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Unraveling the luminescence
secrets of turquoise nucleus
cultivated pearls

Yan Li%%3", Qing Su?, Wei Shao* & Lei Li%*

Turquoise nucleus cultivated (TNC) pearls represent a distinctive variety which are distinguished by
their unique nucleus and remarkable aesthetic appeal. In contradistinction to the common pearls,
which were formed by a shell nucleus, TNC pearls are characterized by a nucleus composed of a
turquoise-like mineral. This study presents a comprehensive analysis of the spectral characteristics of
TNC pearls. It reveals that TNC pearls grew in seawater, as indicated by the peak area ratio of Srto Ca
in X-ray fluorescence data. Additionally, the relatively subdued luster of TNC pearls is hypothesized

to result from the specific nature of their nucleus material. It is noteworthy that the nuclei of these
pearls are not composed of natural turquoise because their infrared spectrum exhibits characteristic
absorption peaks of gibbsite at 1025 cm™ and 669 cm?, alongside peaks indicative of organic
compounds. It is proposed that the nucleus consists of a gibbsite, encased within a protective layer of
organic compounds during the carving process. In addition, three-dimensional (3D) fluorescence and
photoluminescence spectroscopy demonstrate that the fluorescence characteristics of TNC pearls are
comparable to those of traditional cultivated pearls. This study analyzes the samples derived from
black-lipped oysters and golden-lipped oysters respectively. This finding underscores the efficacy of 3D
fluorescence and photoluminescence spectroscopy as reliable methods for identifying these new pearl
species.

Keywords Turquoise nucleus cultivated pearls, Spectrum analysis, Fluorescence characteristics, Gibbsite,
Black-lipped oyster, Golden-lipped oyster

Historically, pearls have been esteemed for their rich hues and distinctive luster, formed through intricate
biological processes primarily composed of aragonite and a minor proportion of organic matter!. However, the
availability of natural pearls is exceedingly limited compared to the majority of cultivated pearls on the market
today?. Those various types of pearls include Tahitian pearls, South Sea golden pearls, Akoya pearls from Japan,
and Edison pearls cultivated in China.

In recent years, innovative techniques for pearl cultivation have emerged, particularly involving the
incorporation of turquoise as a nucleus within the mother oyster, which is then submerged in water for a
cultivation period of one to two years. The renowned jewelry company Galatea has adeptly harnessed this
technology to produce colored core pearls, intricately carving the layers of the pearls into exquisite jewelry
pieces for commercial sale. A schematic diagram (Fig. S1) has been created to enhance the understanding of the
growth process of turquoise nucleus cultivated (TNC) pearls, referencing existing research and the sample we
have as an illustrative example. The specific growth process description and schematic diagram can be found in
the supplementary information.

Current research®= on pearls predominantly focuses on imitations and optimized processed products within
the market, with limited in-depth studies addressing new varieties. Previous investigations® into TNC pearls have
primarily emphasized their aesthetic properties and commercial value. However, there is a notable deficiency
in the comprehensive analysis regarding the specific composition of their nuclei and the mother oysters that are
responsible for their formation.

This study aims to address this gap by identifying the primary components of the nucleus and the pearl
oysters that produce this unique type of pearl. Visually, the nuclei of TNC pearls closely resembles turquoise,
but its actual chemical composition still requires further investigation. Turquoise is a hydrous copper aluminum
phosphate mineral renowned for its distinctive coloration and luster’. However, the majority of natural
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turquoises exhibit relatively low density and high porosity, which often result in surface defects such as light
coloration and diminished luster®. Consequently, blue turquoise which has compact texture and strong luster
commands a premium price in the market. This has led to a large number of treated and imitated products, and
the phenomenon of passing off inferior products as good is very common. Currently, common filling agents such
as resin and silicate are employed to enhance the structural integrity of turquoise®. Additionally, various physical
and chemical treatments, including wax impregnation, dyeing, electrochemical treatment, and other methods,
are frequently utilized to reduce porosity and improve surface luster and coloration!’. Furthermore, several
less expensive minerals, such as carbonate minerals, variscite, gibbsite, and barite, are often used as imitations
for natural turquoise'"'2. Due to the difficulty to distinguish natural turquoise from these imitations through
visual inspection alone, the complexity of the turquoise market has become even greater. Fourier transform
infrared (FTIR) spectroscopy is recognized as an effective method for rapidly identifying unknown mineral
components, particularly in differentiating natural turquoise from its treated products and imitations®!>. And
energy-dispersive X-ray fluorescence (EDXRF) permits to reveal the elemental composition of materials'*15.
In recent years, 3D fluorescence spectroscopy and photoluminescence spectroscopy have gained significant
popularity for the identification of various types of pearls and their imitations. Notably, Li et al.'® proposed
that 3D fluorescence spectroscopy can rapidly and intuitively differentiate between natural silver-gray Akoya
pearls and irradiated modified pearls. Additionally, Chen et al.!” summarized the photoluminescence spectral
characteristics of various pearl colors, providing a valuable reference for distinguishing between imitations and
color-treated pearls.

Given that the same cultivation process was used for all TNC pearls, this study selected two representative TNC
pearls for further analysis. In this study, FTIR spectroscopy was employed to analyze the mineral composition of
the TNC pearl nucleus and compare it to that of natural turquoise. Furthermore, the spectral characteristics of the
pearl layer were examined using EDXRE, 3D fluorescence spectroscopy, and photoluminescence spectroscopy to
determine the mother oyster of the TNC pearl samples. The findings support the efficacy of 3D fluorescence and
photoluminescence spectroscopies as methods for exploring new varieties of pearl.

Results
Gemological properties of turquoise nucleus cultivated pearls and reference samples
This study selected two TNC pearl samples (I1 and 12), four additional pearls (A1, E1, T1, and G1), as well as
one natural turquoise sample (N1) to serve as references (Fig. 1). TNC pearls and other common pearls exhibit a
characteristic pearly luster when observed visually. However, it is noteworthy that the luster of samples I1 and 12
is comparatively diminished. The pearl layer of sample I1 presents a grayish-black hue, while sample 12 displays
a light gold coloration. The turquoise in both samples exhibits a uniform light blue color without any visible
veins and possesses a waxy luster. Upon examination under a gemstone microscope, dispersed dark blue, yellow-
green, and brown mineral inclusions are visible within the turquoise (Fig. 2a,b). Additionally, a brown gel-like
substance was observed at the interface between the turquoise and the pearl layer (Fig. 2¢,d).

A comparative analysis of the surface structures of pearl layers from samples 11 and I2 with those from E1,
A1, T1, and Gl reveals that the imbricated structures in I1 and I2 are less pronounced (Fig. 3a,b). In contrast, the

Fig. 1. (a, b) Two TNC pearl samples I1 and 12, (c) one each of Akoya pearl (A1), (d) Tahitian pearl (T1), (e)
golden pearl from south sea (G1), (f) Edison pearl (E1).

Scientific Reports |

(2025) 15:28763 | https://doi.org/10.1038/s41598-025-12814-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 2. (a, b) Details of the turquoise section of two TNC pearl samples I1 and 12, (¢, d) Details of the junction
between the pearl layer and the pearl nuclei of TNC pearl I1 and I2.

contour lines on the surfaces of the other common pearls (T1, G1, Al, E1) are denser and more distinctly defined
(Fig. 3c—f). This difference in nucleus morphology between I1, 12, and traditional pearl nuclei may contribute to
the observed weaker luster.

Under long-wavelength ultraviolet light, only the A1 pearls exhibit strong blue-white fluorescence, while the
fluorescence intensity of the pearl layers in samples E1, G1, T1, I1, and 12 is significantly subdued (Fig. 4). The
nuclei of samples I1 and I2 display inert fluorescence; however, pronounced white fluorescence is noted at the
interface between the pearl layer and the nucleus. This observation, in conjunction with the aforementioned
brown gel-like substance, suggests the possible presence of an organic compound. Further analyses are required
to ascertain its specific composition.

FTIR spectra of the nuclear components of turquoise nuclear cultivated pearls
The FTIR spectra of the turquoise components found in samples I1 and 12 (IT1 and IT2), as illustrated in Fig. 5a,
exhibit marked differences when compared to natural turquoise (sample NT1). The infrared absorption peaks
for natural turquoise (Fig. 5b) are located at 3506, 3466, 3278, 3068, 1652, 1130, 1012, and 836 cm™L. Specifically,
the peaks at approximately 3506 cm™ and 3466 cm™! are associated with the stretching vibrations of structural
hydroxyl groups (OH"), while the peak at 836 cm™! corresponds to the bending vibrations of OH™. Additionally,
the peaks at 3278 cm™" and 3068 cm™ are attributed to the stretching vibrations of crystal water (H,0), while the
peak at 1652 cm™ corresponds to the bending vibrations of crystal water. The peaks at 1130 cm™ and 1012 cm™!
represent the stretching vibrations of phosphate ions (PO,*")®!#1. And the infrared spectra of samples I1 and 12
were also compared with those of filled turquoise (FT1) and compressed carbonate powder imitation turquoise
(CIT1) (Fig. 5b). It is evident that the filled turquoise exhibits a spectral profile remarkably similar to that of
natural turquoise; however, characteristic absorption bands of the filling material are observed, notably the
CH, stretching vibrations at 2926 cm™ and 2855 cm™, as well as the C=O stretching vibration at 1727 cm™'°.
Conversely, the infrared spectra of carbonate imitation turquoise display distinct features, with antisymmetric
stretching vibrations of carbonate groups appearing at 1513 cm™! and in-plane bending vibrations observed at
approximately 890 and 746 cm™'?°. Additionally, the absorption peak associated with artificial resin is present,
located around 2926 and 2852 cm’. Obviously, whether it is filling treated turquoise or pressing carbonate
powder imitation turquoise, the infrared spectra are significantly different from those of I1 and I2.

Conversely, the infrared spectrum of TNC pearl samples exhibits significant similarity to the reference
spectrum (G1) of gibbsite. Characteristic absorption bands were identified at the following wavenumbers:
3618, 3525, 3446, 3374, 2925, 2869, 1730, 1276, 1143, 1025, 800, 748, and 669 cm™!. The peaks at 3618 cm™,
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Fig. 3. The surface features of (a, b) two TNC pearl samples I1 and 12, (c-f) reference samples A1, T1, G1, El.

Fig. 4. Fluorescence of (a-b) two TNC pearl samples I1 and 12, (c-f) reference samples A1, T1, G1, E1 under
long wavelength ultraviolet light.

3525 cm™, 3446 cm™, and 3374 cm™! are assigned to -OH stretching vibrations. Peaks observed at approximately
800 cm™! and 748 cm™! correspond to -OH bending vibrations. The peak at 1025 cm™! is attributed to the Al-
O-H stretching vibration, while the band near 669 cm™! is indicative of Al-O-H bending vibration®!. These
absorption features collectively constitute the diagnostic spectral signature of gibbsite, confirming that samples
IT1 and IT2 are predominantly composed of this mineral.

Furthermore, the spectra of IT1 and IT2 reveal the presence of organic components absent in pure gibbsite.
This suggests that IT1 and IT2 likely contain organic compounds, potentially resulting from the pressing of
gibbsite powder with an organic binder. Distinctive evidence for organic constituents includes pronounced
aliphatic C-H stretching vibrations at 2925 cm™' and 2869 cm™'. A well-defined carbonyl (C=0) stretching
vibration is observed at 1730 cm™, while a peak associated with C-O-C stretching appears at 1143 cm™. The
absorption peak at 1276 cm™! arises from -OH deformation, and the band at 968 cm™! signifies the bending
vibration of unsaturated hydrocarbon groups (=C-H). Based on these spectral characteristics, the organic
component is inferred to be a resinous compound?!?2. The abnormal intensity of these organic absorption peaks
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Fig. 5. (a) FTIR spectra of the nuclei of TNC pearl samples (IT1, IT2), and gibbsite (G1), (b) FTIR spectra of
natural turquoise (NT1), filled turquoise (FT1) and compressed carbonate powder imitation turquoise (CIT1).
Spectra are offset vertically for clarity.

suggests that their origin cannot be solely attributed to fillers within the nuclear. It is plausible that they are
associated with the gelatinous material previously observed at the interface between the layer and the nuclear.

In summary, the analytical evidence of the FTIR spectra in Fig. 5 indicates that the nuclei in samples I1
and I2 are not natural turquoise, but rather a synthetic imitation primarily composed of gibbsite, potentially
incorporating minor organic constituents. In addition, gel-like substances observed at the interface of the pearl
layer and nuclear may play a role in enhancing pearl quality. It is hypothesized that these substances could be
pre-treatment coatings applied to the imitation turquoise nuclei before inserting nuclear, aiming to improve
biocompatibility between the nuclear and the oyster, and to prevent rejection reactions that could lead to
expulsion of the nuclear. Alternatively, they may serve to fill pits and micro-damages on the surface of the
pearl nuclear caused by carving, thereby improving both the appearance and structural integrity of the pearl.
However, the exact distribution of these organic compounds and their functions in improving pearl quality
remain largely speculative and have not been fully characterized. Limitations in current non-destructive testing
methods hinder further exploration of this interface, highlighting a key avenue for future research.

EDXRF analysis of turquoise nucleus cultivated pearls and reference samples

EDXREF testing was conducted on the samples described in this study to elucidate the growth environment—
specifically, whether seawater or freshwater—of samples I1 and 12. Previous research?>** has established that the
strontium (Sr) content in pearls from seawater is significantly higher than that present in pearls from freshwater
sources. Notably, sample E1 is confirmed to be a freshwater pearl, while samples Al, T1, and G1 have been
identified as seawater pearls. It can be seen that the E1 sample exhibits a diminished Sr peak relative to the other
five samples through observing the intensity of the Sr peak in the EDXRF spectrum, suggesting that samples I1
and 12 are likely seawater pearls, although further verification is warranted. The specific EDXRF spectrum of
pearl samples is available in supplementary information (Fig. S2).

Previous research? indicates that integrating the Ka peaks of Sr and Ca in the spectrum to determine their
respective areas and comparing these values, the Sr/Ca counting ratio can be obtained for assessing the growth
environment of pearls. Typically, the Sr/Ca ratio of seawater pearls exceeds 0.3, whereas that of freshwater pearls
is generally below this threshold. In the present study, the Sr/Ca ratio was computed by analyzing the integrated
areas of the calcium and strontium elemental peaks. The resulting Sr/Ca values for samples 11, 12, A1, G1, and
T1 all exceed 0.3, suggesting a seawater growth environment, while the Sr/Ca ratio for sample E1 remains below
0.3 (Table 1). Therefore, it can be inferred that the pearl layers of samples I1 and 12 likely originated in a seawater
environment. Nonetheless, additional testing is essential to further investigate the specific mother oysters
responsible for the formation of the pearls in samples I1 and I2.

Fluorescence characteristics of turquoise nucleus cultivated pearls and reference samples

A series of 3D fluorescence tests were conducted on the pearl layers of six samples to elucidate further the identity
of the mother oysters responsible for the production of the pearl layers in samples I1 and 12 (Fig. 6). The results
indicate that the fluorescence intensities of I1 and 12 are relatively low with a prominent luminescent center
that exhibits the highest fluorescence intensity at excitation/emission (E,/E, ) wavelengths of approximately
284/334 nm.

Comparative analysis of the 3D fluorescence spectra of I1 and 12, alongside other samples, aids in classifying
their respective pearl types. The fluorescence intensities of samples E1 and A1l are several times greater than
those of I1 and I2 (Fig. 6e-f). Notably, Al exhibits two distinct fluorescence emission centers at 446 nm and
464 nm when excited at a wavelength of 374 nm, a pattern that is markedly different from those observed in 11
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Samples | Integral area of Sr/Ca
El 0.174
T1 0.549
Al 0.411
Gl 0.547
11 0.371
12 0.556

Table 1. The Sr/Ca ratio of TNC pearl samples I1, 12 and reference samples G1, T1, A1, E1.

and 12 (Fig. 6a, b). Furthermore, it has been confirmed that I1 and I2 are not freshwater pearls, while E1 displays
a significantly strong fluorescence intensity. Consequently, it can be confidently concluded that I1 and 12 do not
belong to the categories of Edison pearls or Akoya pearls.

The fluorescence center of T1 is located at approximately E,/E, 284/336 nm (Fig. 6¢), closely resembling that
of I1. Both samples exhibited low fluorescence intensities, remaining below 100. Additionally, I1 and T1 display
fluorescence peaks at E /E, wavelengths of 232/336 nm and 222/274 nm, respectively. This indicates that I1 can
be classified as a Tahitian pearl.

The 3D fluorescence spectrum of 12 shows similarities to those of I1 and T1; however, its fluorescence intensity
is notably stronger, approaching 200, and is more comparable to that of G1 (Fig. 6d). The strongest fluorescence
centers for both I2 and G1 are similarly positioned to those of T1 and I1. Nevertheless, the peak shape at the
335 nm emission (Em) differs from that of I1 and T1, as it exhibits a shoulder peak. Additionally, there is no
fluorescence peak at the E /E, wavelength of approximately 222/274 nm. Therefore, it can be concluded that
12 does not fit into the category of Tahitian pearls, but rather belongs to the category of golden pearls from the
South Sea.

Photoluminescence spectroscopy analysis of turquoise nucleus cultivated pearls and
reference samples

The photoluminescence spectra of the samples analyzed in this study were examined, revealing distinct
fluorescence backgrounds among the different types of pearls (Fig. 7). To accurately differentiate between the
pearl types I1 and 12, the ratio of the overall fluorescence intensity (F) to the main peak intensity of aragonite at
564 nm (A) was calculated to assess the intensity of their fluorescence background (Table 2)'7.

The spectral peak shapes of I1 and 12 exhibit notable similarities; however, their fluorescence background
intensities differ significantly, indicating that they do not represent the same type of pearl (Fig. 7). Further
analysis indicates that I1 resembles T1, as demonstrated by a notably weak intensity of the aragonite peak at
564 nm, accompanied by an exceptionally strong fluorescence background. The F/A value for I1 reaches up to
45, with emission peaks observed at 620 nm and 650 nm. In contrast, the F/A value for 12 is relatively similar to
those of Al and G1. However, previous 3D fluorescence spectra have demonstrated that the fluorescence center
of Al is entirely distinct from that of 12, further confirming that I2 and G1 originate from the same type of
oyster: the cultivated golden-lipped oyster. Additionally, the F/A values for the photoluminescence spectra of I1
and 12 are higher than those of the ordinary pearls T1 and G1, suggesting that the incorporation of turquoise as
the nucleus enhances their fluorescence background.

Discussion

In comparison to common pearls, TNC pearls exhibit a less distinct imbricated structure and possess inferior
luster. This disparity is likely due to their unconventional nucleus, which leads to a less dense layer of pearl.
Infrared spectroscopy analysis has shown that their nuclei are made of gibbsite rather than natural turquoise.
Moreover, gel-like substances observed at the pearl-nucleus interface may enhance pearl quality, potentially
serving as pre-treatment coatings on imitation turquoise nuclei to improve biocompatibility or as fillers for
carving-resulted pits and micro-damages to refine appearance and integrity, but this speculation has limitations
and requires further research. The spectral characteristics of samples I1 and 12 resemble those of common
pearls. This study utilized a combination of techniques, including energy dispersive EDXRE, 3D fluorescence
spectroscopy, and Photoluminescence spectroscopy, to differentiate the mother oysters of these pearls. Notably,
the growth environment of TNC pearls could be identified through the peak area ratio of Sr to Ca in EDXRE,
and 3D fluorescence testing emerged as the most rapid and effective method, facilitating intuitive categorization
of the pearls. The spectral data indicate that the mother oysters of the two TNC pearls are from black-lipped
oysters (Pinctada margaritifera), which produce Tahitian pearls, and gold-lipped oysters (Pinctada maxima),
known for producing golden pearls. This comprehensive analysis of TNC pearls enhances the understanding
of this emerging category and contributes significantly to the broader field of pearl research. The emergence of
TNC pearls has led to the development of new types of cultured pearls which were cultured through other kinds
of colored gems like imitation turquoise, opal, and coral as nucleus, expanding the possibilities for pearl jewelry
design and leading to an increase of the pearl prices in the jewelry market.
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Fig. 6. 3D fluorescence spectra of (a-b) TNC pearl samples 11 and 12, (c-f) reference samples G1, T1, A1, E1.

Methods

FTIR spectroscopy

A Bruker Vertex 80 FTIR spectrometer was used to analyze the primary components of the pearl nucleus. Using
attenuated total reflectance infrared spectroscopy, place the test positions of samples (I1, 12, N1, R1, R2, R3)
at the infrared light source for testing. The FTIR spectra were acquired over a range of 400-4000 cm™! with a
resolution of 4 cm™!, accomplished by accumulating a total of 64 scans. Perform Kramers—Kronig transformation
on the collected reflectance spectra to convert them into infrared absorption spectra.
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Fig. 7. Photoluminescence spectrum of TNC pearl samples I1, 12 and reference samples G1, T1, A1, E1.
Spectra are offset vertically for clarity.

Samples | F/A

Il 45.00
12 5.42
T1 37.23
Gl 3.25
Al 4.70
El 0.52

Table 2. The F/A of TNC pearl samples I1, 12 and reference samples G1, T1, A1, El.

EDXRF spectroscopy

EDXRF spectroscopy was conducted using a Thermo ARL Quantx EDXRF Analyzer under specific test
conditions for the pearl layers of intact pearls. Palladium (Pd) was utilized as the target material and operated
at a maximum voltage of 28 kV under vacuum conditions. Each test lasted for 60 s to ensure the accuracy of the
results.

3D fluorescence spectroscopy

The 3D fluorescence spectroscopy measurements of intact pearl samples were performed using a Jasco FP-8500
spectrofluorometer equipped with a xenon lamp. The parameters for this measurement included an excitation
bandwidth of 5 nm and an emission bandwidth of 2.5 nm. The excitation range was set between 220 and 500 nm
in 2 nm intervals, while the emission range was set from 240 to 600 nm in 1 nm intervals. The tests were
conducted under a voltage of 300 V with a scanning velocity of 1,000 nm/min.

Photoluminescence spectroscopy

Samples of intact pearls (I1-2, A1, T1, E1, G1) were analyzed using a JASCO NRS7500 Raman spectrometer.
The spectra were obtained with a 532 nm laser, delivering approximately 4.7 mW of power onto the sample. An
MPLFLN 20 x objective lens and an L600/B500 nm diffraction grating were employed. Data collection occurred
over the wavelength range of 535 to 700 nm, with each spectrum integrated for 5 s and the measurement repeated
twice.

Data availability
Data will be made available on request. If someone wants to request the data from this study, please contact
professor Yan Li at yanli@cug.edu.cn.
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