion of the pearl’s volume in most
samples. The concentric structures in samples 1-4,
1-13, and 1-15 occupied most of the pearls’ interior,
and only a thin light gray layer corresponding to
nacre was present on the outermost surface.

Most of the RTX images of the samples contained
a dark gray (more radiolucent) or light gray (more ra-
diopaque) core at the center of the concentric struc-
tures, similar to some observations in natural P.
maxima pearls (Homkrajae et al., 2021). However,
the core in each of these samples differed in size and
form from those observed in the natural pearls. Only
sample 1-1 showed a dark gray core consistent with
those often encountered in natural pearls. Yet it is
worth noting that the large area covered by the con-
centric structure and the lack of obvious growth fea-
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tures in the nacre overlying the structure are obser-
vations consistent with NBC pearls examined previ-
ously. This combination of features could lead to a
wide range of opinions from different gemologists.
The rest of the samples showed a light gray core com-
posed of denser X-ray material similar in radiopacity
to the outer nacreous layer. The majority of the cores
appeared rounded (samples 1-2 through 1-8 and 1-12
through 1-16), and only three samples displayed off-
round (spindle-shaped) forms (samples 1-9 through 1-
11). The sizes of the light gray core varied from large,
in sample 1-2, to a tiny spot in sample 1-8. These
cores resemble ones observed in natural pearls,
though the very large cores in samples 1-2 and 1-3
have not been observed in any natural pearls to our
knowledge. In sample 1-6, a twin center consisting
of organic-rich concentric features with two light
gray cores, one larger than the other, is intriguing as
a similar twin structure was reported in a 0.11 ct nat-
ural pearl from a Pinctada maculata mollusk
(Nilpetploy et al., 2018b). Nevertheless, the concen-
tric growth layers in the center of sample 1-6 are
much larger and more evenly spaced, and the distinct
round light gray cores in the center of each organic-
rich feature, one larger than the other, are also absent
in the natural P. maculata pearl (figure 5). Moreover,
the acicular features shown within the organic-rich
area in the natural P. maculata pearl are not present
in sample 1-6. These differing aspects may also result
in a wide range of identification calls. In the authors’
opinion, the structure corresponds more closely with
NBC pearls, and thus GIA would consider this pearl
to be NBC. This is confirmed by the sample’s prove-
nance. Although an oval core has been observed in a
natural pearl (Homkrajae et al., 2021), the authors be-
lieve that the spindle-shaped cores in samples 1-9
through 1-11 have only been reported in NBC pearls.

Light gray CaCO, “seed” features of various size,
shape, and quantity were revealed in different posi-
tions within the concentric structures (samples 1-12
through 1-16, indicated by the white arrows in table
1). These “seed” features are generally rounded and
contain no discernible structure within, aside from
sample 1-15 where the “seed” feature is irregularly
shaped and a growth ring is present inside. Such
CaCoO, “seed” features have previously been reported
in South Sea and P. margaritifera (Tahitian) NBC
pearls (Krzemnicki et al., 2010, 2011; Nilpetploy et
al., 2018a), and they do not exist in any natural P.
maxima pearls previously examined (Homkrajae et
al., 2021). The presence of such CaCO, “seed” fea-
tures in association with organic-rich concentric
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Figure 5. Macro images, RTX images, and u-CT slices of sample 1-6 (top row), and a 0.11 ct natural P. maculata
pearl (bottom row) previously studied by Nilpetploy et al. (2018b; see sample I). Both pearls show similar twin or-
ganic-rich concentric features. However, sample 1-6 exhibits larger and more evenly spaced growth layers that in-
corporate two light gray cores at the center of each, one larger than the other, while the P. maculata natural pearl
lacks these features and shows acicular formations within the organic-rich area. Photos by Sasithorn Engniwat.

structures is therefore a strong indicator of NBC for-
mation. Additional details on similar CaCO, “seed”
features found in some non-nacreous P. maxima
NBC pearls were covered by Manustrong et al. (2019;
see table 4).

Some NBC pearls showed ambiguous structures or
failed to reveal enough evidence to conclusively iden-
tify their origin. Samples 1-5 and 1-8 are good exam-
ples. Both showed relatively small areas of dark gray

concentric layers, the light gray cores were small and
rounded, no CaCO, “seed” features appeared to exist,
and a few growth structures were visible in the over-
lying nacre. In particular, the growth pattern of sample
1-8 (magnified in figure 6) closely resembles structures
often observed in natural pearls from various Pinctada
species (Krzemnicki et al., 2010; Scarratt et al., 2012;
Nilpetploy et al., 2018b; Homkrajae et al., 2021) and
is comparable to a 0.30 ct known natural P. maxima

Figure 6. n-CT slices in three directions of sample 1-8 reveal a small area of organic-rich concentric structure, a
tiny light gray core, and a few growth structures in the surrounding nacre. No CaCO, “seed” features were ob-
served within the organic structure. All these observations are consistent with natural pearls, not NBC pearls.
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Figure 7. Macro images, RTX images, and u-CT slices of sample 1-8 (top row) and a 0.30 ct known natural P. max-
ima pearl (bottom row) previously studied by Homkrajae et al. (2021; see sample 2-9). Both pearls show similar in-
ternal structures. The light gray cores are relatively small, as are the dark gray concentric layers, and subtle
growth patterns surround the central structures. Photos by Sasithorn Engniwat.

pearl sample (figure 7) previously studied by Homkra-
jae et al. (2021; see sample 2-9). It would be challenging
to correctly identify such a pearl as NBC according to
its known provenance, and it would almost certainly
be classified as natural in standard laboratory testing
conditions.

It is also interesting to note that some pearl sam-
ples were found together in the same mollusk and
share similar internal characteristics. For example,
samples 1-9, 1-10, and 1-12 were found together, and
a BC pearl was also recovered from the same mol-
lusk. They revealed large organic-rich concentric
structures and lacked any growth structures in the
surrounding nacreous areas. Samples 1-9 and 1-10
contained a spindle-shaped core, while sample 1-12’s
core is very small and rounded but also accompanied
by a couple of “seed” features. Based on the combi-
nation of these internal characteristics, all three
pearls would be classified as NBC. Samples 1-13 and
1-14 were found in the gonad next to one another, as
shown by the images in the second column in table
1. While their organic-rich concentric structures are
quite different in pattern and size, it was intriguing
to note that both pearls contained the CaCO, “seed”
features within the concentric structure (magnified
in figure 8). Another observation of note is that most
of the samples in this group exhibited a nacreous sur-
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face, much like the vast majority of NBC P. maxima
pearls, yet six samples displayed a non-nacreous sur-
face. The external and internal characteristics of
these non-nacreous NBC pearls were recorded in a
detailed study by Manustrong et al. (2019), and two
samples from that study are also included here (sam-
ples 1-4 and 1-11). Sample 1-7 showed both nacreous
and non-nacreous surfaces. The nacreous surface ex-
hibited a platy structure, while the non-nacreous part
showed transparent features that were circular and
bumpy, similar to those of the six non-nacreous sam-
ples included in this study.

Type 2: Void Features. Void and linear features are in-
ternal cavities or areas filled with gas and/or liquid
phases, which are more transparent to X-rays (radi-
olucent) and appear on RTX and 1-CT images as var-
ious tones of gray, usually dark, depending on size
and volume. Because voids generally occupy a greater
area than linear features (thin or slender voids) and
therefore look different, they have been separated
into different structural types in this article. Voids
are often seen in saltwater NBC pearls, and gemolo-
gists use them to separate NBC from natural pearls.
While P. maxima mollusks produce the majority of
NBC pearls seen in the market, other Pinctada
species also produce them (Wehrmeister et al., 2008;

Gems & GEMOLOGY FALL 2021 195



Sturman, 2009; Krzemnicki et al., 2010; Sturman et
al., 2016, 2017; Nilpetploy et al., 2018a; Manustrong,
2018; Al-Alawi et al., 2020). Thus, it was unexpected
that only 10 of the 74 NBC pearls in this study dis-

Figure 8. u-CT slices in
three directions of sam-
ples 1-13 (top row) and
1-14 (bottom row) re-
veal some light gray
CaCO, “seed” features
within the concentric
structures of both sam-
ples. They were found
next to one another in
the gonad of the same
mollusk.

played void features. Four were selected to show the
various types of voids encountered (table 2). Most of
the voids observed in this study were elongated (i.e.,
ellipse and ovoid cavities filled with gas and/or liquid

TABLE 2. Examples of NBC pearls from operated mollusks with void features (type 2).

Sample details

2-1
(1st operation wild shell)
3.35ct
8.65 x 8.24 x 6.83 mm

2-2
(1st operation wild shell)
2.48 ct
7.92 x 6.77 X 6.41 mm

2-3
(1st operation wild shell)
2.70 ct
9.30 x 6.90 x 5.63 mm

2-4
(1st operation wild shell)
1.37 ct
6.56 x 5.32 mm

Position where found
in the mollusk

Macro image RTX image p-CT image

The position of the pearl in the mollusk is indicated by a red arrow.
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Figure 9. u-CT slices in three directions of sample 2-4 reveal a combination of dark gray and light gray features in-
side the elongate void. This type of void is rarely observed in NBC pearls, and it has similarities to some previ-
ously observed in natural pearls.

phases) and oriented along the longest direction of
the pearl. The light gray, representing the overlying
nacre around the voids, was generally tight or only
contained a few growth lines comparable with most
NBC pearls in the type 1 group. Although only single
voids were observed in samples from this study, dou-
ble or multiple voids are sometimes observed in NBC
pearls (Sturman et al., 2016).

Sample 2-1 revealed a large void that took up
nearly half of the pearl’s volume. However, the void
is not entirely empty, as a dark gray material can be
seen within the virtually black center. This material
could be a semi-solid organic-rich phase that is
found in many voids in pearls both natural (Homkra-
jae et al.,, 2021) and cultured (Otter et al., 2014,
Nilpetploy et al., 2018a). However, the organic-rich
feature lacks any fine growth structure, which is un-
characteristic of natural pearls. Based on the large
void’s absence of any clear growth structure in the
organic-rich area, the pearl would be identified as
NBC. The hollow slender void present in sample 2-
2 is characteristic of voids found in many saltwater
NBC pearls. Sample 2-3 showed a central cavity
with an inner light gray feature with a radiopacity
similar to that of the nacre. This type of void feature
has been reported in some NBC pearls from P. mar-
garitifera (Nilpetploy et al., 2018a) and Pinctada fu-
cata (martensii) (Manustrong, 2018). It has also been
observed in some saltwater NBC pearls submitted
for examination in GIA’s global laboratory locations.
Sample 2-4 displayed a combination of dark gray and
light gray features inside the elongated void that is
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sometimes observed in NBC pearls (magnified in fig-
ure 9). However, similar alternating dark and light
gray patterns have been observed in some natural
pearls (Homkrajae et al., 2021}, and thus it is possible
that some gemologists would identify this pearl as
natural. Conversely, some gemologists could inter-
pret the elongated shape and position of the void to
be more typical of NBC pearls. This complex diver-
gence reveals the challenges gemologists face in
pearl identification, and an inconclusive opinion
may well be the result.

Type 3: Linear Structures. Linear structures are the
most common type encountered in NBC pearls pro-
duced by various mollusks originating from saltwa-
ter and freshwater environments (Scarratt et al.,
2000; Hinni, 2006; Sturman, 2009; Krzemnicki et
al., 2010; Sturman et al., 2016, 2017; Nilpetploy et
al., 2018a; Manustrong, 2018; Al-Alawi et al., 2020;
Kessrapong and Lawanwong, 2020). Not surpris-
ingly, almost half of the NBC samples showed linear
features, and 10 samples with various forms of these
are presented in table 3. Samples 3-1 through 3-4
showed classic linear structures typically observed
in NBC pearls. The extended linear feature displayed
is the dominant structure seen running the length
of each pearl. Even though samples 3-1 and 3-2 look
different externally, they were harvested from the
gonad of the same mollusk and share similar linear
structures.

The linear structures visible in samples 3-5
through 3-10 are more complex, and some are seldom
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TABLE 3. Examples of NBC pearls from operated mollusks with linear structures (type 3).

Position where found
in the mollusk

Sample details Macro image RTX image p-CT image

3-1
(3rd operation wild shell)
5.37 ct
14.18 x 9.16 x 6.29 mm

3-2
(3rd operation wild shell)
0.39 ct
4.36 x 3.40 mm

3-3
(3rd operation wild shell)
3.06 ct
11.65 x 7.00 x 5.45 mm

3-4
(1st operation wild shell)
1.21 ct
6.92 x 4.95 mm

3-5
(3rd operation wild shell)
0.28 ct
3.96 x 3.49 x 2.76 mm

3-6
(2nd operation hatchery shell)
0.535 ct
6.31 x 3.89 x 2.90 mm

3-7
(3rd operation wild shell)
0.22 ct
3.37 x3.11 mm

3-8
(3rd operation wild shell)
0.70 ct
5.51 x4.78 x 3.60 mm

3-9
(3rd operation wild shell)
3.96 ct
15.30 x 6.28 x 5.65 mm

3-10
(2nd operation hatchery shell)
210 ct
9.88 x 7.20 x 5.14 mm

The position of the pearl in the mollusk is indicated by a red arrow. The white arrows indicate the small linear or void structures at the
core of each defined demarcation.
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Figure 10. u-CT slices in three directions of sample 3-5 reveal a dark gray line inside an area of organic-rich
growth. Although the linear feature appears characteristic of NBC pearls, the organic-rich growth structure is more
typical of natural pearls.

encountered in NBC pearls. Therefore, the identifica-
tion of some NBC pearls is not straightforward. Sam-
ple 3-5 revealed a pear-shaped dark gray, organic-rich
structure with an unclear associated darker feature in
the RTX image that appears more likely to be a natural
pearl structure. However, the dark feature shows up
more clearly (magnified in figure 10) when analyzed
by a high-resolution p-CT unit, and it appears to be
more linear and thus possibly more characteristic of
some NBC pearls. Yet this feature does not correspond
with the majority of linear associated structures ob-
served in NBC and natural pearls, and therefore an in-
conclusive opinion may result. However, some
gemologists may consider the linear feature sufficient
evidence to identify this pearl as NBC, which would
be consistent with its recorded provenance.

Distinct layered growth structures enclosing a
linear feature, as shown in samples 3-6 and 3-7, are
not typically encountered in NBC pearls. This is be-
cause NBC pearls generally lack any growth
layers/features in the surrounding nacre, as has al-
ready been noted, although the linear features in the

center commonly correspond with those observed in
other NBC pearls. Moreover, similar growth layers
of alternating light and dark gray features related to
the difference in organic content have been observed
in some natural pearls (Homkrajae et al., 2021; see
figure 15). Samples 3-8 through 3-10 showed combi-
nation structures consisting of multiple cores or seg-
ments, as well as linear features. Samples 3-8 and 3-9
revealed a long linear structure in the main body
with shorter linear or void features in the center of
each segment (table 3, indicated by the white ar-
rows). On the other hand, the main body of sample
3-10 showed only growth rings and no evidence of a
linear feature (magnified in figure 11). Only when the
other segments were inspected were linear or void
features revealed (table 3, indicated by a white
arrow). The structures presented in samples 3-8 and
3-9 are more characteristic of NBC pearls (Nilpetploy
et al., 2018a). While the linear features visible in the
small segments point to an NBC origin, the overall
structure of sample 3-10 is doubtful and this pearl
may be considered inconclusive.

Figure 11. u-CT slices in three directions of the largest segment of sample 3-10 only revealed growth rings. How-
ever, linear features and voids are present in other parts. The overall internal structure is doubtful and points to an

NBC origin.

i

i
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TABLE 4. Examples of BC pearls from operated mollusks with a bead nucleus and associated
additional features (“Tokki”) (type 4 only in BC).

Position where found

Sample details in the mollusk

Macro image RTX image p-CT image

Bead nucleus and organic-rich concentric

4-1
(3rd operation wild shell)
14.77 ct
15.78 x 12.14 mm

4-2
(3rd operation wild shell)
18.12 ct
15.12 x 13.47 mm

43
(3rd operation wild shell)
17.22 ct
18.39 x 12.05 mm

4-4
(3rd operation wild shell)
38.51 ct
23.75 x 16.30 x 16.15 mm

4-5
(3rd operation wild shell)
23.99 ct
21.90 x 14.28 x 14.12 mm

4-6
(3rd operation wild shell)
26.53 ct
19.90 x 13.28 x 13.05 mm

4-7
(3rd operation wild shell)
21.86 ct
14.53 x 14.24 x 14.13 mm

4-8
(3rd operation wild shell)
24.78 ct total
15.44 x 15.14 x 14.68 mm
and 6.10 x 5.37 x 4.19 mm

The position of the pearl in the mollusk is indicated by a red arrow.

200  INTERNAL FEATURES OF CULTURED PEARLS FROM P. MAXIMA Gems & GEMOLOGY FaLL 2021



Figure 12. u-CT slices in three directions of sample 4-3’s feature revealed an organic-rich concentric structure that
formed next to the bead nucleus. The small dark gray concentric area, tiny light gray core, and growth layers sur-
rounding the dark gray area are similar to some observed in natural rather than NBC pearls.

Type 4: Bead Nucleus and Associated Additional Fea-
tures. Twelve BC pearls with potentially intriguing
additional features were selected from the many BC
pearls recovered during the harvest. These additional
features displayed organic-rich concentric, void, and
linear features similar to the structures typically en-
countered in NBC samples; eight representative sam-
ples are shown in table 4. The additional features
directly affected the pearls’ external appearance,
often resulting in baroque shapes. Although the
pearls possessed additional features, their main body
contained a bead nucleus and thus they would be
classified as BC pearls. These extra features can form
next to the bead nucleus (samples 4-1, 4-4, and 4-5)
or independently from the bead nucleus and still be
firmly attached to the outer nacreous layers (samples
4-2,4-3, and 4-6). They may also form independently
from the BC pearl and be loosely attached to the sur-
face, where they are likely to separate later and be-
come individual NBC pearls (samples 4-7 and 4-8).

As with all bead cultured pearls examined by RTX,
the bead nuclei showed a distinct round dark gray fea-
ture at the interface between the beads themselves and
the point of initial nacre contact. Some demarcation
rings are more obvious than others, usually depending
on the amount of organic matter deposited by the mol-
lusk after the nucleation procedure has ended and the
initial recovery period takes place. Straight parallel
lines related to the banded structure of the shell bead
nucleus, or boundaries delineating multiple sections
of shell used to create laminated beads (Manustrong
and Lawanwong, 2020), are also sometimes observed
inside the main demarcation boundary.

Organic-rich concentric structures visible on sam-
ples 4-1 through 4-3 manifest themselves as rounded
protrusions on the pearl surface. This type of addi-
tional feature is commonly associated with BC pearls
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and has been reported in cultured pearls produced by
Pinctada species mollusks (Krzemnicki et al., 2010,
2011; Al-Alawi et al., 2020). They may form as single,
double, or multiple growths. RTX and n-CT analyses
revealed the dark gray organic-rich concentric struc-
tures constituting the majority of the features in sam-
ples 4-1 and 4-2. This is in keeping with the
structures of most type 1 NBC samples, and to a
lesser degree with the organic-rich concentric struc-
tures found in the natural P. maxima pearls previ-
ously reported by Homkrajae et al. (2021); see type 2
in that article. In contrast, sample 4-3 showed an or-
ganic-rich concentric structure similar to that of
some natural pearls. The structure consisted of a
small dark gray concentric area, a tiny light gray core,
and growth structure surrounding the dark gray area
(magnified in figure 12). If this additional feature were
to become detached, resulting in a separate pear], it
would be challenging to identify the origin correctly.
The additional features in samples 4-4 through 4-8 ex-
hibited voids or linear structures. Those in samples
4-4 and 4-5 are associated directly with the bead nu-
clei, while the feature in sample 4-6 forms in the cen-
ter and is not in contact with the bead nucleus.
Sawing would be required to separate the additional
features from the main bead cultured pearl in samples
4-1 through 4-6, as they are firmly attached to each
other. Samples 4-7 and 4-8 showed a fine linear struc-
ture at the center of their additional features. When
harvested, they were loosely attached to the main BC
pearls. Later, the thin nacreous and organic-rich layer
that bonded the features to the main BC pearls dried
out, resulting in the separation of individual NBC
pearls. Remnants of the organic-rich bond that held
the two sections of sample 4-7 prior to separation, as
well as the area where both segments were attached,
are shown in figure 13.
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Figure 13. Photomicrographs of sample 4-7, showing the area where both segments were loosely attached at the
time of harvest (A and B; field of view 19.20 mm and 4.80 mm, respectively). Over time, the bonding dried out
and the two parts separated into individual pearls: NBC on the left and BC on the right (C; field of view 19.20

mm). Photos by Nanthaporn Nilpetploy.

DISCUSSION

Various forms of internal structure were observed in
the 74 NBC P. maxima pearls studied, although they
can simply be classified into three broad types: or-
ganic-rich concentric structures (40%), void features
(14%), and linear structures (46%). These three struc-
tural types were also noted as associated additional
features in 12 BC pearls investigated. More impor-
tantly, certain forms of these structures were re-
ported in some natural pearls, which highlights the
challenges in separating some NBC from natural
pearls, especially when tested in laboratory condi-
tions and their provenance is unknown (Sturman et
al., 2019).

Organic-rich concentric structures have been re-
ported in cultured pearls produced by Pinctada
species mollusks (Krzemnicki et al., 2010, 2011;
Sturman et al., 2017; Nilpetploy et al., 2018a; Manus-
trong et al., 2019; Al-Alawi et al., 2020), and some
natural pearls formed by various mollusk species
(Krzemnicki et al., 2010; Scarratt et al., 2012; Stur-
man et al., 2014; Karampelas et al., 2017; Nilpetploy
et al., 2018b; Homkrajae et al., 2021). Some differ-
ences noted by the authors could be useful indicators
in distinguishing NBC pearls from their natural
counterparts. The organic-rich concentric areas in
most NBC samples are generally large and cover over
half of the pearl’s interior, whereas the concentric
layered areas in natural samples tend to occupy a rel-
atively small portion of the interior. The concentric
rings within the organic-rich areas are more distinct
and uniformly arranged in NBC samples than in nat-
ural pearls, although in some NBC samples the rings
seem to cross over and merge with others. This uni-
formity is not observed in natural samples. An un-
even or “spotty” appearance was visible in the dark
concentric layered areas of some NBC samples but
not apparent in the natural pearls. Dark and light
gray cores were observed within the dark concentric
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organic structures of both NBC and natural pearls,
but only one NBC sample exhibited a dark core. In
contrast, many of the natural pearls contained a dark
gray core, which would seem to indicate a natural
rather than NBC origin. The light gray cores usually
appeared tight (radiopaque) and rounded in both
kinds of pearls, yet the very large light gray cores
were only observed in NBC pearls, while the major-
ity of light gray cores seen in the natural pearls were
small. The off-round (spindle-shaped) light gray cores
and light gray CaCO, “seed” features observed in dif-
ferent positions within the dark gray organic-rich
concentric structures were found in NBC but not
natural pearl samples. When two or more of these
characteristic features are combined, they provide
sufficient proof to classify a pearl as NBC. Addition-
ally, the dark gray organic-rich concentric structures
within most of the NBC samples appeared uniformly
symmetrical in shape with near-round, oval, and but-
ton outlines, while those in the natural pearls were
of various shapes and many appeared asymmetrical.

Voids and linear structures are known to be key
identification features for NBC pearls produced by
Pinctada species mollusks (Wehrmeister et al., 2008;
Sturman, 2009; Krzemnicki et al., 2010; Sturman et
al., 2016, 2017; Nilpetploy et al., 2018a; Manustrong,
2018; Al-Alawi et al., 2020). However, a small percent-
age of natural saltwater pearls have also been shown
to contain these two structural types (Scarratt, 2019;
Hombkrajae et al., 2021). Around 14% and 46% of all
NBC pearl samples studied in this work displayed
void and linear features, respectively. Both structural
types, especially the linear structures encountered in
NBC samples in this study and previous studies, share
the common characteristic of being elongated and ex-
tending the length of the pearl. Usually, the linear fea-
tures also extend over half of the pearl’s length. Voids
in natural pearls range in size and can be large, but in
Homkrajae et al. (2021) the samples appeared to oc-
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cupy relatively small portions, approximately 30% or
less of the pearl’s volume, and revealed organic-rich
growth features within the voids when examined by
P-CT. These differences are helpful in distinguishing
NBC from natural pearls. By comparison, linear struc-
tures are the most challenging to interpret in natural
pearls. However, linear structures are typically ob-
served in NBC pearls and less frequently in natural
pearls, although the chances increase when extremely
baroque pearls are considered. All the natural samples
that were found to contain linear features tended to
be baroque (Hombkrajae et al., 2021), whereas linear
features were observed in both baroque and symmet-
rically shaped NBC pearls such as the oval and drop
shapes (samples 3-2 and 3-4). Therefore, any pearl with
a distinct linear feature would most likely be identi-
fied as NBC.

What follows are the identification characteristics
observed for the three main structural categories
from the known natural and NBC P. maxima pearl
samples (figure 14). The first category includes the
structures that were only found in natural pearl sam-
ples. The structures that fall into this category are (1)
tight or minimal growth that lack any clear internal
growth features or only showed a few weak growth
patterns; (2) an organic-rich concentric structure and
patchy light and dark gray center resulting from dif-
ferences in the organic content within these areas;

Natural Pearl Samples

Internal structures observed
only in natural pearl samples

Overlapping internal structures

* Tight or minimal growth  Organic-rich concentric
and dark gray core

* Organic-rich concentric
and patchy light and dark

gray center

¢ Organic-rich concentric
and light gray core
¢ Dense core * Void

* Marine organism nucleus e Linear

entombed by nacre
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(3) a dense, solid light gray core not enclosed by any
clear organic-rich concentric structure; and (4) a ma-
rine organism entombed by nacre deposition. Se-
verely fractured central internal structures were
found only in natural pearl samples (Homkrajae et
al., 2021; see samples 6-5 and 6-6), yet they appear to
be related to later stages of the pearls’ formation and
not their initial formation. Therefore, this type of
structure may also be observed in NBC pearls and
cannot be used as an indicator of a pearl’s identity.

The second category involves the internal struc-
tures that are only found in NBC samples, including
(1) an organic-rich concentric structure and off-round
(spindle-shaped) core and (2) an organic-rich concen-
tric structure and accompanying light gray CaCO,
“seed” feature.

The last category includes overlapping structures
that have been observed in natural and NBC pearl
samples. Therefore, they are less indicative of any
specific type of pearl unless certain internal charac-
teristics previously mentioned are considered. These
structures include (1) an organic-rich concentric
structure and dark gray core, (2) an organic-rich con-
centric structure and light gray core, (3) void features,
and (4) linear structures.

Lastly, NBC pearls often form after the mollusk
has rejected the bead nucleus and the empty pearl sac
continues to produce an accidental pearl. This can

NBC Pearl Samples

Figure 14. A diagram
illustrating the three
main categories of in-
ternal structures as
radioimages. The two
circles represent inter-
nal structures ob-
served only in known
natural P. maxima
pearl samples in
Hombkrajae et al.
(2021, left) and
known NBC P. max-
ima pearl samples in
this study (right). The
area of overlap repre-
sents internal struc-
tures found in both
natural and NBC
pearl samples.

Internal structures observed
only in NBC pearl samples

* Organic-rich concentric and
off-round (spindle-shaped) core

* Organic-rich concentric
and light gray CaCO,
“seed” feature
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occur during the first operation or in any subsequent
operations the mollusk endures during its life. It is
worth noting that many of the NBC pearl samples
with distinct linear features formed in mollusks fol-
lowing their second or third operation, and they often
exhibit a flattened baroque shape. This observation
is in agreement with studies by Hinni (2006) and
Krzemnicki et al. (2010). Additionally, organic-rich
concentric structures were discovered in NBC pearls
from all three operations, and BC pearl samples with
the additional surface features were produced by
mollusks following the third operation.

CONCLUSIONS

Organic-rich concentric structures, void features, and
linear structures are the three main structural types
found in the NBC pearl samples studied, and within
the additional features found on the BC pearls exam-
ined. The majority of the NBC samples exhibited one
of two typical internal characteristics—relatively
large voids or distinct linear features—helping prove
their cultured origin. Other structural features help
identify pearls as NBC when observed in conjunction
with each other or with the two main NBC struc-
tures. These include a large light gray core, an off-
round (spindle-shaped) core, and light gray CaCO,
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