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Abstract Turquoise is a well-known gemstone that has been used in artefacts across many cultures throughout history. However, due to its porosity it is
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associated with high and uneven concentrations of Cu, K and Na, the occurrence of tenorite (CuO), the presence and extension of reaction edges
in the entire volume are distinctive of treated samples. Moreover, Cu-rich seeds and feldspar crystals may be interpreted as additional
components used during the treatment. The hypothesis is that the Zachery treatment induces the re-crystallization of a new turquoise-like
phase, which differs from the natural one from a chemical and microstructural point of view.
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Abstract
Turquoise is a well-known gemstone that has been used in artefacts across many cultures throughout history. However, due 
to its porosity it is often treated to enhance its color and beauty. One appreciated treatment is the patented Zachery process, 
although its details remain publicly undisclosed. Previous studies indicated that only a high K content distinguishes Zachery-
treated from natural turquoises. In this study, natural and Zachery-treated turquoise samples from the famous Kingman 
mine, Arizona, USA, were analysed by means a multi-methodological approach, including standard gemological testing, 
electron microprobe (EMPA), scanning electron microscope with energy dispersive spectrometer (SEM–EDS) and X-ray 
diffraction (XRD), Fourier-Transform InfraRed (FTIR), non-destructive External Reflection-Fourier-Transform InfraRed 
(ER-FTIR) spectroscopy and X-ray computed microtomography (μCT). The results revealed new chemical–mineralogical 
and microstructural features that distinguish the Zackery-treated from the natural turquoise: higher specific gravity and lower 
porosity, associated with high and uneven concentrations of Cu, K and Na, the occurrence of tenorite (CuO), the presence 
and extension of reaction edges in the entire volume are distinctive of treated samples. Moreover, Cu-rich seeds and feldspar 
crystals may be interpreted as additional components used during the treatment. The hypothesis is that the Zachery treat-
ment induces the re-crystallization of a new turquoise-like phase, which differs from the natural one from a chemical and 
microstructural point of view.
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Introduction

The main purpose of the activity of gemologists is the 
evaluation of gem materials, that is establishing their iden-
tity and determining whether they are natural or synthetic 
and/or if they have been treated (Fritsch and Rondeau 
2009). The term “Treatment” refers to any artificial pro-
cess, different from cut and assembly, used to improve the 
gem color, appearance, and durability. All stones, even 
artificial ones, can be subjected to treatments, which must 
be explicitly declared as such (Shigley and McClure 2009). 
In the past, some treatments were not disclosed but gener-
ally accepted; one example is the fracture filling with oil 
of emerald, a treatment that is no longer accepted unless 
it is disclosed.

T u r q u o i s e ,  w i t h  c h e m i c a l  f o r m u l a 
CuAl6(PO4)4(OH)8·4H2O, is one of the first gem materi-
als that has been subjected to various methods of treat-
ments to improve its appearance and mechanical proper-
ties and consequently to increase the amount available 
and its commercial value. The ancient use of turquoise 
in jewelry dates back to the beginning of civilization, 
from ancient Persia (7000 B.C.) and Egypt (5000 B.C.) 
to the present day (Hole et al. 1969; Carò et al. 2021 and 
references therein). Turquoise occurs in dry and barren 
regions where acidic, copper-rich groundwater reacts with 
minerals containing phosphorous and aluminium and is 
found in large amounts in Iran, China, Mexico, Australia 
and in southwestern part of the USA, mainly in Nevada 
and Arizona (Schwarzinger and Schwarzinger 2017 and 
reference therein). However, in most cases, the sources 
of high-quality gem samples are limited and unsatisfac-
tory for the demand of the market. Moreover, turquoise, 
being a cryptocrystalline aggregate with various degrees 
of porosity, can easily accept many treatments. The most 
common type of turquoise treatment is the impregnation 
with organic material, such as polymers and wax, which 
improves the durability and appearance of the gemstone 
(Fritsch et al. 1999; McClure et al. 2010). The distinc-
tion of natural, untreated turquoise from its counterpart 
by impregnation requires a combination of standard gemo-
logical observations with more sophisticated techniques, 
mainly Raman and Fourier-transform infrared (FTIR) 
spectroscopy, chemical analyses, X-ray diffraction, and 
analytical pyrolysis (Lind et al. 1983; Fritsch et al. 1999; 
McClure et al. 2010; Čejka et al. 2015; Schwarzinger and 
Schwarzinger 2017; Sabbaghi 2018; Dumanska-Slowik 
et al. 2020).

Since 1988, a new proprietary type of turquoise treat-
ment, called “Zachery treatment” has appeared on the 
market (Fritsch et al. 1999 and references therein). The 
treatment greatly enhances the stone’s quality and aspect 

preserving its gemological properties, decreasing its 
porosity, improving its color, and allowing easier polish-
ing. Fritsch et al. (1999) published a thorough paper on 
this proprietary process highlighting the difficulties to 
recognize the treated turquoises by standard gemologi-
cal techniques and assessing that this treatment does not 
involve any impregnation with a polymer. In that paper, the 
Zachery method is described as a process involving a bath 
of mineral fragments under a flux of electrical current. 
Fritsch et al. (1999) claimed that the enhancement process 
is based on the attempts to duplicate the environment that 
allowed the famous Kingman high-grade turquoise to be 
deposited amid large potassium feldspar beds and that the 
procedure, including the electrodes controlling the cur-
rent flux, did not contain colouring ions such as iron and 
copper. The Authors concluded that only the exposition to 
oxalic acid that bleach the stone or chemical analysis that 
detects the presence of potassium, found in most Zach-
ery-treated turquoises, may identify the treatment. Fur-
ther studies on Zachery-treated turquoises (Kwon et al. 
2009; Sun et al. 2014) reiterated that only the high content 
of potassium could be used to distinguish natural from 
treated stones.

The present study characterizes and compares natural and 
Zachery-treated turquoise by a multidisciplinary approach 
combining either non-destructive or invasive methods. The 
research has a dual purpose: first to clarify the Zachery treat-
ment, which is still undisclosed and, second, to provide dis-
tinctive features that facilitate the easy and rapid recognition 
of treated samples.

The non-destructive techniques on cut samples, regard-
less of their size, include gemological investigation, External 
Reflection-Fourier-Transform InfraRed (ER-FTIR) spectros-
copy, and X-ray computed microtomography (μCT) whereas 
chemical analyses by Electron Microprobe (SEMQ), scan-
ning electron microscope with energy dispersive spectrom-
eter (SEM–EDS), analyses by X-ray diffraction (XRD) and 
Fourier-Transform InfraRed (FTIR) spectroscopy imply loss 
or damage of the samples.

Materials and methods

A group of 31 gem-quality turquoises from the Kingman 
mine (Arizona, USA), 14 natural and 17 Zachery-treated, 
provided by the Italian Gemological Institute (IGI) thanks 
to Dr. Claudio Cimmino, Bangkok, Thailandia, were inves-
tigated using different techniques to characterize their mor-
phological and chemical features. In the following, TN and 
TT will refer to natural and treated turquoises, respectively.

Five natural (TN_1-5) and six treated (TT_1-6) gems 
were tested by standard gemological methods at the Italian 
Gemological Institute of Milan (Italy) to determine their 
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gemological properties. Three treated samples (TT_1-3) 
were sawed in half to investigate their cross sections. The 
samples weighing from 1.51 to 7.87 ct are fashioned as 
cabochons or spheres. Their refractive index, n, was meas-
ured by the spot method with a Krüss refractometer (A. 
Krüss Optronic, Hamburg, Germany) using an ordinary 
light source with a sodium filter (wavelength λ = 589 nm) 
and methylene iodide as a contact liquid (n = 1.80). A Met-
tler hydrostatic balance was used to determine the specific 
gravity (SG) in bi-distilled water. We also examined the 
reaction of the samples to both the long-wave (λ = 366 nm) 
and short-wave (λ = 245 nm) ultraviolet radiation in a 
darkened room. Moreover, a Motic GM168 dark-field 
gemological microscope was used for the microscopic 
observations.

Quantitative chemical analyses of major and minor ele-
ments were performed and backscattered electron (BSE) 
images acquired on the polished surface of three natural 
specimens (TN_6, TN_7 and TN_8), on the polished sur-
face of a treated one (TT_7) and on two perpendicularly cut 
treated specimens (TT_8 and TT_9) using the JEOL JXA-
8200 electron microprobe in wavelength dispersion mode 
(EMPA–WDS) at the Department of Earth Sciences of the 
University of Milan, Italy. The system was operated with 
an accelerating voltage of 15 kV, 5 nA beam current and 
a counting time of 60 s on the peak and 30 s on the back-
ground selecting a 10 μm diameter spot to prevent the sam-
ple sublimation under the electron beam. Natural minerals 
were used as standards and the rough data were corrected 
for matrix effects using a conventional ΦρZ routine in the 
JEOL software package.

At the same laboratories, a further investigation was 
performed using the Scanning Electron Microscope (SEM) 
JSM-IT 500 (JEOL, 2019), equipped with an Energy Disper-
sive Spectrometer (EDS), to obtain X-ray maps, secondary 
and backscattered electron (SE and BSE) images at high 
magnification and rapid semi-quantitative analyses. Twelve 
samples, 2 natural (TN_9-10) and 10 treated (TT_10-19), 
have been coated with gold for secondary electron images or 
carbon for BSE images, semi-quantitative chemical analyses, 
and X-ray maps.

Five fragments (two natural, TN_12-13, and three treated, 
TT_21-23) were selected for powder X-ray diffraction meas-
urements. The analyses were performed at the Department 
of Earth Sciences of the University of Milan, Italy, by a 
Panalytical X’Pert-PROMPD X’Celerator X-ray powder dif-
fractometer, using Cu Kα radiation (λ = 1.5418 Å), at a beam 
voltage of 40 kV and a current of 40 mA. X-ray powder dif-
fraction patterns were collected over the 9–120° range of the 
scattering angle 2θ, with steps of 0.01° 2θ and a count time 
of 50 s per step. The lattice parameters of the turquoise sam-
ples were determined by using Si (NBS SRM 640b) as an 
internal standard and the General Structure Analysis System 

(GSAS) software was used to process XRD data (Rietveld 
1969; Toby and Dreele 2013).

Infrared spectroscopy measurements were carried out 
on natural and treated turquoises with two different instru-
mental setups (powder FTIR and External Reflection FTIR) 
described below. The aim was to explore the vibrational fea-
tures of the gems and the potentials of the two IR approaches 
in detecting the differences between the natural and treated 
turquoises. External reflection FTIR is a relatively little-
exploited but efficient method to identify minerals and gems 
(Hainschwang and Notari 2008).

The Powder FTIR spectra were collected at the labora-
tory of the Department of Sciences, University of Rome Tre, 
Italy, on one natural (TN_14) and three treated (TT_24-26) 
turquoises using a Nicolet iS50 FTIR spectrometer equipped 
with a DTGS detector and a KBr beam splitter in a spec-
tral range of 4000–400 cm−1; the nominal resolution was 
4 cm−1 and 64 scans were averaged for both samples and 
background. Small fragments were manually extracted under 
the binocular microscope from the pristine and treated tur-
quoise, respectively, based on the different blue hue of the 
sample and the distance from the rim of the gemstone, that 
was affected by the treatment. The fragments were ground 
using an agate mortar, mixed with KBr (mineral:KBr 
ratio = 1:200 mg) and pressed to prepare the conventional 
KBr disks for IR transmission analysis.

External reflection Fourier transform infrared spectros-
copy (ER-FTIR) measurements were carried out on one 
natural (TN_15) and two treated turquoises (TT_20 and 
TT_27) using a Thermo Scientific™ Nicolet™ iS50 FT-IR 
spectrophotometer coupled with a Continuum™ infrared 
microscope equipped with a mercury cadmium telluride 
(MCT/A) detector cooled with liquid nitrogen and located 
at the laboratory of the Institute of Heritage Science (ISPC-
CNR), Milan, Italy. The investigations were performed 
non-invasively in specular reflectance geometry, in the spec-
tral range 4000–650 cm−1, with a 4 cm−1 resolution and 
by merging 128 co-added scans. The background spectra 
were collected on a golden mirror. The investigated area 
was 100 × 100 µm2 for each ER-FTIR spectrum. ER-FTIR 
measurements were done on the external surface of the gems 
and along the traverse from rim to centre. In the following, 
the ER-FTIR spectra are presented in reflectance without any 
spectral manipulation or spectral conversion.

Laboratory-based X-ray computed microtomography 
(μCT) analyses of two cut turquoises, one natural (TN_11) 
and one treated (TT_20), were performed at the TomoLab 
station (Mancini et al. 2007; Zandomeneghi et al. 2010; 
Kudrna Prašek et al. 2018; Caruso et al. 2020) of the Elettra 
synchrotron facility in Basovizza (Trieste, Italy). This µCT 
system is equipped with a sealed microfocus X-ray source 
(L9181, Hamamatsu Photonic, Japan) operating in a Volt-
age range of 40–130 kV with a maximum power of 39 W, 
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a minimum focal spot size of 5 μm and delivering an X-ray 
beam with a cone beam geometry. The detector used was a 
12-bit, water-cooled, full-frame CCD camera (4008 × 2672 
pixels) coupled to a Gadox scintillator screen by a fiber-optic 
taper. This camera has an effective pixel size of 12.5 × 12.5 
mm2 corresponding to a maximum field of view of 50 × 33 
mm2. The experimental parameters used for the tomographic 
scans are the followings: Voltage = 130 kV, current = 61 
μA, angular step = 0.2°, total scan angle = 360°, scan dura-
tion = 174 min, scaled pixel size = 5 μm). The slice recon-
struction was carried out using the free software Necon 1.7 
(Bruker, USA) based on the Feldkamp algorithm (Feldkamp 
et al. 1984), which also allows us to correct beam hardening 
and ring artefacts. The visualization of the reconstructed 
virtual section of the samples was obtained by the freeware 
ImageJ, while for the 3D visualization (rendering) of the 
virtual volumes, the commercial software VGStudio Max 
2.0 (Volume Graphics, Germany) was applied.

Image segmentation, aimed at extracting the pores/cracks 
from the matrix, has been performed by manual 3D Otsu 
thresholding using the Fijii software (Schindelin et al. 2012) 
and the results are reported as pore volume percentage (%. 
vol).

Results

Gemological properties

The samples range in color from whitish or greenish light 
blue to dark blue. In general, the treated samples have darker 
and more saturated colors, unnatural in appearance, when 
compared with their untreated counterparts, which appear 
whitish or greenish light blue in color. Moreover, the luster 
of the treated stones is better than that of untreated samples 
which show a chalky luster (Fig. 1).

For all samples, the refractive index ranges from 1.60 
to 1.62 (spot method), in agreement with literature data 
(Fritsch et al. 1999). The measured specific gravity (SG) 
of natural untreated stones ranges from 2.44 to 2.57 g/cm3 
and increases from about 5 up to 15% after about a quarter 
of an hour immersed in water. The treated samples have no 
tendency to absorb water and their SG results in the range 
from 2.65 to 2.74 g/cm3. This confirms that the untreated 
turquoise samples are more porous than their treated 
counterparts.

All samples (both untreated and treated) are inert to short-
wave UV and show a weak to very weak whitish blue or 
whitish green luminescence to long-wave irradiation. When 
viewed with the gemological microscope, all untreated 
samples reveal a typical turquoise structure with cavities, 
whitish spots and yellow inclusions having metallic luster 
(pyrite). The treated samples are more homogeneous in their 

appearance and show, in the half-sawed ones, a rim of a 
more saturated blue color that can already be seen with the 
naked eye. Some treated samples show a concentration of 
color along the fractures, not only confined to the fracture 
itself (as in the case of dyed samples) but also expanding on 
either side of the break. This color concentration, as well as 
the gem color itself, is rather unnatural to our experience and 
results from a treatment to improve the color in agreement 
with Fritsch et al. (1999).

Chemical analyses

The chemical analyses of natural and treated samples were 
performed on several points and lines from rim to center or 
from rim to rim. In natural gems, the compositions of dif-
ferent points resulted very similar and in agreement with the 
stoichiometric formula of turquoise (Table 1). As usual in 
the turquoise matrix, pyrite and kaolinite have been detected 
as accessory minerals.

The treated samples show high amounts of K due to the 
Zachery process and stoichiometric recalculation does not 
match the turquoise formula (Table 2). Moreover, signifi-
cant contents of Na2O also occur linearly correlated with 
K2O (Fig. 2a). In the perpendicularly cut samples (TT_7 
and TT_8) the highest values of K and Na are found in the 
darker zones, well visible to the naked eye, and at the rim 
where an increase of P and a decrease of Al occur; an exam-
ple of TT_8 line 2 is given in Fig. 2b. In the inner parts of 
both samples, backscattered images evidence brighter areas 
enriched in CuO from 8 up to 29 wt% (an example of TT_7 
in Fig. 3 and chemical analyses in Table 3).

Fig. 1   Examples of studied turquoises: TN_1: 
11.18 × 17.43x5.22 mm, 7.867 ct; TN_5: 9.89 × 13.61x4.39 mm, 4.29 
ct; TT_4: 7.87 × 13.18x2.44 mm, 1.67 ct; TT_5: 7.89 × 10x2.76 mm, 
1.508 ct. Photos by Ludovica Faldi
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In TT_9, analyzed from rim to rim only on the polished 
surface, the chemical composition respects the stoichiom-
etry of turquoise except at the rims where contents of the 
K and Na oxides were higher (up to 3.8 and up to 0.5 wt%, 
respectively).

In general, the EDS analyses of our turquoises, both natu-
ral and treated, yielded results well in the range of those 
from WDS-EMP. In the treated samples, the highest Cu 
values were detected in the more brilliant white points that 
contain up to 34 wt% of CuO (an example, TT_12, Fig. 4). 
The rounded crystals show a pseudo-turquoise composition 
with a K2O content up to 11 wt%; the platy area shows to 
be composed of both pseudo-turquoise and mixed phases 
with variable composition containing P, Si, K, Al, Mg, Na, 
Cu and Fe.

In addition, the core of TT_12 (Fig. 4) displays on the 
central part of the sample, the presence of K-feldspar with 
composition: K 0.98Na0.03 Al1.0Si2.93O8. In Fig. 5, a BSE 
image of the analyzed zone is displayed together with the 
X-ray maps of major elements. The feldspar (black star in 
BSE image, Fig. 5) is in contact with “the turquoise” where 
a 32 wt% CuO content was detected (red star in figure).

An inspection at higher magnification of backscattered 
images evidenced white areas (Fig. 6) associated with white 
rounded “seeds” distributed around them (Fig. 6a–c) also 
visible in the near platy zone (Fig. 6d). The chemical compo-
sitions of the points labeled in Fig. 6 are listed in Table 4; the 
copper content is very high while aluminum and potassium 
contents are low (point 13). Moving away, the Cu content 
decreases whereas that of Al and K increases.

Table 1   Electron microprobe 
analyses of natural turquoises

Sample TN_6 TN_7 TN_8

Average 31 pts st dev Average 31 pts st dev Average 31 pts st dev

P2O5 (wt%) 33.61 0.48 34.31 0.45 33.78 0.55
SiO2 0.01 0.02 0.02 0.02 0.05 0.03
Al2O3 35.27 0.21 36.75 0.20 34.63 0.61
Fe2O3 2.26 0.09 1.20 0.07 1.54 0.07
CuO 7.98 0.16 8.16 0.14 8.71 0.46
ZnO 0.03 0.04 0.08 0.07 0.04 0.04
CaO 0.06 0.02 0.05 0.01 0.07 0.05
Na2O 0.02 0.02 0.01 0.02 0.01 0.01
K2O 0.04 0.01 0.04 0.01 0.03 0.01
MgO 0.01 0.01 0.01 0.01 0.01 0.01
BaO 0.08 0.04 0.05 0.04 0.07 0.04
PbO 0.03 0.03 0.03 0.04 0.03 0.04
SO3 0.36 0.07 0.26 0.06 0.49 0.22
Total 79.77 80.96 79.44
Structural formula based on 20 anions
 P 3.970 3.977 4.006
 Si 0.003 0.004 0.010
 Al 5.799 5.930 5.718
 Fe3+ 0.237 0.124 0.162
 Cu 0.836 0.839 0.915
 Zn 0.001 0.003 0.001
 Ca 0.007 0.005 0.007
 Na 0.002 0.002 0.001
 K 0.008 0.008 0.008
 Mg 0.001 0.001 0.001
 Ba 0.008 0.005 0.007
 Pb 0.004 0.004 0.004
 S 0.051 0.035 0.068
 Σ 10.927 10.937 10.909
 Cu + K + Na + Ba 0.86 0.86 0.93
 Al + Fe3+ 6.04 6.05 5.88
 P + Si + S 3.98 3.99 4.03
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Moreover, in sample TT_11 (Fig. 7), SE images at very 
high magnification of the inner part of pores allow noting 
the growth of crystals that are similar to those identified 
as turquoises by Kwon et  al. (2009) in Zachery-treated 
stones. These Authors suggest that the crystals filling the 
pores influence the stability and durability of the turquoise. 
Unfortunately, in our sample, the gold coating prevented the 
EDS analysis.

X‑ray powder diffraction

Figure 8 shows a comparison between the XRPD pat-
terns of (a) natural sample TN_12, (b) light blue in color 
inner part and (c) bluest in the color outer part of treated 
sample TT_23. All samples showed the characteristic 

diffraction pattern of turquoise even though the treated 
turquoise exhibits larger unit cell parameters giving rise to 
a slight expansion of the unit cell volume when compared 
to the natural ones (461.88 vs. 461.44 Å3, respectively). 
The Rietveld analysis yields minor contents of pyrite (4 
wt%) in the natural sample whereas a 3 wt% of tenorite 
is obtained for the light blue area of the treated stones 
(Fig. 9).

Concerning the bluest area of the outer part of the 
treated sample, the XRPD pattern supports the existence 
of an amorphous phase that is clearly displayed by a diffuse 
bump in the 20–30 2 �◦ region of the background, suggest-
ing the occurrence of a poor to non-crystalline phase in the 
outer part of the treated gem. Additionally, the lower size of 
the diffraction domains extracted from the microstructural 

Table 2   Representative electron microprobe analyses of treated turquoises

Sample TT_7 line 1 TT_8 line 2 TT_9 line 1

rim inter rim inter inter center rim inter center inter rim

P2O5 (wt%) 38.18 37.14 35.44 34.15 34.29 33.59 32.41 34.16 33.98 34.23 33.39
SiO2 0.05 0.02 0.03 0.05 0.01 0.04 0.08 0.03 0.02 – –
Al2O3 24.48 27.87 28.57 30.11 31.21 31.28 32.62 34.68 34.76 35.04 34.59
Fe2O3 0.40 0.52 0.85 0.95 0.74 0.86 0.48 0.52 0.56 0.50 0.42
CuO 4.20 5.29 5.75 6.12 6.39 6.68 6.35 6.66 6.45 6.57 6.55
ZnO 0.02 0.03 0.21 0.18 0.32 0.21 0.05 0.03 – 0.03 0.11
CaO 0.66 0.14 0.16 0.10 0.18 0.34 0.06 0.08 0.02 0.06 0.07
Na2O 2.14 1.61 0.88 0.70 0.53 0.30 0.50 0.25 0.20 0.22 0.36
K2O 11.03 7.45 6.22 5.60 4.13 3.47 3.80 0.81 0.75 1.02 2.00
MgO 0.13 – 0.04 – 0.05 0.06 0.02 0.02 – – 0.01
BaO 0.10 0.01 0.03 – – 0.03 0.05 0.07 – 0.02 0.01
PbO 0.06 – – 0.06 0.01 0.10 – 0.02 – 0.01 0.09
SO3 0.12 0.21 0.15 0.30 0.21 0.21 0.30 0.35 0.33 0.26 0.28
Total 81.57 80.28 78.33 78.32 78.07 77.15 76.73 77.69 77.08 77.96 77.88
Structural formula based on 20 anions
 P 4.611 4.459 4.361 4.197 4.199 4.158 4.021 4.090 4.088 4.087 4.031
 Si 0.010 0.003 0.007 0.010 0.001 0.008 0.017 0.007 0.004 – –
 Al 4.115 4.659 4.894 5.152 5.321 5.390 5.634 5.780 5.822 5.824 5.813
 Fe3+ 0.043 0.056 0.093 0.103 0.081 0.094 0.053 0.055 0.060 0.053 0.045
 Cu 0.450 0.563 0.627 0.667 0.694 0.733 0.698 0.707 0.688 0.695 0.701
 Zn 0.001 0.001 0.008 0.007 0.012 0.008 0.002 0.001 – 0.001 0.004
 Ca 0.071 0.015 0.018 0.011 0.020 0.038 0.007 0.009 0.002 0.007 0.008
 Na 0.296 0.222 0.124 0.099 0.074 0.042 0.072 0.034 0.027 0.030 0.050
 K 2.631 1.767 1.512 1.360 0.999 0.849 0.931 0.192 0.179 0.241 0.477
 Mg 0.012 – 0.003 – 0.005 0.005 0.002 0.002 – – 0.001
 Ba 0.011 0.001 0.003 – – 0.003 0.005 0.008 – 0.002 0.001
 Pb 0.010 – – 0.009 0.002 0.016 – 0.003 – 0.001 0.014
 S 0.017 0.029 0.021 0.044 0.030 0.031 0.044 0.050 0.047 0.037 0.039
 Σ 12.277 11.775 11.672 11.659 11.438 11.375 11.486 10.937 10.918 10.978 11.184
 Cu + K + Na + Ba 3.47 2.57 2.30 2.14 1.80 1.68 1.72 0.95 0.90 0.98 1.24
 Al + Fe3+ 4.16 4.71 4.99 5.25 5.40 5.48 5.69 5.84 5.88 5.88 5.86
 P + Si + S 4.64 4.49 4.39 4.25 4.23 4.20 4.08 4.15 4.14 4.12 4.07
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analysis suggests a poor crystallinity of this material occur-
ring in the outer layer of the gem.

Laboratory‑based X‑ray Computed 
microtomography (μCT)

The μCT analyses allowed exploring in a non-invasive way 
the microstructure of natural (TN_11) and treated (TT_20) 
gems. The former is characterized by an outer surface with 
micropores and microcracks leading to a whole porosity of 
5 vol% (Fig. 10a). These cracks do not show any preferred 
orientation and develop also in the inner part of the gem 
and appear filled with finely aggregates characterized by 

high and low grey scale values (Fig. 10b, c). The EMPA 
analyses of the same sample suggest the occurrence of clay 
minerals and pyrite filling the cracks.

In Fig. 11a, the volume rendering of the treated gem 
is displayed, and a reconstructed axial slice of its inner 
part is shown in Fig. 11b. It is clear that surface poros-
ity observed in natural samples is now completely lost 
whereas the outer white circular region (i.e., with the high-
est attenuation of X-rays) appears and extends in its inner 
part exhibiting a concentric banding. In the core of the 
gem, well-rounded aggregates with high grey scale values 
appear randomly dispersed and exhibit a size of ~ 20 µm 

Fig. 2   a Variation of K2O versus Na2O of treated samples; b variation of different oxides in TT_8 line 1 from rim to core

Fig. 3   BSE image of TT_10 showing analyzed points reported in 
Table 3

Table 3   Electron microprobe 
analyses of points shown in 
Fig. 3

wt% TT_10

51 52 53

P2O5 35.78 33.90 36.01
SiO2 0.11 0.11 0.04
Al2O3 12.45 7.11 16.19
Fe2O3 0.23 0.21 0.31
CuO 24.17 28.96 19.36
ZnO 0.13 – –
CaO 0.19 0.20 0.22
Na2O 5.33 6.36 4.43
K2O 5.73 4.63 6.40
MgO – 0.02 0.03
BaO 0.02 0.08 0.08
PbO – – 0.03
SO3 0.03 0.05 0.03
Total 84.16 81.63 83.12
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(Fig. 11c). 3D rendering of the segmented highly absorb-
ing aggregates is shown in Fig. 11d.

Fourier transform infrared spectroscopy

FTIR and ER-FTIR spectra of natural and treated turquoises 
were collected on several points and traverses from the rim 
to the center of the samples. It is noteworthy that FTIR 

requires a microsampling, which may not be routinely car-
ried out in the analysis of gems whereas ER-FTIR allows 
for a non-invasive investigation of the surface of materials, 
which potentially opens its use for gemological applications. 
As a drawback, intrinsic limitations of this last technique 
include the possible presence of spectral artifacts due to 
surface effects and the need for reference data for spectral 
interpretation.

Selected results are given in Figs. 12 and 13. Both IR 
techniques show slight differences in the patterns collected 
on natural and treated turquoises.

In the water stretching region (4000–2700 cm−1), the 
FTIR spectra of our natural untreated samples (pattern 
a, Fig.  12) show peaks at 3509, 3466, 3453, 3293 and 
3078 cm−1 that are due to the OH/H2O vibrations (Abdu 
et al. 2011; Čejka et al. 2015), while the ER-FTIR spec-
tra (patterns a, Fig. 13) show sharp peaks at 3497, 3461, 
3438 cm−1 and broad bands at 3225 and 3031 cm−1 due 
to hydroxyl groups and to the two independent water units 
in the turquoise structure, respectively (Reddy et al. 2006; 
Abdu et al. 2011; Schwarzinger and Schwarzinger 2017; 
Sabbaghi 2018). The stretching and bending vibrations of 
PO4 units are located between 1200 and 400  cm−1. The 
main bands are found at 1107, 1058, 608, and 550 cm−1 in 
the FTIR spectra (pattern a, Fig. 12) and at 1118, 1049 and 
1006 cm−1 and 834 cm−1 in the ER-FTIR ones in Fig. 13, 

Fig. 4   BSE image of TT_12 

Fig. 5   BSE image and X-ray maps of selected elements of TT_12 
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pattern a (Fritch et al. 1999). These FTIR and ER-FTIR 
spectral features are well distinctive of crystalline natural 
turquoise.

At least two new components at about 3380 cm−1 and 
3600 cm−1 appear in the FTIR spectra of treated samples 

(arrowed in pattern b of TT_24 as an example, Fig. 12); 
the former strongly overlaps with the 3280 cm−1 broad 
component, while the latter appears as a strong asym-
metry of the 3509  cm−1 band. Slight modifications of 
the FTIR patterns are also visible in the range of PO4 
antisymmetric stretching modes (1200–1000  cm−1: 
Ross 1974; Della Ventura et al. 2019), where shifts and 
broadening of the 1188–1160 cm−1 peaks are observed 
in treated turquoises (pattern b of TT_24 as an example, 
Fig. 12).

Differences in terms of relative intensities, position 
and width of bands are clearly visible in the ER-FTIR 
spectra of treated turquoises. In particular, the OH/H2O 
stretching bands of structural water appear weaker and 
less defined than in the ER-FTIR spectra of natural ones 
(pattern b, Fig. 13). The bands in the PO4 stretching region 
are broader, the main peak of turquoise shifts from 1118 to 
1111 cm−1, and some bands (i.e., at 1158 cm−1) disappear 
whereas the bands at 2958, 2917 and 2848 cm−1 (–CH2 

Fig. 6   BSE images of TT_12, on the left, and enlargements of the indicated a, b, c, d areas showing the analyzed points reported in Table 4, on 
the right

Table 4   EDS chemical analyses of points shown in Fig. 6

TT_12

13 16 14 15 9

P2O5 (wt%) 37.79 33.35 34.14 38.38 32.8
SiO2 1.05 0.92 0.84 0.98 3.49
Al2O3 2.95 15.54 17.42 18.09 18.43
CuO 34.47 6.53 3.38 3.5 3.37
CaO – 3.41 4.31 5.22 –
Na2O – 2.12 1.43 0.98 1.59
K2O 4.7 7.81 8.49 9.58 8.66
Total 80.96 69.68 70.01 76.73 68.34

Fig. 7   a SE images of TT_11; b 
zooming of red rectangle in (a)
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and –CH3 stretching vibrations) (pattern b, Fig. 13) are due 
to wax used to polish the surface of the treated turquoise 
(Han et al. 2015).

In the core of the treated gems, the possible structural/
compositional variations are less evident and the ER-FTIR 
spectra resemble those of the untreated natural well-crystal-
line turquoise (e.g., pattern c, Fig. 13).

A completely different vibrational pattern is obtained in 
correspondence with the internal rims and of crystal aggre-
gates randomly dispersed in the core of the gem already 
analyzed by micro-tomography TT_20 (the same particles 
having high grey scale values and micrometric size in the 
micro-CT analyses of Fig. 9). In these regions (see pattern 
d, Fig. 13), strong reflectance peaks at 1101, 1073, 995 cm−1 
and weaker peaks at 1208, 1166, 912, 858 cm−1 are due to 
an unidentified crystalline phase. This spectrum is compat-
ible with that of a hydroxide (maybe a potassium-containing 
phase) and/or of alumina (Schroeder 2002; Hosseini et al. 
2011; Hong et al. 2016; Schwarzinger and Schwarzinger 
2017; Sabbaghi 2018) but further investigations in reflec-
tance mode on mineral references would be needed for its/
their unambiguous identification.

Discussion and conclusions

In this study, a multidisciplinary approach offers significant 
novel insight into the undisclosed property Zachery treat-
ment on turquoise. The comparison between natural and 
treated turquoise allows identifying, for the first time, new 
chemical–mineralogical and microstructural features, which 
are distinctive of the Zachery treatment and will be hereafter 
discussed.

•	 Chemical analyses performed by EMPA on treated sam-
ples confirmed the presence of K as already reported in 
the literature (Fritsch et al. 1999; Kwon et al. 2009; Sun 

Fig. 8   XRPD patterns of a) TN_12, b) inner and c) outer part of 
TT_23 

Fig. 9   Observed and calculated 
X-ray powder diffraction pattern 
after the Rietveld refinement of 
sample TT_23 
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Fig. 10   Natural turquoise 
TN_11: a 3D volume rendering 
(200 × 500 × 1000 voxels); b 
selected sagittal reconstructed 
slice; c minerals filling fractures 
(zooming of the red rectangle 
in b)

Fig. 11   Zachery tretated 
turquoise TT_20: a 3D volume 
rendering (500 × 500 × 500 
voxels); b selected axial recon-
structed slice; c rounded highly 
X-ray attenuation aggregates 
(zooming of the red rectangle 
in fig. b); d 3D rendering of the 
segmented highly absorbing 
aggregates
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Fig. 12   FTIR spectra collected in the different wavenumber ranges: from 4000 to 2600 cm−1 (left panel), from 1300 to 750 cm−1 (center panel), 
and from 750 to 400 cm−1 (right panel). a Natural TN_14 and b treated TT_24 turquoise

Fig. 13   ER- FTIR spectra collected in specular geometry on different 
wavenumber ranges: from 4000 to 2000  cm−1 (left panel) and from 
1300 to 650  cm−1 (right panel). TN_15 natural turquoise (a), TT_20 

treated turquoise in correspondence of the treated surface (b), of 
core of the gem (c) and of the bluish internal rims and bluish crystal 
aggregates randomly dispersed in the core of the gem (d)
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et al. 2014) but pointed out new diagnostic chemical 
features for the treatment. The quantitative analysis by 
WDS highlights a variable composition overall in terms 
of minor oxides (mainly K and Na) in the treated tur-
quoises that do not respect its stoichiometric formula. 
This suggests that a newly formed phase (“transitional 
phase”, see below), with a chemical composition close 
to the one of turquoise but not attributable to one of the 
six end members of its isostructural series (Abdu et al 
2011), is the resulting product of the Zachery treatment. 
At present, no crystalline phases with a chemical com-
position matching the one calculated are available in the 
literature.

•	 The presence of K in treated samples well agrees with 
the hypothesis of Frisch et al. (1999) suggesting that 
turquoise grows in situ within the porous areas during 
the treatment process. The involvement of potassium in 
the formation of turquoise is also described in the recent 
paper on the Ali Abad Cu Porphyry Deposit in central 
Iran, by Ardekani et al. (2020). The Authors suggest that 
the presence of potassium in some analyses of turquoises 
probably indicates the presence of a transitional phase 
resulting from the conversion of sericite or alunite to tur-
quoise and they report a series of reactions under acid 
conditions involving sulfates, phosphates, and potassium 
(released from the alteration of feldspars) finally bearing 
to the crystallization of turquoise;

•	 BSE images and EDS analyses highlight scattered spots 
yielded very high copper concentration up to 34 wt% 
CuO in the inner part of the treated turquoise and suggest 
that these Cu-rich areas are microspheres (“seeds”) that 
decrease in size and in copper content moving from the 
inner core to the outer part of the gem;

•	 EDS and XRPD analyses of treated samples highlighted 
the occurrence of K-feldspar and tenorite. The former 
should represent a relict of the “beds of feldspar” used 
during the Zachery process while the latter (CuO) can 
be interpreted as the product of the oxidation of copper 
sulfides added in the soaking process. We might sup-
pose in the Zachery treatment the use of chemicals such 
as copper sulfate for the enhancement of turquoise. As 
noticed for chalcedony by Koivula and Kammerling 
(1989), man-made “inclusions” may be produced by 
soaking porous samples in a copper solution and then 
applying an electric current to precipitate out a dendrite 
of elemental copper;

•	 The XRPD patterns suggest that the outer surface of 
the treated turquoise is characterised by the coexist-
ence of a crystalline phase, namely turquoise, with an 
amorphous/poorly crystalline phase (probably the tran-
sitional phase and/or the residues of the products used 
in the treatment). Furthermore, the structural refine-
ment of the turquoise on the gem surface indicates a 

lower crystallinity. The hypothesis is that the Zachery 
treatment induces the re-crystallization of a new tur-
quoise which differs from the natural one from a micro-
structural point of view;

•	 X-ray computed microtomography allows investigating 
of both the outer and inner part of the gem in a totally 
non-invasive way; the effects of the Zackery treatment 
are clearly observable not only on the surface but also in 
its inner core. Concentric banding associated with well-
rounded aggregates (CuO seeds) extends from the inner 
to the outer surface. Furthermore, the enhancement due 
to the treatment resulted in a lowering of the value of 
porosity in treated samples which may justify the darker 
surface color of treated samples;

•	 The spectral differences detected by the two infrared 
techniques (FTIR and ER-FTIR) suggest the occurrence 
of possible structural and/or compositional slight vari-
ations between natural and treated turquoise, thus con-
firming the XRPD results. This spectral modification is 
detectable on the external surface of treated turquoises 
as well as in the subsurface regions of the treated gem 
(as showed by ER-FTIR spectra collected on the inter-
nal rims of cross-sectioned samples) and suggests a sur-
face-bulk gradient of the effects induced by the Zachery 
method.

In conclusion, we might assert that the combination of 
several analytical techniques allows for the complete char-
acterization of natural and treated turquoise, thus providing 
(i) new chemical and structural features, which are peculiar 
to the Zachery treatment and (ii) new insights into this tur-
quoise treatment. In particular, the non-destructive ER-FTIR 
spectroscopy and microtomography allow distinguishing, in 
a fast and easy way, between natural and Zachery-treated 
samples whereas invasive EMPA-EDS and XRPD can pro-
vide information on the treatment process.
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