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Abstract: Kunzite, the pink variety of spodumene is famous and desirable among gemstone lovers.
Due to its tenebrescent properties, kunzite always remains a hot research candidate among physicists
and mineralogists. The present work is continuing the effort towards value addition to kunzite by
enhancing its color using different treatments. Before color enhancement, it is essential to identify the
chromophores and their oxidation states. In this paper, the authors investigated the main impurities
in natural kunzite from the Nuristan area in Afghanistan and their valence states. Some impurities in
the LiAlSi2O6 spodumene structure were identified and quantified by using sensitive techniques,
including Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), UV−VIS
and X-ray absorption near-edge structure (XANES). LA-ICP-MS indicated many trace elements as
impurities in kunzite, among which Fe and Mn are the main elements responsible for coloration.
The oxidation states of these two transition elements were determined by the XANES technique.
The study reveals that Mn is present in both Mn2+ and Mn3+ oxidation states, while Fe is present
only in Fe3+ oxidation state.
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1. Introduction

The silicate materials are of special interest for science and technology due to their wide applications
in optical and semi-conductor devices [1]. Spodumene (LiAlSi2O6) is widely utilized in ceramics and
glass manufacturing and is an important source of Li. It is a member of the pyroxene mineral group and
normally the stable low-temperature type of spodumene (α-spodumene) crystallizes in a monoclinic
crystal system with space group C2/c. According to Figure 1 it has two inequivalent metal cation sites
M1 and M2 in the same crystallographic plane [2]. Aluminum occupies the slightly distorted M1 site,
which is octahedrally coordinated with an average metal oxygen distance of 1.92Å; while the M2 site is
occupied by Li, which is also six-fold coordinated with an average metal-oxygen distance of 2.23Å [3,4].
There is only one type of tetrahedral site, which is completely occupied by silicon in pyroxene and
is not involved in producing colors. O(1), O(2) and O(3) are three crystallographically non-equivalent
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oxygen atoms in the spodumene crystal structure. The oxygen atom “O(3)” is referred to as a bridging
oxygen and is bonded to two silicon atoms, whereas O(1) and O(2) are both non-bridging oxygen
atoms [5].Minerals 2020, 10, x FOR PEER REVIEW 3 of 11 

 

 
Figure 1. This polyhedral model of a spodumene crystal, using the crystal refinement data of [5] was 
drawn through CrystalMaker X software, with the following unit cell parameters (a: 9.46, b: 8.412 and 
c: 5.224 A0, α: 90, β: 110 and γ: 90 degree). There is a total of 40 atoms in one complete unit cell. The 
basic building blocks: AlO6 (M1) and LiO6 (M2) are at octahedral, while SiO4 are at tetrahedral 
positions as labeled in the picture. The crystallographic orientation is shown at the bottom right 
corner, projected down the x-axis. 

2. Samples Site, Materials and Analytical Methods 

2.1. Samples Site 

The sample material for this study was kunzite from the Nuristan District, Afghanistan. Literally 
hundreds of thousands of carats of fine kunzite have emerged from the Nuristan region, northwest 
of Kabul since active mining began there in the early 1970s [11]. The spodumene crystals from the 
Nuristan region are among the best variety of this mineral ever found [19].  

The kunzite samples for the current research were collected from a mine owner (named Khalid 
Habib, main dealer of Afghanistan kunzite and Swat emeralds) in Namak Mandi Peshawar, Khyber 
Pakhtunkhwa (KPK), Pakistan.  

2.2. Sample Preparation 

Figures 2A,B and 3 show kunzite samples before cutting and after cutting, the samples for the 
current research work were selected on color variation basis. The kunzite crystals were cut into 21 
cut stones with different cutting styles (Figure 2B) and 6 wafers with dimensions 2 cm × 2 cm × 0.5 
cm (length, width and thickness, respectively) and both surfaces were polished with diamond 
powder as shown in Figure 3.  

Figure 1. This polyhedral model of a spodumene crystal, using the crystal refinement data of [5] was
drawn through CrystalMaker X software, with the following unit cell parameters (a: 9.46, b: 8.412 and c:
5.224 Å, α: 90, β: 110 and γ: 90 degree). There is a total of 40 atoms in one complete unit cell. The basic
building blocks: AlO6 (M1) and LiO6 (M2) are at octahedral, while SiO4 are at tetrahedral positions as
labeled in the picture. The crystallographic orientation is shown at the bottom right corner, projected
down the x-axis.

In spodumene, both atoms (Li and Al) can be replaced by transition metal elements, such as Mn,
Fe, Cr and others, as it belongs to the group of allochromatic minerals. According to the gemmological
point of view, the minor and trace elements are mostly responsible for producing color in allochromatic
gemstones. Furthermore, the gemstones and common minerals can be differentiated through minor
and trace elements [6], and in particular, when V3+, Cr3+, Mn3+, Fe2+, Fe3+ and Mn2+ exist in high
concentration, they can produce strong coloration in gemstones. The d-orbital electrons of these
transition elements are responsible for coloration [7]. The distribution of trace elements in the gemstones
also works as a “fingerprint” in finding the locality of their mining origin [7]. In a gemstone, the
existence of trace and light lithophile elements can also be used to distinguish between natural and
synthetic samples, as well as to give evidence about its synthesis methodology [8–10].

Spodumene possesses three varieties (kunzite, triphane and hiddenite) with brilliant colors and
they are used as semi-precious gemstones. The two well-known varieties kunzite and hiddenite were
named after the esteemed American geologists and collectors George F. Kunz and William E. Hidden,
respectively [11]. Kunzite is a major source of Li, which is used in different materials, such as mobile
phones and automotive batteries, in lithium carbonate production, ceramics and as flux agent [12,13].

Due to its pink to lilac hue kunzite is more acceptable for use in jewelry. The lilac color shows up
when the Mn/Fe concentration ratio is larger than 1 [14]. Spodumene is a comparatively new mineral
in scientific studies, being discovered in the last two centuries while its gem quality has only been
known for about 100 years [15]. Spodumene in the green and dark pink color (kunzite) is acceptable to
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people for use in jewelry, but if the color is light pink then people do not like it, just like pink topaz.
In fact, the color of gemstones is very important in the jewelry industry and one important factor is
that gemstones are valued by their color. The light pink colored kunzite is abundantly available on the
Pakistan gemstone market and needs color enhancement for value addition and to enable it for use
in jewelry. People perform color treatment locally without knowing any standard parameters and
ways, resulting in a lot of kunzite going to waste every year, although different quantitative analyses
and EPR were already used and the results were published regarding the oxidation state of kunzite.
However, there has not yet been reported an X-ray absorption near edge structure (XANES) study for
checking the chromophore oxidation states in kunzite. It is the purpose of this paper to evaluate the
oxidation states of the color-causing chromophore in kunzite by using the XANES technique.

X-ray absorption spectroscopy using intense synchrotron radiation looks to be the method of
choice for materials that are generally low in concentration and/or small in total sample size [16]. This
technique is atomic specific and is even sensitive to low concentration (10 ppm or lower) as well as
low sample mass (~µg with third-generation synchrotron sources). Chemical information such as
valence, coordination geometry, bond distances, and ligand coordination numbers can be obtained
with high accuracy [17]. As gemstones are precious, non-destructive techniques are usually preferred
for their analysis. XANES is a non-destructive and element-selective technique and the samples need
virtually no chemical parameters. Furthermore, this technique applies to both crystalline materials
and also to amorphous phases [18]. Here we only focus on the energy position of the absorption
edges from which the oxidation numbers can be derived. Evaluation of the extended X-ray absorption
fine structure (EXAFS) showing up in a photon energy regime about 50 eV above the edge energy
cannot be evaluated because of noise issues. Thus, the bond lengths and coordination numbers are not
derived here.

The aim of this study is to develop methods and parameters in order to enhance the kunzite color
for value addition but before doing any treatment it is necessary to confirm the chemistry and the
oxidation states of the coloring elements in the samples used for the current research.

2. Samples Site, Materials and Analytical Methods

2.1. Samples Site

The sample material for this study was kunzite from the Nuristan District, Afghanistan. Literally
hundreds of thousands of carats of fine kunzite have emerged from the Nuristan region, northwest
of Kabul since active mining began there in the early 1970s [11]. The spodumene crystals from the
Nuristan region are among the best variety of this mineral ever found [19].

The kunzite samples for the current research were collected from a mine owner (named Khalid
Habib, main dealer of Afghanistan kunzite and Swat emeralds) in Namak Mandi Peshawar, Khyber
Pakhtunkhwa (KPK), Pakistan.

2.2. Sample Preparation

Figure 2A,B and Figure 3 show kunzite samples before cutting and after cutting, the samples
for the current research work were selected on color variation basis. The kunzite crystals were cut
into 21 cut stones with different cutting styles (Figure 2B) and 6 wafers with dimensions 2 cm × 2 cm
× 0.5 cm (length, width and thickness, respectively) and both surfaces were polished with diamond
powder as shown in Figure 3.
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Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The GeolasPro laser 
ablation system(Coherent, Inc., Santa Clara, CA, USA) used in the tests was developed by 
COMPexPro102 (Coherent, Inc., Santa Clara, CA, USA) and the ArF 193nm Laser by MicroLas optical 
system (Coherent, Inc., Santa Clara, CA, USA) The ICP-MS system used in the 7900 ICP-MS was from 
Agilent Technologies, Inc., Santa Clara, CA, USA. The carrier gas was helium and argon was used as 
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Figure 3. Six kunzite samples which were cut into wafers with dimensions 2 cm × 2 cm × 0.5 cm,
(length, width, and thickness, respectively). These samples were used for X-ray absorption near-edge
structure (XANES) and UV−VIS spectra. These samples were selected according to the Mn and Fe
concentration and each sample’s value is written below the sample in ppm (average).

2.3. Analytical Methods

2.3.1. LA-ICP-MS

Quantitative chemical analyses of major and trace elements were performed with LA-ICP-MS at
Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The GeolasPro laser ablation
system(Coherent, Inc., Santa Clara, CA, USA) used in the tests was developed by COMPexPro102
(Coherent, Inc., Santa Clara, CA, USA) and the ArF 193nm Laser by MicroLas optical system (Coherent,
Inc., Santa Clara, CA, USA) The ICP-MS system used in the 7900 ICP-MS was from Agilent Technologies,
Inc., Santa Clara, CA, USA. The carrier gas was helium and argon was used as the makeup gas to
adjust the sensitivity. The laser beam spot diameter is 44 µm having an intensity of 5.5 J/cm2. Glass
reference materials BHVO-2G, BCR-2G, BIR-1G and NIST 610 were used. Every two samples, analyses
were followed by calibration of the instrument by SRM610, in order to correct the time-dependent drift
of sensitivity and the mass discrimination.

2.3.2. X-ray Absorption Near-Edge Structure (XANES)

Pre-edge and XANES spectra at the Fe K-edge and Mn K-edge were collected at the Beam
Line BL5.2 XAS, Synchrotron Light Research Institute (SLRI), Thailand. The storage ring operation
conditions were 1.2 GeV electron energy and 100 mA. The beam size at the sample position was
20 mm (width) × 1 mm (height). A Ge (220) double-crystal monochromator with 2d spacing of 4.001 Å
and a silicon drift detector were used for these experiments. The XANES data were collected in the
fluorescence mode with the sample positioned 45◦ with respect to the beam. Moreover, the fluorescence
spectra were collected by fixed energy-range windows which did not include both the elastic and
the inelastic/Compton signals. The measured fluorescence intensity IF is proportional to the X-ray
absorption coefficient µ(E) and the incident intensity I0 (IF ~ µ(E)*I0), from which µ(E) ~ IF/I0 is derived.
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2.3.3. UV−Visible Spectroscopy

In order to correlate the observed color to the specific chromophore, precise measurements of
the absorption feature through a known optical path in the UV−visible spectrometer were required.
For UV−visible spectroscopy the same kunzite samples as for XANES were used. In addition, to check
the absorption spectrum along the c-axis, a wafer from each sample was cut perpendicular to the
c-axis and polished. UV−visible spectra were collected with a PerkinElmer Lambda650 UV/Vis
spectrometer equipped with mercury and tungsten light sources and photomultiplier tube/PbS detector
that were built into an integrating sphere. In order to do the precise and accurate quantitative analyses,
a custom-made sample holder was used to conform to the precise positioning of the sample area in a
3 mm diameter window. The spectra were collected at the Gemmological Institute, China University
of Geosciences, Wuhan.

3. Results and Discussion

3.1. Gemmological Observations

Spodumene belongs to the monoclinic crystal system and is usually found in prismatic form,
highly flattened, and strongly striated along the c-axis {100} direction. Spodumene shows good {110}
cleavage with the angle between {110} and {110} at about 87 degrees and has a parting on {100} and {010}.
The fracture is from uneven to sub-conchoidal and is brittle having a directional hardness from 6.5 to
7.5 [3,20]. The refractive index was checked by using a standard refractometer and the values were noted,
nα= 1.661, nβ= 1.663 and nγ= 1.676. Similarly, the pleochroism was checked in different directions by
using a calcite dichroscope and showed colors from pink-green and pink to colorless (trichroic).

3.2. LA-ICP-MS

The quantitative chemical analyses of 27 kunzite samples were performed and the concentration
average of major and trace elements are shown in Tables 1 and 2, respectively. The main chromophores
for producing color are Mn and Fe. The lilac color in kunzite occurs when the Mn/Fe ratio is larger
than 1 [14], while the Mn/Fe concentration ratios in the investigated samples were 1.96.

Table 1. Elemental concentration of major elements in wt.% in the kunzite samples.

Oxides Minimum Maximum Average

SiO2 64.026 64.960 64.051
Al2O3 27.513 28.216 27.974
Li2O 7.528 7.739 7.621
TiO2 0 5.667 0.0003
FeO 0 0.149 0.0362
MnO 0.003 0.117 0.0694
Na2O 0.064 0.155 0.133
K2O 0 0.035 0.0015
P2O5 0.035 0.061 0.055
CaO 0 4.331 0.3795

3.3. X-ray Absorption Spectroscopic Analysis

X-ray absorption spectroscopy (XAS) is the study of X-ray beams absorbed by an electron near
and above the core-level binding energies of an atom. XAS is associated with the chemical and
physical states of the absorbing atoms. Therefore, it is sensitive to the valence state, bond lengths and
the coordination numbers of the neighboring atoms [21,22]. The study of a sample based on XAS
provides significant evidence of the above properties on the atomic scale. Fundamentally, each XAS
spectrum from an absorbing atom is divided into three characteristics regions named the pre-edge,
X-ray absorption near edge structure (XANES) and the extended X-ray absorption fine structure
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(EXAFS). The pre-edge region in the spectrum is associated with the transitions from core electrons
to bound states, such as from 1s to nd, (n + 1) s or (n + 1) p orbitals of the K edge. The second part
is the XANES region which gives information about the valence states of the absorbing atom, while
the EXAFS analysis gives us information about the geometric structure, such as bond distances and
coordination numbers of the neighboring atoms. The fine structure in the EXAFS region, is due to
the interference of outgoing and incoming electron waves, and is thus dependent on the immediate
environment surrounding the absorbing atom [23]. In the current study the XAS experiments were
performed in order to evaluate the oxidation states of Mn and Fe in kunzite samples. The XANES
spectra of Mn and Fe are shown below in Figures 4 and 5, while the EXAFS spectra were very weak,
and indistinguishable from background noise due to the low concentration of Mn and Fe in the samples.

Table 2. Elemental concentration of the trace elements in ppm in the kunzite samples.

Elements (ppm) Minimum Maximum Average

Sn 19.74 300.424 126.1673
Ga 50.542 86.637 73.6148
Ge 7.794 68.007 28.4366
B 8.035 84.441 23.2575

Zn 0 25.176 6.5206
Cd 0 2.590 0.7602
Be 0 2.050 0.6742
Pb 0 5.923 0.63
Cu 0 1.167 0.3265
Sc 0 0.859 0.2615
Rb 0 0.585 0.2319
Mo 0 0.656 0.155
Hf 0 0.463 0.15
Cr 0 1.498 0.1249
Cs 0 0.750 0.1

The elements detected during the analyses having a concentration less than 0.1 ppm are, V, Co, Sr, Y, Zr, Nb, Ag, Ba,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, W, Hg, Tl, Bi< 0.1 ppm.

The above mentioned prepared samples (shown in Figure 3) were used for XANES analyses, the
XANES spectra and the EXAFS interference functions were extracted from the measured absorption
spectra using the Athena and Artemis software programs [24].
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Figure 5. Fe K-edge XANES spectra of kunzite from Nuristan, Afghanistan, (Fe-01, Fe-04 represent
kunzite samples) versus FeO and Fe2O3 standards.

3.3.1. Distribution of Mn

Figure 4 shows the Mn K-edge XANES spectra of the kunzite sample K-01 (spectrum: Mn-01)
together with those of standard oxides MnO and Mn2O3. In total six kunzite samples were checked;
all showed the same shape, very similar to the one in Figure 4. The edge position was defined as the
first maximum of 1st derivative of the normalized XANES spectra. The edge of the present kunzite
samples was just between those of the standard oxides, suggesting a mixed valence state of Mn (i.e.,
Mn2+ and Mn3+). This showed that the investigated samples of kunzite contain Mn in Mn2+ and Mn3+

oxidation states. A second definition of the position of the K-edge was the use of the inflection point at
the edge jump. Thus, the positions were alternatively evaluated by normalizing the obtained data for
Mn K-edge of kunzite samples then taking the first derivative and by using the linear combination
process to compare the obtained spectrum with a mixture of the standard MnO and Mn2O3 spectra.

3.3.2. Distribution of Fe

Figure 5 shows the Fe K-edge XANES spectra of kunzite sample K-01 and K-04 (spectra Fe-01 and
Fe-04) as an example together with those of standard oxides of FeO and Fe2O3. In this case the same
six samples were tested for Fe oxidation state. The edge positions of the analyzed kunzite samples
were exactly matching with standard oxide Fe2O3, which clearly shows the Fe present solely in Fe3+

oxidation state.

3.4. UV—Visible Spectroscopy

Kunzite belongs to the monoclinic crystal system and is therefore trichroic, i.e., shows three colors
when checked through the dichroscope. The pleochroism was checked in all optical directions by using
a gemmological handheld calcite dichroscope. The pleochroism varied from green-pink and pink to
colorless, the UV—visible spectra of all the samples were checked in these optical directions and also
along the direction parallel to the c-axis. All the kunzite samples, except sample K-06 exhibited the
absorbance peaks in the same wavelength regions, with little variation in peak intensity due to the
variation in chromophore concentration.

The sample K-06 (white spodumene) due to the very low concentration of chromophores, did
not show any significant absorbance in the visible region as depicted in Figure 6; there was only a
little absorption at 376 nm and 480 nm. All the samples (K-01 to K-05) showed very weak absorption
bands in the ultraviolet region at 376 nm and in the visible region between 400 to 500 nm (410, 440, 450
and 480 nm), the absorption is due to Fe3+ [25,26], in Figure 7 only one spectrum is represented for
explanation. There was a strong absorption band at 530 nm and the absorbance was intense along
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c-axis as compared to another optical axes. The absorption in this region was due to Mn3+ ions, which
was correlated to the original lilac color of kunzite [1,27].
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3.5. Ionic Structure Consideration

The valence state and ionic size play an important part in their incorporation as best possible
chromophores. Mn3+ and Fe3+ have the same valence states, i.e., isovalent and charge-balanced. Their
ionic radii are very close to those of Al3+ in six-folded coordinated octahedral sites, and thus facilitate
substitution into the octahedral site of Al3+, i.e., the M1 site in kunzite [10,28]. Therefore, considering
the ionic radius, isovalent Mn3+ is a preferred chromophore due to the close matching of both the ionic
charge and the ionic size with Al3+. On the other hand, Mn2+ has an appreciably greater ionic size
than Al3+ and requires additional charge compensation to fit into the Al3+ octahedral site. The ionic
radius of Mn2+ is close to Li and thus facilitates substitution into the M2 site in kunzite, while the
tetrahedral site is occupied by Si [13,20]. However, in the case of Mn2+ d-d electronic transition is
spin-forbidden and also no Jahn−Teller distortion is possible for this ion [29]. Due to the absence of
Jahn−Teller distortion and spin-forbidden transition, Mn2+ produces near colorless or weak coloration
as compared to Mn3+ [7,30]. Therefore, Mn2+ is not the best choice for pink color in kunzite.

Similarly, trivalent ferric ion Fe3+, having the same electronic structure as Mn2+, is also a weak
chromophore and produces noticeable color only at higher concentrations. For example, to get an
intense yellow color in sapphire, it requires at least 1000 ppm Fe3+. This is an important consideration
to understand the comparatively weak contribution of Fe3+ to coloration [28,30].

Both Mn2+ and Mn3+ can occur in six-folded octahedral coordination, and are the known cause of
red or pink colors in a variety of minerals e.g., rhodonite, andalusite, grossular, morganite, tourmaline
(pink and red) and kunzite [31]. Mn2+, when coordinated to oxygen ligands (Mn2+-O2-) produces
relatively weak absorption bands as compared to Mn3+, due to weak oscillator strength or a low
cross-section involving spin-forbidden transitions [30].

4. Conclusions

In the current study the quantitative analyses of chromophores responsible for coloration was
carried out by LA-ICP-MS. The results show that the concentration of Mn is higher in kunzite as
compared to Fe. The oxidation states of Mn and Fe were checked through XANES, which confirm
the presence of Mn in both the Mn2+ and the Mn3+ oxidation states in kunzite while Fe is present in
the Fe3+ state. The UV−visible spectra confirm that lilac-pink colored kunzite is due to a broad peak
given by Mn3+ at 530 nm. It is also concluded that the higher the concentration of Mn3+ in kunzite, the
deeper the pink color will be and it will be more valuable. The locality used in this study has both
Mn2+ and Mn3+ in kunzite and has a light pink color. It is suggested that its color can be enhanced
by changing the Mn from Mn2+ to Mn3+ by using some treatments. This change will make its color
become deeper and will help in value addition to the kunzite.
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