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Abstract. This study examined the potential of quartz vein ore from the Peshawar Basin, Pakistan, as a raw
material for producing high-grade, high-purity quartz sand. These samples were purified using a combination
of methods including crushing, magnetic separation, ultrasonic cleaning, flotation, high-temperature calcination,
water quenching, and acid leaching. Impurities in the quartz vein samples were analyzed through optical mi-
croscopy, SEM-CL, Raman spectroscopy, XRD, ICP-OES, and ICP-MS. Petrographic analysis revealed that the
main impurities in quartz consisted of fluid inclusions, most of which were concentrated along the microfrac-
tures. After purification, the refined quartz sand exhibited a smooth surface with an extremely low concentration
of gas–liquid inclusions. The ICP-OES bulk solution analysis of the raw quartz samples showed that the NB-
1 SiO2 content is 99.989 wt %, NB-2 99.989 wt %, and NB-3 99.990 wt %. The total impurity content in raw
quartz ore was 104.73 µg g−1 for NB-1, 102.25 µg g−1 for NB-2, and 95.01 µg g−1 for NB-3. After purification,
the ICP-MS analysis indicates the SiO2 content in processed quartz was 99.999 wt % for NB-1, 99.997 wt % for
NB-2, and 99.998 wt % for NB-3, and the total for the 13 impurity elements’ content of refined quartz sand was
12.08 µg g−1 for NB-1, 34.57 µg g−1 for NB-2, and 16.79 µg g−1 for NB-3. The main impurity elements, Li and
Al, were found in the following concentrations: NB-1 contained 2.06 µg g−1 of Li and 9.16 µg g−1 of Al, NB-2
had 3.23 µg g−1 of Li and 30.15 µg g−1 of Al, and NB-3 showed 2.09 µg g−1 of Li and 13.68 µg g−1 of Al. These
impurities can be further reduced using more advanced techniques. Based on these results, these purified quartz
sands are suitable for producing high-purity quartz products (4N7 to 4N9) that meet the standard requirements
for crucible preparation for industrial applications. Therefore, these quartz vein ores are considered potential
resources for high-purity quartz (HPQ).

1 Introduction

Quartz is a widely occurring mineral in the Earth’s crust that
significantly contributes to the formation of numerous rock
types across different geological environments (Götze et al.,
2021). These settings encompass hydrothermal formations,
such as quartz veins and pegmatites; sedimentary deposits,

such as sandstone and chert; and metamorphic deposits in the
form of quartzite (Götze, 2009). Hydrothermal vein quartz is
a type of quartz that is generated by hydrothermal fluids and
has a high concentration of SiO2. It is frequently associated
with minerals including feldspar, pyrite, hematite, and mica
and exhibits many gas–liquid inclusions (Chen et al., 2022).
Because of their unique mineralization environment, quartz
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minerals have exceptional physical and chemical qualities,
in addition to being abundant in reserves (Ding et al., 2009).
Quartz has widespread applications in various fields owing
to its chemical and physical properties (Englert et al., 2009).
In industries such as glassmaking, ceramics, and construc-
tion, lower-grade quartz with SiO2<99.95 % is commonly
used (Englert et al., 2009). Advanced industries such as op-
tical fiber transmission, aircraft production, semiconductor
integrated circuits, precision optical instruments, and related
sectors require high-purity quartz with a silicon dioxide con-
tent of about 99.95 % (Haus, 2005; Haus et al., 2012; Moore,
2005; Müller et al., 2007).

Currently, high-purity quartz is considered an impor-
tant resource in every country across the globe. Based on
SiO2 purity, high-purity quartz products are typically di-
vided into four grades: ultra-high purity (SiO2≥ 99.998 % or
4N8), high purity (SiO2≥ 99.995 % or 4N5), medium purity
(SiO2≥ 99.99 % or 4N), and standard purity (SiO2≥ 99.9 %
or 3N). These grades are determined by considering the raw
ore quality, detection strategies, current purification tech-
niques, and industry quality requirements (Wang, 2022).
In areas like North Carolina, Russia’s Khanty-Mansi Au-
tonomous Okrug, Norway’s Nordland County, Australia’s
Queensland, and Mauritania’s Nouadhibou city, 4N high-
purity quartz extraction is well established (Zhang et al.,
2023). Furthermore, 5N high-purity quartz production and
purification technologies have advanced to a highly devel-
oped state. For instance, Unimin Corporation in the US is
able to obtain impurity levels in its goods as low as 8 µg g−1

(Wang, 2021; Zhang et al., 2023).
The development of quality standards for HPQ relies on

the concentrations of trace elements in quartz. Several cri-
teria have been established to meet the precise demand for
quartz quality for advanced technological applications, in-
cluding the following. The HPQ must adhere to strict reg-
ulations concerning the concentration limits of various ele-
ments: Al must be below 30 µg g−1, Ti below 10 µg g−1, Na
below 8 µg g−1, K below 8 µg g−1, Li below 5 µg g−1, Ca
below 5 µg g−1, Fe below 3 µg g−1, P below 2 µg g−1, and
B <1 µg g−1 (Müller et al., 2012). Throughout the quartz
crystal growth process, various impurities, including lattice
impurities, interstitial impurities, and inclusions, were inte-
grated. To acquire HPQ sand, it is necessary to eliminate im-
purities through a series of subsequent processes, including
crushing, calcination, water quenching, screening, magnetic
separation, color separation, flotation, acid leaching, chlori-
nation, and other purification techniques (Li et al., 2021; Yin
et al., 2019). The HPQ sand produced by the Unimin Corpo-
ration in the US has a SiO2 content of over 99.9 % and an Al
content of less than 8 µg g−1, Fe of less than 0.05 µg g−1, and
Ti of less than 1.3 µg g−1. Additionally, its IOTA standard has
been acknowledged globally, and its HPQ products have an
exceptional purity of 99.9994 % (Vatalis et al., 2014). Quartz
formation occurs under low-temperature, low-pressure con-

ditions (100–300 °C), which favor the development of high-
purity quartz with minimal impurities.

This study focuses on the investigation of three vein quartz
ore samples (NB-1, NB-2, and NB-3) collected from the Pe-
shawar Basin, Pakistan. The samples underwent various an-
alytical techniques, such as optical microscopy, SEM, Ra-
man spectrometry, XRD, beneficiation processes, and trace
element analysis by ICP-MS. The quality criteria for HPQ
were assessed using a series of purification processes, in-
cluding crushing and screening, magnetic separation, ultra-
sonic cleaning, flotation, calcination, water quenching, and
acid leaching. These processes were performed to evaluate
the suitability of vein quartz for industrial applications that
require high-purity quartz.

2 Geological setting of the Peshawar Basin and its
adjoining areas

The Peshawar Basin, situated in northwest Pakistan, has sig-
nificant geological importance because of its complex tec-
tonic setting within the Himalayan orogeny. The Himalayan
orogen, which spans southern Asia, has been significantly
affected by the collision of the Indian and Eurasian plates.
The Peshawar Basin, situated in the intermontane region of
northwestern Pakistan, was formed approximately 2.8 mil-
lion years ago by the uplift of the Attock-Cherat Range
(Cornwell, 1998). Covering an area of 8300 km2, the basin
lies in the northern part of the Attock-Cherat Range and is
positioned atop the Main Boundary Thrust (MBT), as shown
in Fig. 1. The Peshawar Plain Alkaline Igneous Province
(PPAIP), first identified by Kempe and Jan (1970), extends
westward from the right bank of the Tarbela Dam, where it
joins the Tarbela Alkaline Complex (TAC) and reaches the
Durand Line at the Pakistan–Afghanistan border. Permian
rift-related magmatism of the PPAIP persisted for approx-
imately 40 million years. This prolonged magmatic activ-
ity was instrumental in Pangean continental rifting and the
commencement of the Neo-Tethyan Ocean (Kempe, 1973;
Ahmad et al., 2013). Subsequent studies by Ashraf and
Chaudary (1977) proposed that the intrusion of alkaline rocks
might have occurred in two stages: one at the end of the early
Tertiary period during Himalayan orogenic and metamorphic
episodes, and a second stage during the late Tertiary, asso-
ciated with continued tectonic activity. The northern part of
the Peshawar Plain Alkaline Igneous Province (PPAIP) is pri-
marily composed of alkaline igneous rocks, mainly granites,
as illustrated in Fig. 1 (Ahmad et al., 2013). Situated within
the basin, the PPAIP contributes to further geological diver-
sity in the region. This alkaline province is particularly no-
table for its distinct alkaline igneous rocks, such as syenites
and nepheline syenites, which intrude into the sedimentary
and metamorphic sequences of the basin. The presence of
these alkaline rocks signifies considerable magmatic activ-
ity and enhances the complex geochemical and mineralogi-
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cal characteristics of the region (Kempe and Jan, 1980). Nu-
merous studies have documented the occurrence of alkaline
igneous rocks in the Peshawar Basin, collectively referred to
as the PPAIP, through extensive analyses and geodynamic in-
terpretations (Pogue et al., 1992; Ahmad et al., 2013). The
Malakand–Swat–Buner region, characterized by metasedi-
ments and granitic intrusions, lies to the north, northeast, and
northwest of the basin.

The calc-alkaline Ambela granitic complex is a major host
of quartz veins, with significant occurrences in the Utla-
Gadoon and Chingalai regions. These veins are associated
with alkaline magmatic events that occurred during the for-
mation of the Ambela batholith and its related complexes.
In Utla, quartz is the predominant mineral (15 %–69 %) in
most rocks, with some veins containing over 90 % quartz and
accessory feldspars cutting across megaporphyritic granites.
Some veins in the area have SiO2 contents as high as 95.75 %
(Sajid et al., 2014). These quartz veins are closely linked to
alkaline magmatic events in both the Ambela granitic com-
plex and Gohati rhyolites. Additionally, the granitic plutons
in the Swat and Buner areas are primarily composed of gneis-
sic and undeformed phases, including the Malakand, Mura,
Chinglai, and Ilum formations. The Ilum granite gneiss,
part of the Swat–Buner schistose group, is a coarse-grained,
porphyritic, light-gray, sheet-like body that exhibits well-
developed gneissosity (Butt and Shah, 1985). It consists
mainly of quartz and microcline, with minor amounts of
muscovite and biotite, along with accessory minerals, such
as magnetite, limonite, garnet, and tourmaline. Granite ex-
hibits potassic characteristics and contains xenoliths from
country rocks. Both the Malakand and Ilum granites are
formed through alkaline magmatism (Butt and Shah, 1985).
In the area near Amluk Derra, undeformed gray granite was
found alongside gneissic granite. This gray granite has a
medium- to coarse-grained texture and hypidiomorphic gran-
ular structure. In contrast to the Mansehra granite gneiss
across the Indus, this granite lacks pegmatitic facies (Shams,
1969). Within the contact aureole of the Ilum granite, several
types of hydrothermal veins have been identified, including
pure quartz veins, quartz–feldspar veins, quartz–feldspar–
epidote–muscovite veins, quartz–feldspar–muscovite–beryl
veins, quartz–feldspar–monazite–zircon veins, and smoky
quartz–uranothorite veins. These veins indicate a range of
mineralizations associated with the alteration processes of
granite (Butt and Shah, 1985).

Most quartz grains exhibit undulose extinction, while
some show mortar or flaser textures, suggesting syntectonic
recrystallization due to shearing and deformation (Passchier
and Trouw, 2005). The selected samples are representative
of the quartz veins, characterized by their mineralogical fea-
tures and textural variations.

3 Analytical methods and experiments

3.1 Optical microscopic observation

Microscopic analysis of the NB-1, NB-2, and NB-3 vein
quartz samples was conducted using double-polished thin
sections. The petrological features of the quartz samples,
such as grain size, fluid and mineral micro-inclusion compo-
sition, and microstructure, were analyzed and characterized
using transmission polarizing microscopy (TPM, Nikon DS-
RI2 JAPAN).

3.2 Scanning electron microscope (SEM) and
cathodoluminescence (CL)

Backscattered electron (BSE) imaging, quartz cathodolumi-
nescence (CL) imaging, and mineral identification were per-
formed using a TESCAN MIRA3 scanning electron micro-
scope (SEM, TESCAN, Czech Republic) equipped with a
Gatan Chroma CL2 cathodoluminescence system (Gatan,
UK) and an EDAX GENESIS APEX Apollo energy disper-
sive spectrometer (EDS, EDAX, USA). These analyses were
conducted at the CAS Key Laboratory of Crust-Mantle Mate-
rials and Environments, University of Science and Technol-
ogy of China (USTC), Hefei. BSE imaging and EDS mea-
surements were performed at 15 kV and 15 nA, while CL
imaging was conducted at 10 kV and 15 nA.

3.3 Raman spectrometry analysis

A confocal Raman microspectrometer (HORIBA LabRAM
HR Evolution) was used to examine fluid and mineral micro-
inclusions in quartz at the CAS Key Laboratory of Crust-
Mantle Materials and Environments, USTC, Hefei. This sys-
tem, equipped with confocal optics, employed a 532 nm Ar
laser with a power output of 500 mW and an air-cooled CCD
detector. The measurements were performed using a beam
diameter of 1 µm, a slit width of 200 µm, a confocal aperture
of 100 µm, and gratings with 600 grooves mm−1. A 100× ob-
jective lens was used with two accumulations per measure-
ment and an acquisition time of 3 s. To ensure the instru-
ment’s stability and accuracy, polycrystalline and monocrys-
talline silicon samples, along with a silicon metal reference
with a measured value of 520.7 cm−1, were analyzed both
before and after each session.

3.4 Chemical composition analysis by ICP-MS

The University of Science and Technology of China’s CAS
Key Laboratory of Crust-Mantle Materials and Environ-
ments is where impurity analysis in quartz was conducted.
This study used an Agilent 7700e quadrupole ICP-MS or a
PerkinElmer ELAN DRC II in conjunction with a Coherent
ArF excimer UV laser ablation system with a wavelength of
193 nm (GeoLas Pro). For quality control, one replicate was
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Figure 1. (a) The Peshawar Basin location highlighted on the tectonic map of north Pakistan, (b) topographic map of the Peshawar Basin,
and (c) geological map of the Peshawar Basin and adjoining areas (modified after Bibi et al., 2019; Kazmi and Jan, 1997).

included for every 10 samples, and a standard solution pre-
pared from GBW07837 quartz reference material was simul-
taneously analyzed. An Agilent 7700e quadrupole ICP-MS,
running at a 1.0 L min−1 nebulized gas flow and of 1350 W
RF power, was used to evaluate this solution. At a flow rate
of 3.5 mL min−1, helium was added as the collision gas to
lessen the impact of impurities on polyatomic ions. The cali-
bration curve for the standard solution was constructed using
13 elements from Yanak steel with concentrations of 10, 40,
100, and 200 parts per billion (ppb). The ICP-MS sample
preparation involved an acid-dissolution method, wherein a
50 mg sample was treated with a mixture of HF and HNO3
acids. To obtain precise impurity data through bulk analysis,
it is necessary to transform solid samples into liquid form.
The methods employed for dissolving silicate samples can be
categorized into two main approaches: high-pressure diges-
tion using HF or a combination of HF and other acids (e.g.,
HClO4, HNO3, HCl, or H2SO4) (Liang et al., 2000; Zhang

et al., 2012; Aldabe et al., 2013; Chen et al., 2017) and al-
kali flux fusion. Decomposing geological materials in acid
mixtures containing HF within sealed systems at elevated
temperatures and pressures has proven to be more effective
than open-system methods. This closed-system approach not
only enhances the ability to digest resistant minerals but also
boosts the overall decomposition efficiency (Zhang et al.,
2012).

3.5 X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) analysis was used to exam-
ine the phase and structural compositions of the three treated
quartz sand samples. Graphite-monochromatized Cu Kα ra-
diation (λ= 0.154056 nm) was employed for the analysis us-
ing a Rigaku SmartLab X-ray diffractometer (Japan). Scan-
ning was performed over a 2θ range of 10–50° at a rate of
0.02° s−1.
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Figure 2. The experimental flowchart for purification of quartz
samples including NB-1, NB-2, and NB-3. HCl: hydrochloric acid;
HNO3: nitric acid; HF: hydrofluoric acid; CHN: dodecylamine
(DDA).

3.6 Purification experiment

We used a series of procedures, including calcination, water
quenching, grinding, flotation, and acid leaching, to purify
the three raw-vein quartz samples. Every purification tech-
nique was tailored to the distinctive attributes of the differ-
ent contaminants found in the quartz ore. The selection of an
appropriate purification technique is typically guided by the
nature of the impurities. To achieve optimal purification, it is
beneficial to integrate multiple methods in a systematic and
coordinated manner (Al-Maghrabi, 2004). The experimental
process was conducted according to the flowchart shown in
Fig. 2.

3.6.1 Quartz sand-making process

Separating quartz and related minerals from the ore and de-
termining the impurities in the quartz are the goals of pro-
ducing quartz sand. In the process of quartz ore mining, sig-
nificant quantities of clay minerals, cement compounds, and
metal oxide films accumulate on the quartz surface, which
contains high contents of Al and Fe (Xie et al., 2024). Af-
ter being thoroughly cleaned and dried, the raw quartz ore
was crushed into pieces ranging in size from 20 to 50 mm.
Subsequently, it was finely grounded to achieve the desired
outcome. The resulting material was then calcined at 900 °C
for approximately 1 h, followed by rapid cooling using wa-
ter. Quartz sand was then ground and crushed to achieve the

desired grain size. Quartz was sorted using standard nylon
sieves into different fractions of the desired size range of
425–74 µm (40–200 mesh). Sieving controls the particle size,
removes oversized and undersized particles, and ensures uni-
formity, allowing for the collection of fractions for further
research, as depicted in Fig. 2.

3.6.2 Magnetic separation

Owing to the presence of a higher amount of mechanically
entrained iron in the quartz sand crushed by the crusher and
considering the constraints of the laboratory settings, it is ad-
visable to utilize powerful magnets to selectively remove this
iron content from the quartz sand particles that meet the re-
quired size criteria. The use of a strong magnetic separator
can improve the experimental results.

3.6.3 Ultrasonic cleaning

The SiO2 quartz sand concentration decreased with increas-
ing particle grain size, but the amounts of impurity miner-
als containing iron and aluminum exhibited the opposite pat-
tern. This pattern is particularly prominent in quartz sand, in
which clay minerals are present in significant amounts (Zhu
et al., 1999). Despite the relative purity of these three-vein
quartz samples, they still contained some clay minerals rich
in Fe and Al adhering to their surface owing to the mining
process. Therefore, ultrasonic cleaning is required to elim-
inate surface impurities from the quartz sand. The required
quartz sand was further purified using an ultrasonic vibration
machine. This process involves maintaining a stable mixture
with a water content of approximately one-third at a con-
stant temperature of 100 °C. A beaker containing pure water
was filled with quartz sand. Subsequently, warm water was
poured into a beaker. The solution was then stirred for ap-
proximately 30 min. During this time frame, the water was
replaced every 5 min to ensure optimal efficiency. Following
the ultrasonic treatment, the quartz sand underwent two ad-
ditional washing cycles to further enhance its purity.

3.6.4 Flotation

Quartz and feldspar typically coexist in nature, posing chal-
lenges for their effective separation because of their simi-
lar crystal structures and surface characteristics. Flotation,
a commonly used method that relies on differences in hy-
drophobicity (such as heavy minerals, feldspar, or mica) of
particle surfaces, is widely employed to separate various
minerals. During flotation, hydrophobic mineral particles ad-
here to air bubbles and float to the surface as a froth, whereas
hydrophilic particles sink (Haus et al., 2012; Jiang et al.,
2022; Larsen and Kleiv, 2016). The variation in hydrophobic-
ity across the mineral particle surfaces plays a crucial role in
the efficient separation of quartz from silicate minerals. The
interaction with collectors, depressants, activators, and pH
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regulators can significantly enhance the surface hydropho-
bicity of these mineral particles (Pan et al., 2022). Acid, al-
kaline, and neutral flotation are common traditional flotation
techniques for quartz–feldspar separation. The hydrophilic
quartz particles sink to the bottom of the flotation cell in acid
and neutral flotation, whereas the hydrophobic feldspar par-
ticles cling to the bubbles and float to the top. In contrast,
alkaline flotation reverses this process (Jiang et al., 2022). In
this study, an effective and convenient flotation method was
employed to purify quartz sand by separating feldspar from
it. This was achieved using HF as an activator and dodecyl
amine and sodium dodecyl sulfonate surfactants as cationic
collectors in a pH range of 2–3 (Demir et al., 2003; Shimoi-
izaka et al., 1976).

An XFD-12 flotation machine with a 0.5 L capacity and
stirring capability was utilized to conduct a flotation experi-
ment. The air injection rate was maintained at 1600 rpm and
0.25 m3 h−1. Initially, a 100 g sample of quartz sand, com-
posed of particles varying in size from 74 to 425 µm, was
added to the flotation cell and thoroughly blended with dis-
tilled water. To obtain a pH range between 2 and 3, a catalyst
of 0.4 mL was introduced. After swirling for 2 min, 1 mL of
sodium dodecyl sulfonate and 1 mL of dodecyl amine, both
at a concentration of 5 %, were added to the slurry. Flota-
tion was performed for 10 min. Subsequently, the resulting
foam and sediment products composed of quartz sand were
collected and placed in distinct containers.

3.6.5 High-temperature calcination–water quenching

The main goal of this technique is to reveal surface impuri-
ties such as lattice inclusions and other mineral impurities or
to isolate them individually. This process significantly influ-
ences the removal of impurities, particularly fluid contami-
nants, and other mineral inclusions. During the transforma-
tion of quartz into different crystal types, the associated vol-
ume changes and the expansion and bursting of inclusions
generate numerous microcracks. The creation and deepening
of these microcracks are further enhanced by water quench-
ing and sample cooling because of the significant thermal
stress gradient that occurs during rapid quenching (Zuo et
al., 2022). This process releases quartz fluid inclusions and
previously encapsulated minerals, and the high-temperature
phase transformation enriches the quartz surface with ele-
ments, such as Al, Li, Na, and K, making impurity removal
more efficient (Pan et al., 2022). Following the flotation pro-
cess, the samples underwent high-temperature calcination at
∼ 1050 °C for approximately 1 h. To ensure complete clean-
ing, samples were subjected to three rounds of ultrasonic
cleaning. Finally, quartz sand was cleaned, dried, and pre-
pared for further leaching tests. Each of these steps improves
the effectiveness of the chemical leaching process.

3.6.6 Acid leaching

Acid leaching is a very efficient way to remove any metal
contaminants from a quartz ore sample, whether they are
in the ore’s crystalline structure, on the surface, or inside
cracks. Mica and feldspar are the two remaining silicate min-
erals that were also eliminated by this method. The purity of
quartz ore is significantly increased by acid leaching using
sulfuric acid, hydrochloric acid, oxalic acid, and hydrofluo-
ric acid (Du et al., 2011; Tuncuk and Akcil, 2016; Yang et
al., 2017). HF is known for its ability to dissolve various sil-
icate minerals, including residual mica and feldspar, and its
high corrosiveness. This also causes moderate dissolution of
quartz, which exposes certain inclusions within the quartz.
Furthermore, HF easily diffuses into the quartz lattice, where
it reacts with and dissolves metal atoms. Therefore, adding a
specific amount of HF can improve the acid leaching purifi-
cation process (Su et al., 2004). To ensure that an appropriate
amount of HF is used and to prevent the dissolution of more
quartz, it is recommended that mixed acids be used. Previous
research has demonstrated that combining acids can create a
synergistic effect and result in better impurity removal; con-
sequently, the use of mixed acids is common in acid leaching,
and hot-pressure acid leaching is often employed for the deep
purification of quartz sand (Zhong et al., 2014; Zhong et al.,
2021).

After flotation of the quartz sand, followed by calcination
and water quenching, 10 g of the sample was placed in 50 mL
Teflon cups that had already been cleaned. The samples were
subjected to a 24 h acid leaching procedure at 80 °C, uti-
lizing a combination of hydrochloric acid (HCl), nitric acid
(HNO3), and hydrofluoric acid (HF) in the system (30 mL of
HCl acid, 10 mL of HNO3, and 10 mL of HF acid). After acid
leaching, the quartz sand samples were vacuum-dried in an
oven for 30 min at approximately 120 °C. Subsequently, the
specimens underwent a thorough rinsing process, consisting
of three cycles using ultrapure water. To improve the effec-
tiveness of purification, acid leaching can corrode the visible
impurities on the surfaces of quartz grains and penetrate their
interiors through small fissures. This method is particularly
beneficial for the breakdown of aluminosilicate minerals and
removal of surface iron resulting from the combination of
quartz and impurities (Lin et al., 2020).

4 Results and discussion

4.1 Characteristics of hand specimen

A common method to examine the quality of HPQ raw ma-
terials involves visually inspecting ore hand specimens for
their structure, particle size, color, transparency, cracks, and
impurities using the naked eye.

Upon examination of the hand specimens, it was observed
that quartz sample NB-1 exhibited a high level of trans-
parency, but NB-2 and NB-3 displayed low transparency
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(Fig. 3). Additionally, NB-2 appeared milky white, and NB-
3 appeared gray-white, with both exhibiting an oily luster.
There are no visible associated minerals under the naked eye,
and scanning electron microscopy reveals pure quartz. These
samples were of high purity and quality and possessed the
basic characteristics of high-purity quartz raw materials.

4.2 Characteristics of fluid inclusions

The current study specifically examined three samples: NB-
1, NB-2, and NB-3. Figure 4 shows the microphotographs of
the quartz samples, specifically highlighting the fluid inclu-
sions. However, the challenges associated with eliminating
certain impurities vary. Coexisting minerals can be easily ex-
tracted. The main types of impurities found in natural quartz
are fluids and mineral inclusions. The number, size, distribu-
tion, composition, and morphological features of these inclu-
sions play a major role in determining the quality of the vein
quartz raw materials (Götze, 2012). Because the inclusions
are enclosed in quartz crystals, beneficiation procedures are
difficult to remove. Mineral inclusions are often less com-
mon in high-quality vein quartz raw materials, whereas fluid
inclusions are more common (Xia et al., 2024). The three
primary types of inclusions found in natural quartz are fluid
inclusions, melt inclusions, and mineral inclusions. In the-
ory, quartz can also host specific coexisting minerals such
as micro-and submicron inclusions. Quartz originating from
igneous or pegmatitic sources often features silicate melt in-
clusions, which are small, approximately 1–300 µm, glassy
or crystalline silicate melt droplets (Frezzotti, 2001; Web-
ster, 2006). During quartz mineralization, fluids confined in-
side the crystal produce inclusions that are frequently found
in quartz. Mineral inclusions are often less common in high-
quality vein quartz raw materials; however, fluid inclusions
are more common (Xia et al., 2024). Most metallic impu-
rity elements present in quartz, such as Na, K, Ca, Mg, Ba,
Mn, and rare earth elements (REEs), are also present in fluid
inclusions (Blankenburg et al., 1994; Götze, 2009; Götze et
al., 2004). Fluid inclusions significantly affect quartz quality
and the range of applications. In the glass industry, bubbles
are generated when gas and liquid inclusions are present dur-
ing the melting process. The presence of these bubbles has a
direct impact on the mechanical and optical characteristics of
quartz glass (Gemeinert et al., 1992; Kitamura et al., 2007).

Optical microscopy revealed that the particle sizes of the
three quartz samples were very large. The insides of the
grains of samples NB-1 and NB-2 are clean (Fig. 4). Fluid
inclusions, often found in quartz veins, are mostly composed
of primary and secondary inclusions. The quality of high-
purity quartz raw materials is significantly affected by the
quantity, size, distribution, and composition of inclusions.
Secondary fluid inclusions are the predominant type of in-
clusions observed in high-quality vein quartz. Additionally,
a substantial number of tiny fluid inclusions are uniformly
distributed throughout the surface and at the intersections

of the grains. The grain surfaces and junctions are heavily
packed with a multitude of tiny fluid inclusions. Moreover,
a considerable quantity of undiluted liquid phase and gas–
liquid two-phase fluid inclusions, resembling marks, were or-
ganized on the quartz surface. These inclusions had the high-
est concentrations. None of the three samples included any
solid inclusions, and scanning electron microscopy did not
detect any symbiotic minerals. The samples mostly contained
pure quartz with fluid inclusions at the interface between the
surface and grains. The primary constituents of these inclu-
sions were carbon dioxide (CO2) and water (H2O), which
can be easily eliminated by subsequent processing and pu-
rification. These vein quartz samples predominantly consist
of secondary fluid inclusions (Fig. 4). Processing and purifi-
cation methods are more effective for removing pure liquid-
phase inclusions and larger gas–liquid two-phase inclusions.
Furthermore, the majority of the regions within the crystals
exhibited minimal or no inclusion. Based on the characteris-
tics of the inclusions, these vein quartz samples are consid-
ered to be of very high quality as raw materials.

Raman spectroscopy analysis of inclusions in three quartz
samples revealed the presence of gas–liquid inclusions. For
the NB-1 sample, distinct CO2 peaks were identified at
802.35 and 1374.29 cm−1, with H2O peaks detected in the
range of 3100–3600 cm−1 (Fig. 6). The NB-2 sample exhib-
ited a peak at 3241.13 cm−1, which is indicative of pure liq-
uid H2O inclusions. In contrast, the NB-3 sample displayed
a prominent peak at 2331.54 cm−1, characteristic of nitrogen
(N2). These inclusion features suggest that the quartz from
these three veins is of exceptionally high quality, making it
suitable for high-purity quartz (HPQ) applications as a raw
material (Xia et al., 2024; Müller et al., 2012).

4.3 Cathodoluminescence of the NB-1, NB-2, and NB-3
vein quartz

The cathodoluminescence (CL) texture of NB-1 vein quartz
is relatively simple to form in a relatively stable environ-
ment, with only a few white microstripes that represent mi-
nor changes within the structural lattice. The linear features
may represent fractures or healed cracks, or they may indi-
cate inclusions of fluid bubbles (Fig. 5a, b). The CL texture
of NB-2 vein quartz has dark and faint stripes, which might
be the trails of fluid movements and have alternating bright
and dark bands, indicating localized structural defects. The
uniform brightness indicates more homogeneous conditions
during the quartz growth (Fig. 5c, d). The CL texture of NB-3
showed patches of alternating dark and bright luminescence.
The dark areas contain a trail of fluid movement trapped dur-
ing crystallization. The texture also contained bright lines
that may suggest fractures, which may be due to the pres-
ence of structural defects (Fig. 5e, f). The visible growth zon-
ing and microfractures in the CL images of these three-vein
quartz samples suggest dynamic conditions typical of hy-
drothermal activity, where quartz crystallized incrementally
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Figure 3. Hand specimen photographs of the vein quartz samples.

Figure 4. Optical microphotographs of quartz crystals and fluid inclusions from NB-1, NB-2, and NB-3 show distinctive characteristics. In
NB-1 (a, b, and c), the quartz surface features numerous vapor–liquid two-phase fluid inclusions arranged directionally, and a large number
of tiny fluid inclusions were distributed at the grain junction. NB-2 (a, b, and c) has some grains that are internally clear, with many tiny
fluid inclusions present on the quartz surface and at the grain junctions. Similarly, NB-3 (a, b, and c) displays a large number of small
fluid inclusions distributed on the quartz surface and at the grain junctions, and the quartz surface resembles vapor inclusions arranged in a
scratch-like direction.

from silica-saturated fluids. Zoning reflects changes in tem-
perature, pressure, or fluid composition, whereas fractures in-
dicate post-crystallization stress. This simple texture reveals
weak hydrothermal activity after the formation of the origi-
nal quartz (Xia et al., 2023).

4.4 Purification process

The quartz purification process involves three main stages:
pretreatment, physical purification, and chemical purifica-
tion. Pre-treatment encompasses various steps such as crush-
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Figure 5. Cathodoluminescence images of NB-1 (a, b), NB-2 (c, d), and NB-3 (e, f).

ing, washing, de-silting, screening, and grinding (Kohob-
hange et al., 2018; Yang et al., 2019). During the extraction
of quartz ore, a significant amount of clay minerals adheres
to the quartz surface, along with metal oxide films containing
high levels of Fe and Al. As the quartz particles were ground
to the desired industrial granularity of 0.425–0.074 mm (40–
200 mesh), the surface content of impurities, such as Fe and
Al, increased. These impurities could be effectively reduced
by rubbing and liming. Physical purification involves pro-
cesses such as color sorting, magnetic separation, and flota-
tion (Peçanha et al., 2019; Yang et al., 2020). Magnetic sepa-
ration is particularly effective for removing magnetic miner-
als from quartz sand. Flotation is highly efficient in separat-
ing silicate minerals associated with quartz, such as feldspar
and mica. This method exploits the differences in the surface
hydrophobicity between minerals (Jiang et al., 2022).

High-temperature calcination is the main step in chemi-
cal purification, followed by acid leaching and water quench-

ing (Li et al., 2021). High-temperature calcination causes in-
clusions within quartz sand to burst and form microcracks.
Quenching deepens these cracks, making it easier for acid
leaching to dissolve inclusions and remove lattice impuri-
ties, thereby achieving thorough purification. There are two
common methods for high-temperature calcination: raw ore
calcination and sand calcination. Raw ore calcination, fol-
lowed by thermal-assisted comminution, helps prevent the
quartz from being over-ground. Sand calcination enhances
the exposure of inclusions and lattice impurities because of
finer particles and larger surface area. After calcination, the
quartz samples underwent hot-pressed acid leaching, where
the HF in the leaching agent corroded the quartz surfaces and
widened the cracks formed during calcination and quench-
ing. This allowed the leaching solution to penetrate the quartz
crystals, chemically react with impurities, and dissolve in-
clusions and lattice impurity elements. While SEM analy-
sis of NB-1, NB-2, and NB-3 quartz ores revealed no asso-
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Figure 6. Raman spectra of fluid inclusions in NB-1, NB-2, and NB-3 vein quartz.

ciated minerals, flotation experiments were conducted as a
precaution to identify any potential undiscovered impurities,
ensuring the selection of the optimal experimental approach.
Moreover, it aims to break down inclusions and eliminate im-
purities using methods such as leaching impurities through
calcination–water quenching and acid leaching (Zhang et al.,
2023). The experimental process was conducted according to
the flowchart shown in Fig. 2.

4.5 Microstructure and XRD analysis of vein quartz
sand

The optical microphotographs in Fig. 7 show three processed
quartz sand samples. These images highlight remarkably
similar microscopic structures across the processed samples,
featuring smooth and clean surfaces, and prominent microc-
rack distributions. These cracks, which were formed by high-
temperature calcination and acid corrosion, were arranged in
approximately parallel. The gas–liquid inclusion content in
these quartz sands is even lower, with hardly any residual
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Figure 7. Optical microphotographs of NB-1, NB-2, and NB-3 refined quartz sand samples.

gas–liquid inclusions observed. Therefore, based on the in-
clusion characteristics, NB-1, NB-2, and NB-3 quartz sands
are deemed to be of high quality.

The X-ray diffraction (XRD) analysis of the quartz sam-
ple revealed a diffraction pattern consistent with that of the
SiO2 reference powder file (PDF no. 46-1045) from the Inter-
national Centre for Diffraction Data (ICDD). This confirms
that all three treated quartz sands are purely composed of the
quartz mineral phase (Fig. 8).

4.6 Chemical composition of raw ore and refined quartz
sand

The SiO2 content and impurity levels in the raw quartz ore
play a crucial role in determining its quality, purification
potential, economic value, and possible uses. These factors
significantly influence the overall value and applicability of
the raw quartz material. The quality and purifying poten-
tial of quartz are influenced by the SiO2 and impurity lev-
els in the raw ore, which ultimately defines the raw material
ore’s economic worth and future application sector. These

elements have a major impact on the raw quartz material’s
overall value and suitability. According to the ICP-OES com-
positional analysis of the unprocessed ore quartz results pre-
sented in Table 1, the NB-1 sample contained 99.987 wt %
SiO2; the main impurity elements are Li (2.04 µg g−1),
Na (16.25 µg g−1), Mg (2.62 µg g−1), Al (49.45 µg g−1), Ca
(14.79 µg g−1), Ti (2.36 µg g−1), and Fe (7.39 µg g−1); and
the sum of the 13 impurity elements’ content was 104.68
(µg g−1). In NB-2 the SiO2 content of the raw ore was
99.989 wt %; the main impurity contents are Li (1.67 µg g−1),
Na (15.94 µg g−1), Mg (2.13 µg g−1), K (5.23 µg g−1), Ca
(49.42 µg g−1), and Fe (8.92 µg g−1); and the total impu-
rity content was 102.21 µg g−1. The NB-3 samples have an
SiO2 content of 99.990 wt %; the main impurity elements
are Li (1.52 µg g−1), Na (15.01 µg g−1), Mg (1.38 µg g−1), Al
(23.98 µg g−1), K (6.45 µg g−1), and Ca (41.88 µg g−1); and
the total impurity content was 94.98 µg g−1. The impurity el-
ement Al is relatively high in the NB-1 and NB-3 samples
are due to lattice impurities. The high amounts of Na, Mg,
K, and Ca may be due to fluid inclusions, and the iron ox-
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Table 1. Concentrations of trace elements of raw and processed vein quartz samples (NB-1, NB-2, and NB-3) were determined using
ICP-OES and ICP-MS analysis. The concentrations are presented in µg g−1.

NB-1 NB-2 NB-3 Refined high-purity products

Elements Raw Flotation Acid Raw Flotation Acid Raw Flotation Acid IOTA-STD IOTA-8 Drag Drag
ore sand leaching ore sand leaching ore sand leaching NC1 NCA

Li 2.04 1.50 2.06 1.67 1.53 3.23 1.52 1.60 2.09 0.9 <0.02 0.7 4
B 0.5 0.06 0.17 0.47 0.04 0.17 0.88 0.18 0.2 0.08 0.035 <0.40 –
Na 16.25 2.28 0.01 15.94 2.98 0.01 15.01 5.06 0.01 0.9 0.03 2.7 0.7
Mg 2.62 1.50 0.01 2.13 1.54 0.01 1.38 2.28 0.01 <0.05 <0.02 – –
Al 49.45 15.63 9.16 15.84 15.57 30.15 23.98 18.13 13.68 16.2 7 26 7
K 7.01 1.25 0.01 5.23 0.94 0.01 6.45 1.49 0.01 0.6 <0.04 0.7 0.3
Ca 14.79 6.07 0.01 49.42 6.49 0.01 41.88 8.30 0.01 0.5 0.5 0.6 0.1
Ti 2.36 1.23 0.55 0.84 1.15 0.93 1.07 1.08 0.53 1.1 1.3 4 4
Cr 0.32 2.33 0.01 0.13 0.82 0.01 0.05 6.09 0.01 <0.05 <0.02 – –
Mn 1.72 1.85 0.01 1.45 0.69 0.01 0.66 5.22 0.01 <0.05 <0.02 0.01 <0.01
Fe 7.39 13.94 0.01 8.92 5.70 0.01 1.89 63.27 0.01 0.23 <0.03 0.5 0.1
Ni 0.16 0.23 0.06 0.11 0.10 0.01 0.13 0.63 0.18 <0.05 <0.02 – –
Cu 0.07 0.15 0.01 0.06 0.07 0.01 0.08 0.28 0.04 <0.05 <0.02 – –
Sum (6) 104.68 48.56 12.08 102.21 37.62 34.57 94.98 113.61 16.79 <19.66 <7.755 38.9 12.9

SiO2 content (wt %) 99.989 99.990 99.999 99.989 99.996 99.997 99.990 99.998 99.998 >99.998 >99.999 99.996 99.999

SiO2 (wt %)= [(1−6/1 000 000)× 100].

Figure 8. XRD analysis spectrum of processed vein quartz samples
(NB-1, NB-2, and NB-3).

ide films on the surface may contribute to the high Fe con-
tent. The flotation purification results are presented in Table 1
and Fig. 9a. The SiO2 contents of NB-1, NB-2, and NB-3
are 99.990 wt %, 99.996 wt %, and 99.988 wt %, respectively,
and the total amount of impurities in these three-vein quartz
samples is shown in Fig. 9b and Table 1. After acid leaching
purification, solution ICP-MS analysis was used to determine
the amounts of trace elements in NB-1, NB-2, and NB-3,
and the results are shown in Table 1. Quartz treated from the
three veins showed notable differences in the total amount of
elemental impurities. Following pre-treatment, physical pu-

rification, and chemical purification, the total impurity con-
tent in the refined quartz sand was within the limit, as de-
scribed by Müller et al. (2012). The data in Table 1 clearly
demonstrate the purification efficiency of trace elements in
the processed quartz samples. The cumulative sum of an-
alyzed components in these samples is consistently lower
than 1000 µg g−1. The absence of grain size variations in-
dicates that mineral inclusions resulting from milling have
been mostly eliminated during processing. After purification,
the impurity element sums in NB-1, NB-2, and NB-3 quartz
sand samples are 12.08, 34.57, and 16.79 µg g−1, respec-
tively (Fig. 9b). The SiO2 contents of the treated quartz sands
were 99.999 wt %, 99.997 wt %, and 99.998 wt % (Fig. 9b).
The primary impurities identified were Al and Li, with trace
amounts of Ti. More detailed results on the impurity element
contents are shown in Table 1, and the main impurity con-
tents are illustrated in Fig. 9c.

A quartz sample from the NB-1 vein was analyzed and
found to have the lowest concentration of trace elements
among the studied deposits, indicating its high quality. The
total impurity content in the processed 40–200 mesh frac-
tion of NB-1 is 12.08 µg g−1 and is below the maximum al-
lowable concentration for high-purity quartz (HPQ). The re-
fined NB-1 sample shows relatively low levels of aluminum
(9.16 µg g−1), titanium (0.55 µg g−1), and iron (0.01 µg g−1),
with lithium at 2.06 µg g−1 (Fig. 9c). The concentrations of
potassium, sodium, and calcium are less than the upper limits
specified for HPQ by Müller, et al. (2012). Overall, the levels
of Al, Ti, Li, Na, and Fe in this quartz are within acceptable
HPQ standards. The total impurity content of 12.08 µg g−1

is notably lower than the HPQ maximum impurity limit of
50 µg g−1. The processed quartz sample from the NB-2 vein
shows a somewhat high Al concentration (30.15 µg g−1) and
a very low Fe concentration (0.01 µg g−1). The Li, Na, and
Ti contents (3.23, 0.01, and 0.93 µg g−1, respectively) in the

Eur. J. Mineral., 37, 151–167, 2025 https://doi.org/10.5194/ejm-37-151-2025



I. Khan et al.: High-purity quartz (HPQ) characterization and purification in Pakistan 163

Figure 9. The SiO2 and impurity element content in raw ore and after purifications (flotation and acid leaching). (a) The content of SiO2.
(b) Total amount of the impurity element contents before and after purifications and (c) the main impurity element content.

quartz are within the acceptable range for high-purity quartz.
However, the Al content exceeded the HPQ requirements
compared with the NB-1 and NB-3 samples. The total ele-
mental content in NB-2 is up to 34.57 µg g−1, which meets
the HPQ standards, as illustrated in Fig. 10 (Harben, 2002).
The processed quartz sand of the NB-3 vein also had a lower
impurity content of total trace elements than NB-2. The total
impurity content sum in the processed sand is 16.79 µg g−1.
Low concentrations of Al, Li, Ti, and Fe (13.68, 2.09, 0.53,
and 0.01 µg g−1) are found in the refined quartz. Further-
more, the alkali and alkaline earth element concentrations

of K, Na, and Ca are 0.01 µg g−1, which is within the up-
per content limits for high-purity quartz (HPQ) as described
by Müller et al. (2012).

The six essential impurity components influencing HPQ
performance are Al, Ti, Ca, K, Na, and Li, as indicated in
Table 1, which are based on an extensive analysis and inves-
tigation of pertinent standard data for crucibles carried out
by prior companies, which were shown to have a substantial
impact on the performance of high-purity quartz (HPQ) after
a thorough evaluation and analysis of standard data for cru-
cibles from prior companies. The refined quartz sand from
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Figure 10. Al vs. Ti plot of NB-1, NB-2, and NB-3 purified quartz
sand and HPQ products (Müller et al., 2007). Quartz sand with
Al< 30 µg g−1 and Ti< 10 µg g−1 is considered as HPQ.

NB-2 only reaches a purity of 99.997 % (4N7), but the SiO2
purity of the quartz sand generated from the NB-1 and NB-3
vein quartz is comparable to Unimin Corporation’s IOTA-
STD quartz products, reaching 99.999 wt % and 99.998 wt %
(4N8 and 4N9), respectively (Wang, 2022). Furthermore,
the NB-2 refined quartz sand has significantly higher lev-
els of lattice impurities, particularly Al and Li, compared to
Unimin Corporation’s IOTA-STD products. Because these
impurities cannot be removed through purification proce-
dures, their application restricts their use as semiconductor
crucible materials.

4.7 Economic evaluation of high-purity quartz

The primary goal of this study was to evaluate and char-
acterize the potential of these three samples as HPQ re-
sources in Pakistan. According to the standards set by Har-
ben (1995) and Müller et al. (2012), there should be no more
than 50 µg g−1 total impurities in high-purity quartz, with
particular upper limits for every element. The main impu-
rities in quartz include Al, Li, Ca, and Ti. When these impu-
rities are integrated into the crystal lattice, they become diffi-
cult to eliminate during the processing of raw quartz, leading
to high chemical purification costs. Consequently, Al and Ti
are commonly used as indicators of quartz quality because
they are the most common trace elements that can influence
the physical and optical properties of quartz (Müller et al.,
2007). Al impurities can lead to defects in the quartz lat-
tice, whereas Ti influences color and transparency through
the formation of color centers (Shah et al., 2022). Their con-
centrations are essential to assess the suitability of quartz for
high-purity applications in electronics and optics.

Figure 10 shows the levels of Al and Ti in the processed
quartz sand samples NB-1, NB-2, and NB-3 as well as in the
premium quartz products made by Unimin Corporation in
the USA (Iota STD and Iota 8) and Norwegian Crystallites
in Norway (e.g., Drag NCA and Drag NC1) (Müller et al.,
2007; Wang, 2022). The quality indicator trace element Al
content is 16.20 µg g−1 and that for Ti is 1.10 µg g−1, which
are the IOTA-STD (standard product) flagship products of
Unimin Corporation in the United States. The Al content in
the NB-1 and NB-3 samples (9.16 and 13.68 µg g−1) is rel-
atively lower than the IOTA-STD and Drag NC1 products,
whereas the Ti content of these three processed quartz sands
is also lower than the IOTA-STD, IOTA-8, Drag NCA, and
Drag NC1 products. Although NB-2 has a slightly higher
Al content (30.15 µg g−1), the refined quartz sand still meets
the quality requirements set by the IOTA standard and falls
within the HPQ category (Fig. 10). NB-1 and NB-3 quartz
have even lower Al levels than IOTA-STD, and their Ti and
Al contents are comparable to those of the commercial pow-
ders. In contrast, the Al concentration of NB-2 was higher
than that of IOTA-STD. Furthermore, the total impurity con-
tents of these refined quartz samples are 12.08 µg g−1 for
NB-1, 34.57 µg g−1 for NB-2, and 16.79 µg g−1 for NB-3.
The presence of residual silicate melts and fluid inclusions
could contribute to the Al, Ca, and Fe contents in the treated
quartz sand samples. It is possible to further reduce impu-
rity levels using advanced processing techniques such as ra-
diation treatments (Belashev and Skamnitskaya, 2009), elec-
trical fragmentation (Dal et al., 2011), and hot chlorination
treatment (Haus et al., 2012; Lin et al., 2018). Additionally,
oxidizing calcination is a useful method for removing non-
metallic elements such as B and P because their oxidation
states become unstable at higher temperatures (Lin et al.,
2020). The total impurity content and SiO2 contents of NB-1
(99.999 wt %), NB-2 (99.997 wt %), and NB-3 (99.998 wt %)
are shown in Table 1. Three quartz vein samples (NB-1, NB-
2, and NB-3) were selected to represent variability within the
quartz deposits of the Peshawar Basin. These samples were
collected from different locations within the basin, based
on preliminary geological surveys that identified areas with
promising quartz vein occurrences. These were chosen to re-
flect the typical impurity profiles and mineralogical charac-
teristics of the quartz veins in the region. We believe that
these three samples are representative of the broader quartz
ore resources in the Peshawar Basin and offer valuable in-
sights into the potential for producing high-purity quartz. As
a result, these quartz samples are considered high-purity and
capable of producing high-end products (Wang, 2022), pos-
sibly providing future HPQ resource materials.

5 Conclusions

The present research analyzed the trace element composition
of three vein quartz samples from Pakistan. These samples
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underwent petrographic examination and were assessed for
impurity element postprocessing. The primary conclusions
derived from this study are as follows.

Petrographic analysis revealed that the main impurities in
quartz found in NB-1, NB-2, and NB-3 consisted of fluid
inclusions, most of which were concentrated along the mi-
crostructures. The purified quartz sand had a smooth surface
and contained a particularly low amount of gas–liquid inclu-
sions.

The SiO2 contents of quartz sand from the purifica-
tion processes, including pre-treatment, physical treatment,
and chemical treatment of NB-1, NB-2, and NB-3, were
99.999 wt %, 99.997 wt %, and 99.998 wt %, respectively;
the purity of SiO2 reaches the 4N7–4N9 high-purity quartz
material series, and the residual impurity elements Li and
Al are mainly lattice impurity elements, which are challeng-
ing to remove through purification. The sum of total trace
element content in NB-1 is 12.08 µg g−1, that in NB-2 is
34.57 µg g−1, and that in NB-3 is 16.79 µg g−1. As a result,
these refined quartz sands meet the requirements for their in-
dustrial application in the production of crucibles, and vein
quartz can be used to produce high-end, high-purity quartz
products.
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