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Introduction 
Synthetic quartz has been grown in laboratories for 
over a century, with the earliest documented success 
in 1851 by H. de Senarmont (Nassau, 1980). Today, the 
synthetic quartz industry is well-established, driven 
by its extensive industrial applications (Byrappa and 
Yoshimura, 2001). 
The process of growing man-made quartz closely mirrors 
the hydrothermal conditions under which most natural 
quartz forms (Laudise, 1959). This similarity poses 
significant challenges for gemological laboratories in 
accurately determining the genesis of quartz varieties, 
particularly for the most expensive variety amethyst.
For decades, the gemstone industry has contended with 
a substantial presence of synthetic quartz, prompting 
extensive research into reliable identification tech-
niques for synthetic amethyst (Crowningshield et al., 
1986; Fritsch and Rossman, 1987, Karempelas et al., 
2011; Balitsky et al., 2004). 
However, these methods may remain inconclusive 
when used individually and often fail to address 
their inherent limitations. In this study, we explore 
established techniques, investigate their potential 
underlying causes, and integrate our new findings to 
enhance differentiation between natural and synthetic 
quartz.

Material & Methods
A total of 1300 samples ranging from 0.76 to 6.78 
carats were selected for this study (Table 1), comprising 
50 samples of each genesis (natural and synthetic) for 
colorless quartz, citrine, and smoky quartz. This study 
places a major emphasis on amethysts, with 500 natural 
and 500 synthetic samples, due to their prevalence 
as the most frequently analyzed quartz variety in our 
laboratories. 
Most natural samples were acquired as rough 
material from trusted dealers in the market, with a 
smaller number obtained directly from miners and an 
even smaller subset collected by the authors during 
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The spectral resolution was set to 4 cm⁻¹. Infrared spectra 
were recorded from multiple areas and crystallographic 
axes of each sample to ensure comprehensive analysis.
Micro-photography of internal inclusions was per-
formed at Bellerophon Gemlab using a Keyence VHX-
7000 system and a crossed-polarized monocular 
microscope fitted with a Sony 4K CMOS camera. Images 
were captured under various magnifications and 
illumination types, including a fiber optic light source. 
Most photographs were taken with samples immersed 
in an optical glass container filled with baby oil to 
enhance clarity (Figure 1).
For sample photography, a Canon EOS 2000D camera 
with a Sigma Macro DG 105-mm lens was used to 
ensure consistent results. Photographs were taken 
under standardized lighting conditions, with samples 
placed in a Bellerophon Gem Light Booth equipped 
with a 5000 K lamp.

unrelated field expeditions from various gravel beds.
Synthetic samples were primarily purchased rough and 
cut directly from growers in Bangkok, though additional 
samples were sourced online and from the market 
(Jewelry Trade Center, Bangkok) to represent a broad 
spectrum of current synthesis conditions.
Non-polarized Fourier Transform Infrared (FTIR) spectra 
were collected at Bellerophon Gemlab using a Frontier 
Perkin Elmer FTIR spectrometer equipped with a 4x 
beam condenser accessory and/or a diffuse reflectance 
(DRIFT) module. 

Figure 1: cross-polarized immersion cell.

Energy Dispersive X-ray Fluorescence (EDXRF) analysis 
was conducted using a Skyray EDX3000 spectrometer. 
Each sample underwent two analyses, with a testing 
time of 100 seconds per analysis, at excitation voltages 
of 16 kV and 45 kV.
Trace element analyses were performed at the 
Department of Earth Sciences “Ardito Desio,” University 
of Milan (Italy), using an iCAP quadrupole ICP-MS 
coupled with a 193 nm Ar–F excimer laser. Each sample 
was ablated at five different spots. The laser was 
operated with a 65 μm spot size, 8 Hz repetition rate, 
and a fluence of 5 J/cm². Calibration was performed 
using the NIST612 glass standard, and internal 
standardization was based on 29Si utilizing a fixed 
stochiometric value of 99.95 wt% SiO2. Data reduction 
was performed using the Glitter software suite.

Results & Discussion
Although the natural and synthetic processes for 
growing quartz are highly similar and comparable, 
subtle yet critical differences persist (Table 2). 
Synthetic quartz is grown in autoclaves at temperatures 
and pressures broadly comparable to those of natural 
hydrothermal systems (Laudise, 1959). The vessels, 
seed racks, and cables are typically constructed from 
Inconel or stainless steel (Byrappa and Yoshimura, 
2001) and, during the initial run of a new vessel, sodium 
(Na) from the mineralizer and silicate (Si) from the feed 
react with iron (Fe) in the chamber to form an insoluble, 
protective coating (Nassau, 1980).
Consequently, trace amounts of metals or ions from 
the autoclave, common in other hydrothermally grown 
gemstones (Schmetzer and Peretti, 1999), are unlikely 
to contaminate synthetic quartz. This pre-cludes the 
use of Na-containing mineralizers, such as sodium 
hydroxide (NaOH), in synthetic quartz intended to bear 
iron-related color, including the purple variety amethyst 

Table 1: Traceability of samples used in this study.        

Table 2: Main underlying differences between commercially available Quartz.
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(colored by h•-Fe³⁺) and the yellow variety citrine 
(colored by Fe³⁺ substitution), the latter artificially 
irradiated to produce amethyst (Cohen, 1985). 
Instead, crystal growers employ most commonly 
potassium carbonate (K₂CO₃) as a mineralizer for iron-
colored synthetic quartz, diverging from the NaOH 
standard used for colorless industrial crystals (Flörke et 
al., 1981; Balitsky et al., 2004). 
In contrast, natural quartz growth relies on chloride-
rich fluids (e.g., NaCl) in water as the most relevant 
common natural mineralizer (Fournier, 1985). Thus, 
synthetic quartz grown with Na-containing mineralizers 
should exhibit minimal iron (Fe) traces, unlike their 
natural counterparts.
The feed used for the growth of synthetic quartz often 
consists of natural quartz of lower quality and smaller 
size, optionally doped with ions to achieve desired 
colors (Byrappa and Yoshimura, 2001). Consequently, 
trace element analyses of synthetic quartz might be 
expected to closely resemble those of their natural feed 
counterparts. 
However, our present study reveals significant dif-
ferences, consistent with indirect evidence from prior 
work (Cohen, 1960; Karempelas et al., 2011; Balitsky et. 
al., 2004). Notably, these differences may manifest in 
the OH-related absorption bands in the infrared region 
(Kats, 1962; Karempelas et al., 2011), as highlighted by 

Table 3: Relevant non-exhaustive spectral defects in Quartz.

a non-exhaustive list of relevant spectral features in 
Table 3. 
The divergences could stem from the mineralizer 
directly, such as in the uses of ammonium fluoride 
(NH4F) to grow amethysts with their respective infrared 
absorption bands (Table 3) strongly indicative of a 
synthetic genesis (Balitsky et al., 2004), the use of quartz 
powder feeds, differences in pressure and temperature 
conditions, and, most critically, the differences in crystal 
orientation between natural and synthetic quartz 
(Lipson and Lang, 1975).
In synthetic quartz, seed orientation governs point 
defect formation (Lipson and Lang, 1975). Z-cut 
seeds (┴ [0001]) drive rapid c-axis growth, up to 100 
times faster than in natural systems (Laudise, 1959), 
promoting specific point defects—such as Al³⁺-H⁺ pairs 
and OH⁻ incorporation—along helical channels, which 
are critical for piezoelectric applications (Kats, 1962). 
In contrast, R-cut seeds ({10̅11}) favor slower, lateral 
growth, increasing dislocations and altering impurity 
uptake (e.g., Fe³⁺), reflecting distinct atomic exposure 
(Weil, 1984). Natural quartz, lacking seed control, 
grows along [0001] when conditions permit, but its 
defects reflect a variable growth environment, yielding 
a broader defect spectrum, including point defects 
and optical defects such as the famous Brazil twinning 
(Fournier, 1985; Crowningshield et al., 1986). 

Amethyst
From the thousand amethyst samples tested, a 
remarkable pattern emerges. Brazil twinning manifests 
as lamellar or sector patterns in quartz, visible under 
crossed polarizers as interference colors or extinction 
bands (Figure 2). It arises from stress, temperature 
fluctuations, or chemical gradients during natural 
hydrothermal growth, destabilizing the lattice and 
promoting twin boundary formation. In contrast, 
synthetic amethyst, grown under controlled conditions, 
rarely exhibits Brazil twinning due to crystal orientation, 
uniform temperature, pressure, and fluid chemistry 
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NATURAL SYNTHETIC

that minimize such disruptions, manifesting instead 
as regular interference colors in a flame-like pattern 
(Figure 2). This distinction positions Brazil twinning as 
a key diagnostic feature for differentiating natural from 
synthetic amethyst, first noted by Crowningshield in 
1986. However, although none was observed in our 
study, synthetic quartz and synthetic amethyst with 
Brazilian twinning are known to exist, typically resulting 
from the use of natural twinned quartz as seeds (Koivula 
and Fritsch, 1989; Schmetzer, 1989; Sunagawa et al., 
1990). Therefore, relying solely on Brazil twinning may 
prove potentially misleading.

Figure 2: Natural and synthetic Amethyst interference patterns under cross-polarized light.
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The 3595 cm⁻¹ band, widely recognized today as 
a hallmark of natural amethyst (Karampelas et al., 
2011), is associated with OH defects linked to boron 
substitution (B³⁺-OH) (Jollands et al., 2020). It is present 
in 97% of our natural samples but absent in all synthetic 
ones (Figure 3), validating its potential as a diagnostic 
tool for distinguishing natural from synthetic amethyst. 
However, this 3595 cm⁻¹ absorption band is known to 
occur in synthetic quartz doped with boron (Staats and 
Kopp, 1974; Brown and Kahan, 1975; Thomas et al., 
2009; Baron et al., 2015; Jollands et al., 2020). Relying 
solely on its presence to identify natural amethysts 
is highly risky, since its absence does not definitively 
confirm an amethyst as synthetic.
The 3543 cm⁻¹ band is surprisingly present in all synthetic 
amethyst samples and absent in all our natural samples 
(Figure 3). This feature, widely studied and attributed 
to OH defects possibly linked to alkali- or Fe-related 
defects, is considered specific to amethyst. 
Although absent in our natural samples, it has been 
documented in many natural amethyst samples from 
specific deposits (Balitsky et al., 2004; Karampelas et 
al., 2005; Karampelas et al., 2011). Consequently, as 
with the previous criteria, this feature alone must be 
interpreted with great caution.
Trace elements offer critical insights into the genesis 
of amethysts. All our natural samples exhibit gallium, 

Figure 3: Relevant OH-related absorption features of Amethyst.

averaging ~3 ppm, while synthetic samples show no 
gallium above our instrument’s detection limit (<0.5 
ppm), consistent with previous research (Balitsky et 
al., 1999; Müller et al., 2003; Götze et al., 2005; Götze, 
2009; Lameiras et al., 2010). 
Aluminum, the most abundant trace element alongside 
iron in all samples, is known to associate with gallium 
in many natural gemstones, rendering its presence 
unsurprising. 
However, aluminum is, on average, higher in synthetic 
amethyst (Table 4) most likely reflecting purified feed 
materials adhering to industrial purity standards, 
eliminating most gallium and possibly boron, or the 
Z-cut seed orientation restricts the incorporation of 
related defects into the crystal lattice. 
While invaluable, relying solely on gallium must 
be approached with caution, as synthetic quartz 
doped with gallium up to 15 ppm has been produced 
experimentally (Hosaka and Taki, 1981; Weil, 1984; 
Müller et al., 2003; Brown and Kahan, 1975). 
Conversely, natural quartz from veins with gallium 
content as low as 0.01 ppm has been documented 
(Müller et al., 2003). Many trace elements analyzed by 
LA-ICP-MS do not appear to be useful for differentiating 
between natural and synthetic materials (Figure 4), 
with the notable exception of boron and niobium.
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All images are courtesy of Bellerophon. ◊

Author V. Fejoz preparing samples for liquid-nitrogen photoluminescence 
analysis of Amethyst. The image is not discussed in the main text because 

the analyses did not yield conclusive results. It highlights the significant 
number of unreported and inconclusive experiments that underpin each 

research conclusion.  

Conclusion
Combining these four features (Table 5) yields an undeniable 
pattern for the identification and differentiation of natural 
and synthetic amethyst. Although each feature is theoretically 
possible, individually, in either natural or synthetic amethyst, 
the probability of all four occurring together in laboratory-
grown amethyst remains, to date, highly unlikely. Lastly, the 
additional use of quantitative aluminum, lithium, and niobium 
data should help differentiate any unclear cases.

Further Discussion 
This study (Part I) includes only the Amethyst variety; Citrine, 
Crystal Quartz, and Smoky Quartz will be included in Part II. 

Table 5: Combined keys feature of natural and synthetic Amethyst.
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