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Abstract
This lecture text condenses the characteristics of quartz and its rich palette of varieties. The mineralogy and crystallography 
of quartz and its forms, the origin of its colors, and their important physical and chemical characteristics are discussed. The 
geological occurrence of quartz and its varieties in the world is also presented, with special attention to North Macedonia. 
Their applications in various industries are also included. Knowledge of the specific properties of  SiO2 minerals is indispen-
sable for understanding and reconstruction of geological processes, as well as for specific technical applications.
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Introduction

Quartz is a very abundant mineral known as one of the most 
common minerals found in the Earth’s crust [1]. This chemi-
cal compound consists of silicon and oxygen atoms, being 
commonly known as silicon dioxide  (SiO2), also referred 
to as silica. It can be found in many different geological 
environments, and its visual appearance reflects the various 
conditions under which it was formed. Large parts of the 
Earth’s surface are literally covered by quartz—sand left 
over from the weathering of rocks, due to its great physical 
and chemical resistance. Along with calcite, quartz is one 
of the few minerals that together almost entirely compose 
quarzite and sandstone rocks, but its richest presence is 
found in granites and related rocks. The various modifica-
tions of silica, especially quartz, play a central role in the 
composition of geological materials. In addition, quartz is 

widely used as a raw material in numerous industrial fields. 
Therefore, knowledge of the specific properties of  SiO2 
rocks and minerals is indispensable for the understanding 
and reconstruction of geological processes, as well as for 
specific technical applications.

Here, an overview of the basic mineralogical, physico-
chemical, and structural characteristics of quartz and its pol-
ymorphic modifications is presented. The world localities of 
their appearance and their practical uses are also discussed.

Origin of name

The most ancient Greek name κρύσταλλος (kristallos) refer-
ring to quartz is mentioned by Theophrastus (ca. 371–ca. 
287 BC, the pupil and successor of Aristotle) in his book 
of stones [2]. The root words κρύοσ meaning “ice cold” and 
στέλλειυ meaning “to contract (or solidify)” suggest the 
ancient belief that kristallos was supercooled (permanently 
solidified) ice [3].

The earliest printed use of “querz” was published anony-
mously, probably in 1505, and attributed to a physician in 
Freiberg, Germany, Ulrich Rülein von Kalbe (von Calw) 
(1465–1523) [3]. Georgius Agricola (1494–1555) used the 
spelling “quarzum” [4] as well as “querze,” but also referred 
to “crystallum,” “silicum,” “silex,” and “silice.” Later, the 
name “quartz” appeared in two English books in 1685 and 
1725 [5, 6]. The etymology of the word “quartz” is still 
under debate, with some linguists tracing it back to Slavic 
[7] but others to German terms [8].
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Mineralogical classification

According to the New Dana Classification of mineral spe-
cies [9], quartz belongs to the primary group of “(75) tecto-
silicates Si tetrahedral frameworks, further classified under 
the subgroup “(75.01) Si Tetrahedral Frameworks—SiO2 
with [four] coordinated Si,” and further categorized to 
(75.1.3.1). In this latter division, quartz is joined by cris-
tobalite (75.1.1.1), tridymite (75.1.2.1), coesite (75.1.4.1), 
and seifertite (75.1.6). In the Nickel–Strunz1 classification 
[10], quartz (04.DA.05) is found in “04 Oxides (hydroxides, 
V[five,six] vanadates, arsenites, antimonites, bismuthites, 
sulfites, selenites, tellurites, iodates),” than fits into the sub-
group “04.D metal:oxygen = 1:2 and similar,” and is finally 
classified into the tertiary group 04.DA. Also, according to 
Hey’s Chemical Index2 of minerals [11], quartz (7.8.1) is 
also in the “(7) oxides and hydroxides” group, and in par-
ticular in the “(8) oxides” subgroup.

Chemical formula and trace elements 
in quartz

Quartz consists of silicon (46.74 mass %) and oxygen (53.26 
mass %), corresponding to the chemical formula  SiO2.

Quartz is one of the purest minerals in the Earth’s crust. 
Impurities in the form of trace elements can be either incor-
porated into the crystal structure or bound to microinclusions 
(fluid or mineral inclusions). Figure 1 illustrates that few 
elements are present in quartz in concentrations > 1 ppm. 

This is due to the limited number of ions that can substitute 
for  Si4+ in the crystal lattice. Structural incorporation at a 
regular  Si4+ lattice position has been proved for  Al3+,  Ga3+, 
 Fe3+,  Ge4+,  Ti4+, and  P5+ [12, 13]. The average incorpora-
tion of trace elements in quartz is presented in Fig. 1 [14].

Silica polymorphs

The silica minerals, with overall composition  SiO2, include 
many polymorphs [14]. Quartz is the most common mem-
ber, occurring in both a low-temperature, trigonal system 
known as α-quartz and a high-temperature hexagonal sys-
tem known as β-quartz. Other important silica polymorphs 
are α- and β-tridymite, α- and β-cristobalite, coesite, and 
stishovite. Opal is an amorphous solid silica containing a 
large amount of water.

When silica crystallizes (due to the slow cooling of 
molten rock, the slow cooling of hot silica-rich water, or the 
evaporation of such a solution) below 573 °C, the crystalline 
phase is referred as “low quartz.” If the formation occurs 
within the temperature range of 573–870  °C at normal 
pressure, the crystalline phase is known as “high quartz.” 
The crystalline phase formed in the temperature range of 
870–1470 °C is known as “tridymite,” while that formed 
at temperatures in the interval from 1470 to 1720 °C it is 
known as “cristobalite.” If high quartz  is cooled below 
573 °C, it transforms rapidly into low quartz, and the reverse 
solid–solid transformation occurs when low quartz is heated 
above 573 °C.

At the transition temperature, β-quartz's tetrahedral 
framework twists, resulting in the symmetry of α-quartz. 
At temperatures above 867 °C, β-quartz transforms into 
tridymite, but this alteration is slower because chemical 
bonds are broken to form a more open structure. At high 
pressure, α-quartz transforms into coesite, and at very higher 
pressures into stishovite. The stability fields of some silica 
polymorphs are shown in Fig. 2.

Moganite is also considered a polymorph of quartz. When 
heated above 900 °C, moganite and chalcedony reconstruc-
tively transform into cristobalite with moderate stacking 
disorder. Below 900 °C, moganite does not show any phase 
transition [16].

Quartz morphology, crystal habits, 
and twinning

Quartz appears in the form of individual crystals or crystal 
aggregates. Often, it occurs in anhedral granular masses, in 
cryptocrystalline or rolled grains. Quartz commonly appears 
in prismatic crystals with unequally developed rhombohe-
dral terminations [17–20].

Fig. 1  Average abundance and variations of trace elements in quartz 
[14] (reprinted with permission from Cambridge University Press)

1 Named after the German mineralogist Karl Hugo Strunz (1910–
2006), who introduced a new mineral classification in 1941, later 
published together with the Canadian mineralogist Ernest Henry 
Nickel (1925–2009).
2 Named after the British mineralogist Max H. Hey (1904–1984).
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The prism faces are horizontally striated. Right- and 
left-handedness can only be determined macroscopi-
cally when { 1121 } is present. This face lies to the right of 
{ 1010 }, which is below the larger rhombohedron { 1011 } 
in a right-handed crystal but to the left of { 1010 } in a 
left-handed crystal. Striations on { 1121 } are parallel to 
the edge { 1010}/{0010 } (Fig. 3).

The term “habit” is used to designate the overall shape 
of individual crystals, regardless of their crystallographic 
form (crystal faces). Confusingly, the definitions of some 
habits of quartz crystals do include specific forms. Many 
of the trivial names of these habits have been introduced 
and popularized by rockhounds in the Alps [21, 22]. The 
most important habits are shown in Fig. 4.

Two types of common twins are observed, where twin-
ning is often not externally manifested: Dauphiné law 
twins and Brazil law twins [24].

The Dauphiné twin (also called the Swiss law twin or 
Alpine law twin) is an interpenetrant twin type along the 
[0001] twin axis. Thereby, all axes in the two parts are 
parallel [25] (Fig. 5).

The Brazil law is an interpenetrant twinning of left- 
and right-handed crystal along the twin plane { 1120 } [26] 
(Fig. 5). Very rarely, crystals can show a special type of 
twinning of Dauphiné and Brazil law domains in one crys-
tal, being called the Liebisch law, Dauphiné–Brazil law, 
or Leydolt law [27].

Other twins with inclined main axes also exist and are 
known as Japanese law twins [28]. These are contact twins 
with the twinning plane { 1122 } [29]. The c-axes of the two 
crystals meet at an angle of 84° 33′ (Fig. 5). Twinning on the 
plane { 1011 } may also appear. The twin laws are named after 
localities where such specimens were first found.

Crystalline quartz samples showing Brazil, Dauphiné, 
and Japanese twins are presented in Figs. 6, 7, and 8, respec-
tively. More detailed information and images of these three 
types of twinning in quartz are given in Refs. [31–33].

Structure of quartz and the nature 
of the Si‒O bond

α-Quartz (low quartz) crystallizes in a trigonal crystal sys-
tem, again with either a right- or left-handed symmetry 
group: crystal class 32, space group P3121 (left) or P3221 
(right), Z = 3 [34]. The β-quartz (high quartz) structure 
is hexagonal, with either left- or right-handed symmetry 
groups, which are equally populated in crystals: crystal class 
622, space group P6222 or P6422, Z = 3 [35]. The unit cell 
parameters are a = 4.9133 Å and c = 5.4053 Å. The direct 

Fig. 2  Phase diagram for the silica system [15] (Credit: Pamela Burn-
ley, University of Nevada-Las Vegas, https:// creat iveco mmons. org/ 
licen ses/ by- nc- sa/3. 0/)

Fig. 3  As- and x-faces on left- and right-handed quartz (m: six faces 
belonging to the central six-sided prism with a typical horizontal 
striation; r: three, often roughly triangular faces at the crystal’s tips; 
in well-developed crystals these faces are always present; z: three, 
often triangular faces also at the crystal’s tips, which sit between the 
r faces; s-faces are a rhomb; x-faces are usually either a triangle or—
when bordering an s-face—a trapezoid) [19] (with kind permission 
from Dr. Amir C. Akhavan)

https://creativecommons.org/licenses/by-nc-sa/3.0/
https://creativecommons.org/licenses/by-nc-sa/3.0/
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and reverse α- to β-quartz transformation involves only a 
minor rotation of the  SiO4 tetrahedra with respect to one 
another [36]. Thereby, no changes in their linking pattern 
occur.

The basic structural building block is the  SiO4 group, in 
which four oxygen atoms surround a central silicon atom 
to form a tetrahedron. Since each oxygen atom is shared by 
two  SiO4 groups, the formula of quartz is  SiO2. Covalent 
bonds are dominant in this structure, and the whole crystal 

Fig. 4  Common habits of quartz crystals: a normal habit, typical 
quartz crystals that are not or are only slightly tapered; b trigonal 
habit, crystals with obvious trigonal symmetry, for example, because 
of missing z faces, or because of a triangular cross-section; c pseu-
dohexagonal habit, crystals with even development of rhombohedral 
and prism faces; d Cumberland habit, crystals with very small or 
absent prism faces, often bipyramidal; e pseudocubic quartz, crystals 
with dominant r or z faces that look like slightly distorted cubes; f 
Dauphiné habit, crystal tips with a single very dominant rhombohe-
dral face; g Tessin habit, crystals that are tapered by steep rhombo-
hedral faces { h0i1 } in the strict sense being dominated by { 3031 } 
faces. At the original locality, they possess a macromosaic structure; 
h Muzo habit, crystals with prism faces that are tapered under the z 
faces because these are made of a succession of alternating m and z 
faces, and they have a trigonal cross section at the crystal tips [23] 
(with kind permission from Dr. Amir C. Akhavan)

Fig. 5  Schematic presentation of three types of twinning of quartz: 
Brazil twin { 1120 }, Dauphiné twin [0001], and Japanese twin { 1122 } 
[30] (Credit: OpenGeology, Free Open Educational Resources for the 
Geosciences, https:// creat iveco mmons. org/ licen ses/ by- nc- sa/4. 0/)

Fig. 6  Quartz Brazil twins. (left) Quartz crystal from Joaquim Felí-
cio, Minas Gerais, Brazil [31]. (right) Cross section of a Herkimer 
diamond (from Middleville, New York), showing twin domains in 
polarized light. The image corresponds to the triangular patterns of 
the prism surface. (With kind permission from Dr. Amir C. Akhavan)

Fig. 7  Smoky quartz Dauphiné twin from Val Giuv Valley, 
Graubünden, Switzerland [32] (with kind permission from Dr. Amir 
C. Akhavan)

Fig. 8  Quartz (var. amethyst) Japanese twin from Piedra Parada (Pie-
dras Parado), Municipio de Tatatila, Veracruz, Mexico [33] (with 
kind permission from Rob Lavinsky)

https://creativecommons.org/licenses/by-nc-sa/4.0/
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can be considered to be one large molecule. Silicon and oxy-
gen atoms bond alternately to form infinite chains along the 
crystallographic c-axis. The  SiO4 tetrahedra form a three-
dimensional network, and many mineralogy textbooks clas-
sify quartz as a framework silicate or tectosilicate. Quartz 
can be considered as being made of three- and sixfold helical 
chains of  SiO4 tetrahedra that run parallel to the c-axis. Two 
representations of a threefold  SiO4 helix and its relation-
ship to the quartz unit cell are shown in Fig. 9. On the left 
side, a tetrahedral model is shown, with the corners of the 
tetrahedra at the position of the oxygen atoms, while on the 
right side, a ball model with red oxygen and white silicon 
atoms is presented. Six such helices are connected to form a 
ring that surrounds a central channel running parallel to the 
c-axis, sometimes called the “c-channel.” The  SiO4 tetrahe-
dra around the central c-channel form two independent six-
fold helices. Figure 10 shows two views of the correspond-
ing structure: (top) looking in the direction of the c-axis and 
(bottom) looking in the direction of the a-axis. Like quartz 
crystals, the ring is six-sided but has trigonal symmetry. The 
large channels are an important structural feature of quartz 
because they may be occupied by small cations.

The structure of quartz is more complex compared with 
that of either tridymite or cristobalite. In tridymite,  SiO4 
tetrahedra are packed in a two-layered structure, whereas 
the structure of cristobalite consists of three layers [37]. 
Cristobalite has a diamond-type structure where silicon 
atoms (substituting carbon atoms in the diamond lattice) 
are bridged by oxygens. On the other hand, tridymite has a 
wurtzite-type structure.

An important chemical aspect is related to the character 
of the Si–O bonding in quartz. In this regard, a plethora of 

detailed studies on silicates have been reported to elucidate 
the nature of the bond, but no convergence to a uniform con-
sensus on whether it is ionic or covalent has been reached. 
Gibbs et al. [40] provide a detailed comprehensive review on 
this matter, reflecting on the studies of Smyth [41], Cohen 
[42], Prencipe et al. [43], and Prencipe and Nestola [44] 
that report in favor of a largely ionic bond. These authors 
[40] also pinpointed the influential works of Harrison [45] 
and Stewart et al. [46] that opt for a predominantly covalent 
bond, but also outlined their study [47] in line with the work 
of Pauling [48] that supports an intermediate (between ionic 
and covalent) character for the Si–O bond. When quartz is 
considered as a fully ionic compound, consisting of  Si+4 
and  O–2, a reasonably good fit to the dielectric properties 
and cohesive energy was outlined [49–51]. The intermedi-
ate model with  Si+2 and  O–1 ions provides a better fit to the 
photon frequencies and to Phillip’s [52] dielectric model 
[50, 53]. A covalent model with residual charges of +1 on 
Si and  −0.5 e.u. is consistent with the electron density (ED) 
distribution observed for quartz [46].

At a molecular level, many studies have focused on elu-
cidating the reactions of silicon atoms with oxygen to yield 
solid  SiO2 [54–56]. However, the theoretical investigation 
of the reactions of silicon atoms with oxygen barely report 
on the  SiO2 energy hypersurface. This consideration yields 
a linear OSiO molecule with the minimum energy within 
the series of  SiO2 isomers. The thermodynamic data reveal 
an exothermic reaction and the possibility for formation of 
SiO when splitting molecular oxygen (from  SiO2) into two 
atoms and recombination of one of them with a silicon atom 
[56]. Therefore, one might expect the formation of either 
OSiO or SiO upon reaction of silicon atoms with oxygen 

Fig. 9  Threefold helix made of  SiO4 groups [38] (with kind permis-
sion from Dr. Amir C. Akhavan)

Fig. 10  Basic structural features of quartz [39] (with kind permission 
from Dr. Amir C. Akhavan)
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(oxidation), which is in agreement with experiment. Namely, 
SiO is dominantly formed after codeposition of Si atoms and 
molecular oxygen (in argon at 10 K), while a small frac-
tion of  SiO2 is produced along with traces of  O3 (the latter 
resulting from the combination of molecular oxygen and O 
atoms) [56].

Macroscopic structure of quartz crystals

Quartz crystals may develop two very distinct types of inter-
nal structural compartmentation, viz. lamellar and macro-
mosaic structure.

The lamellar structure was first described by Weil [57]. 
Such crystals consist of layers and show a biaxial optical 
anomaly. The layers are stacked parallel to the crystal faces 
in an onion-like manner and are associated with relatively 
high hydrogen and aluminum content [57–59]. Lamellar 
quartz cannot be safely recognized without studying the 
optical properties of the crystal in a thin section. These crys-
tals are sometimes called “Bambauer quartz.” In specimens 
from Madagascar [57], the lamellar structure was found in 
the outer parts of the crystal. A study of the trace element 
content and internal structure of quartz crystals from the 
central Swiss Alps [60] describes crystals with lamellae 
concentrated in the outer parts of the crystal [61]. Crystals 
of quartz from alpine-type fissures in Austria are lamellae 
predominantly in external parts.

The macromosaic structure of quartz crystals has been 
described by Friedlaender [62] as composed of slightly 
tilted and radially arranged wedge-shaped sectors. They are 
recognized by the presence of sutures on the crystal faces, 
which are often confused with twin boundaries. Quartz with 
a macromosaic structure is typical for pegmatites, miarolitic 
pockets, and high-temperature alpine-type fissures. These 
crystals are sometimes called “Friedlaender quartz” or Mac-
romosaic quartz.

Lamellar and macromosaic structures are responses of the 
crystal to disturbances during its growth and the resulting 
lattice defects. An ideally developed crystal does not mani-
fest these types of internal structure defects.

Inclusions in quartz

Numerous textbooks and publications have dealt with min-
eral and fluid inclusions (FI) in quartz [63–68]. Fluid inclu-
sions, either aqueous solutions or gases, sometimes arranged 
in regular planes, are common in quartz. For example, the 
color of milky quartz may be due to numerous minute fluid 
inclusions. Rock crystal, on the other hand, often has inclu-
sions of rutile or schörl (black tourmaline). Quartz may con-
tain inclusions of native gold, actinolite, goethite, hematite, 

iron hydroxides, tourmaline, dumortierite, etc. The presence 
of fluid inclusions is one of the most important quality char-
acteristics of natural quartz as a raw material, along with the 
contents of impurity elements and mineral inclusions.

Point defects in quartz

Point defects in quartz can be related to the incorporation of 
foreign ions of some chemical elements (e.g., Al, Ti, Ge, Fe, 
H, Ag, Cu, and P) at lattice and interstitial positions, to dif-
ferent types of displaced atoms, and/or to defects associated 
with Si or O vacancies. According to their characteristics, 
these defect centers are often classified as either intrinsic or 
extrinsic. Intrinsic point defects involve atoms of the host 
lattice only (missing atoms = vacancies, atoms at interstitial 
positions, and excess atoms), whereas extrinsic point defects 
belong to foreign atoms at lattice and interlattice positions 
[14]. To date, more than 20 different types of point defects 
in quartz have been determined [69–72]. The most common 
defect types in quartz are shown schematically in Fig. 11.

Solubility of  SiO2 in water

The aqueous chemistry of silica  (SiO2) is complex and 
involves coupled processes such as dissolution/precipita-
tion, complexation to cations and anions in the aqueous 
phase, and complexation to cations and anions at the parti-
cle–water interface [73]. The dissolution of silica is strongly 
pH dependent in that silicic acid, Si(OH)4 (the only form 
of silicon in soil waters that is available for entry or uptake 
into a plant), is formed at pH values ≤ 9–10 [73–75]. This 
conclusion results from its pKa value of 9.6 [74], which 
means that it is a very weak acid and remains neutral under 

Fig. 11  Schematic quartz structure showing the most common defect 
types [14] (reprinted with permission from Cambridge University 
Press)
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almost all possible soil-water conditions [75] (it does not 
lose its first proton from any of the hydroxyl groups at pH 
below 10). The acidic properties of a silica surface have been 
described by an acidity constant for surface SiOH groups 
[74]. Silicic acid in natural waters polymerizes to form 
high-molecular-weight silicates [76] with two- and three-
dimensional structures [77]. Three different processes for 
polymerization of silicic acid have been proposed to occur, 
via (i) monomer–monomer, (ii) monomer–polymer, and (iii) 
polymer–polymer interactions [78].

The solubility of silicon dioxide in water depends on 
temperature, pressure, its surface structure, and its struc-
tural modifications [22]. At temperatures above 100 °C and 
high pressures, the solubility of quartz increases rapidly. At 
300 °C, depending on the pressure, it ranges between 700 
and 1200 mg/l.  SiO2dissolves poorly in water (although the 
solubility is higher for amorphous than crystalline silica) by 
forming orthosilicic acid,  H4SiO4 (Si(OH)4), which is a very 
weak acid. At low pH, the following reaction is sufficient to 
describe the solubility of silica in water:

The total  dissolved si l ica concentrat ion is 
 [SiO2]t =  [H4SiO4] +  [H3SiO4

‒] +  [H2SiO4
2‒].

Figure 12 shows the solubility of quartz and amorphous 
silica (opal) with pH, as given by Karkanas et al. [79].

Color

Chemically pure quartz is colorless and transparent, but 
the presence of trace element impurities may result in 
a whole range of colors [80–84]. Natural quartz has four 
important colored varieties: citrine (yellow), amethyst (vio-
let), smoky–morion (smoky to dark smoky), and prasiolite 
(green). Each of these varieties contains either a substitu-
tional or interstitial component other than Si. Small amounts 
of trivalent Al and Fe and monovalent Na, Li, and K are 
frequently incorporated into quartz. Depending on the oxi-
dation states and the site distributions of these foreign cati-
ons, these impurities may cause distinct coloration [85]. The 
color of amethyst and some types of citrine is derived from 
an iron presence [86].

Citrine is a variety of quartz that ranges from yel-
low–orange to orange–brown. When amethyst is heated over 
the range of 300–560 °C, it loses the violet color and may 
become brown, yellow, green, or colorless. These changes 
have been reviewed and investigated [87, 88]. Most of the 

SiO2(quartz) + 2H2OH4SiO4(aq)

SiO2(amorphous) + 2H2OH4SiO4(aq)

H4SiO4 ←→ H3SiO
4− + H+

H3SiO
−

4
←→ H2SiO

2−
4

+ H+

citrine available today is produced by heat treatment of ame-
thyst. Yellow coloration can also be produced by heating nat-
ural dark-brown or black smoky quartz to about 300 °C [89]. 
Green quartz, also called prasiolite or greened amethyst, is 
produced when amethyst is heated between 300 and 600 °C 
[87, 88]. Beautiful citrine crystals are presented in Fig. 13.

In thin sections, macrocrystalline quartz appears clear 
and homogeneous, with blue–gray to white or bright-yellow 
interference colors. Quartz grains do not show changes along 
the edges. Strained quartz grains from metamorphic rocks 
show a so-called undulatory extinction [91].

Other physical properties

Quartz shows practically no good cleavage, but there are 
literature reports on several directions of low cleavage: 
{ 1010 }, { 1011 }, { 0110 }, { 0001 }, { 1121 }, and { 1120}.

Fracture includes shells to half-shells in crystals, flat con-
cave in massive aggregates, and uneven to hooked in fibrous 
aggregates.

Streaks may be colorless to white.
The luster is glassy to cloudy on crystal surfaces, or 

greasy to waxy on fractures.

Fig. 12  Solubility of  SiO2 at 25  °C versus pH. The solid line is the 
solubility of amorphous silica (opal) as determined experimentally. 
The dashed line is the calculated solubility of quartz [79]. (Reprinted 
with permission from Elsevier)



 ChemTexts            (2022) 8:14 

1 3

   14  Page 8 of 28

According to the Mohs hardness scale, quartz has a 
hardness of 7, whereas its absolute hardness is 100 [92, 
93]

Its density is 2.6–2.7 g/cm3.
Optically, it is transparent, colorless and lies in optical 

class uniaxial (+).
The refractive index is nω = 1.543–1.545 and 

nε = 1.552–1.554.
The birefringence is +0.0090.
Quartz crystals exhibit piezoelectric properties (devel-

oping an electric potential under the action of mechanical 
stress) [94].

These physical properties of quartz were taken from Refs. 
[95–98].

Varieties of quartz

The different varieties of quartz are usually classified 
into two groups [17]: macrocrystalline, and crypto- or 
microcrystalline.

Macrocrystalline varieties are those that form crystals, such 
as amethyst, or have a macroscopical crystalline structure 
[99]. When people talk about “quartz,” they usually think of 
macrocrystalline quartz. The most common macrocrystalline 
forms are briefly described below.

Rock crystal

This name is given to all clear, colorless quartz crystals. 
Rock crystal can be artificially turned into smoky quartz 
by exposure to high-energy radiation. Rock crystal is found 
in any geological environment that allows quartz formation 
in general. Large, well-formed and transparent crystals are 
registered in some pegmatites, alpinotype vugs, and hydro-
thermal veins. Rock crystal often has inclusions of other 
minerals, which sometimes produce popular varieties of 
ornamental stone. Golden rutile inclusions produce a unique 
stone aptly named “rutilated quartz” that has a very hair-like 
look. Another variety is called “tourmalinated quartz” and 
contains intricately crossing needles of schörl (black tour-
maline) trapped in the clear crystal [100, 101]. Marvelous 
samples of rock crystal are known to exist in RN Macedonia 
[102], one of which is presented in Fig. 14.

Smoky quartz

This is a smoky-gray, brown to black variety of quartz. Its 
color results from gamma irradiation and the presence of 
traces of aluminum built into its crystal lattice [103, 104]. 
The irradiation causes  Al+3 atoms (that replace  Si+4 in the 
lattice) to transfer an electron to a neighboring monovalent 
cation (often  Li+) that is inserted in the lattice to charge 
compensate the replacement of  Al+3 with  Si+4. Smoky 
quartz can also be synthesized in the laboratory by irradia-
tion of colorless quartz with gamma rays, which produces 
defects. The topic of aluminum centers in quartz has been a 
subject of interest in literature [104–108]. A beautiful sam-
ple of smoky quartz is presented in Fig. 15.

Amethyst

This is a violet to purple variety of α-quartz. The color of 
amethyst develops in the presence of traces of iron built 
into its crystal lattice [109], i.e., traces of  Fe3+ as an initial 

Fig. 13  Citrine crystals from Olkhovka, Tyumenskaya Oblast, Polar 
Urals, Western Siberian Region, Russia [90] (with kind permission 
from Rob Lavinsky)

Fig. 14  Rock crystal from Budinarci, RN Macedonia (photo R. 
Jankuloski)
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impurity that substitutes  Si4+ in the α‐quartz structure 
[110], with charge neutralization usually achieved by an 
alkali‐metal ion placed on the twofold axis of the center. 
The  Fe3+ site, after irradiation, is changed into  Fe4+, which 
is an uncommon valence state of iron [111]. The character-
istic deep-blue transmission occurs from absorption due to 
 O2+ →  Fe4+ charge transfer, centered in the yellow–green 
region [110]. The amethyst color is destroyed by heat, but 
may be restored by ionizing radiation if the heating is not 
excessive. Figure 16 depicts splendid crystals of amethyst 
from Rio Grande do Sul, Brazil [112].

Aventurine

This variety of quartz contains glistening fragments (usually 
mica, such as fuchsite) that deliver its most common green 

color, but itmight also contain hematite (orange) or goethite 
(brown).

Ametrine

Ametrine crystals are made of alternating sectors of pur-
ple and yellow to orange color. Slabs cut perpendicular to 
the c-axis of the crystal provide a form that resembles a 
pinwheel.

Blue quartz

The color of natural blue quartz is due to scattering of inci-
dent light by minute inclusions [113]. This can be convinc-
ingly demonstrated by holding a thin slab of blue quartz such 
that light can reflect off the surface. Under these conditions, 
the blue color is observed. When the same slab is held such 
that it can be observed in transmitted light, the blue color 
is replaced by an orangish-brown color. According to Van 
Vultee and Lietz [114], the color of blue quartz is the result 
of Rayleigh scattering from inclusions of rutile needles, 
whereas Zolensky et al. [115] ascribe the origin of the blue 
coloration of quartz to the presence of fluid inclusions, apa-
tite and zircon, fibrous magnesioriebeckite, crocidolite, or 
tourmaline.

Citrine

Citrine is a variety of quartz with color ranging from yellow 
to orange or orange–brown, according to early research, due 
to ferric impurities. Bukanov and Markova [116] observed 
that the citrine color occurred naturally in quartz crys-
tal deposits in the USSR with high Li contents (>  10–4% 
Li). According to Aines and Rossman [117], Bolivian and 
Indian quartz crystals with both amethyst and citrine zones 
have molecular water in the citrine zones and dominantly 
hydroxide ions in the amethyst zones. Citrine colors can 
occur in naturally irradiated quartz or can be produced by 
artificial irradiation of natural quartz from certain localities, 
by heat treatment of natural smoky quartz, or by heating 
quartz turned to smoky through laboratory irradiation. After 
quartz is subjected to extended electrolysis in water vapor 
and than exposed to ionizing radiation, citrine color centers 
are produced [118]. Greenish-colored dyes produced by the 
irradiation of natural and synthetic quartz with gamma rays 
are also described in literature [119–121].

Ferruginous quartz

This variety of quartz is colored red, brown, or yellow by 
inclusions of hematite or limonite.

Fig. 15  Smoky quartz from Alinci, North Macedonia (photo R. 
Jankuloski)

Fig. 16  A cluster of large amethyst crystals from Rio Grande do Sul, 
Brazil (photo P. Makreski)
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Milky quartz

This is a semitransparent to opaque white-colored variety of 
quartz. The color may be due to the introduction of numer-
ous minute fluid inclusions of gas, liquid, or both during the 
process of crystal formation [122].

Rose quartz

The color of rose quartz originates from fibrous inclu-
sions of a pink borosilicate mineral related to dumortier-
ite (aluminum borosilicate:  Al6,5–7[(O,OH)3(BO3)(SiO4)3]) 
[123–125]. Depending on the Fe and Ti content in the fibers, 
their color ranges from rose to colorless or blue. The pres-
ence of titanium color centers in rose quartz has been studied 
by Wright et al. [126]. The color of the fibrous mineral as 
well as the color of rose quartz is stable up to temperatures 
of about 575 °C [125, 127] and is also generally stable under 
ultraviolet light [125], although there have been occasional 
reports of materials that pale quickly in daylight. Rose quartz 
from some localities shows asterism when cut in the form 
of spheres or cabochons, much like that seen in certain sap-
phires. This is sometimes called star rose quartz. The six-
rayed star is caused by reflections of light from embedded 
fibers that intersect at an angle of 60°. The position of the 
star depends on both the location of the light source and the 
position of the observer [128, 129]. A crystal aggregate of 
rose quartz is shown in Fig. 17.

Green quartz

Brazilian green quartz was described by Nassau and Prescott 
[121], while rare varieties of green quartz crystals from 

quartz-agate geodes from Poland are described by Platonov 
et al. [131]. Natural occurrence of green quartz is rare.

Prasiolite

This is a transparent green variety of macrocrystalline 
quartz. It is a rare mineral in Nature. Most prasiolite is pro-
duced artificially by heating amethyst, being therefore some-
times called green amethyst, amegreen, or vermarine [132].

Tiger’s eye

This mineral contains fibers of crocidolite (fibrous forms of 
riebeckite  Na2(Fe3

2+Fe2
3+)Si8O22(OH)2) altered to a yellow 

color, also being known as “falcon’s eye.” It is a less com-
mon variety.

Cat’s eye

This is a black to grey stone with a silver–white streak.

Hawk’s eye

This opaque blue stone is made of microcrystalline quartz.

Herkimer diamond

The term “Herkimer diamond” is a collective name for trans-
parent (very clean), lustrous rock crystal quartz that forms 
attractive, regular hexagonal–bipyramidal crystals [133]. 
These crystals are formed under low-temperature hydrother-
mal conditions in sedimentary rocks and are often accom-
panied by inclusions of petroleum or associated with oil or 
coal deposits [133, 134]. The crystal exhibits very shiny 
surfaces, incredibly high clarity, short, stubby bodies, and 
double terminations and represents the only naturally dou-
ble-terminated (a crystal with natural faces on both ends), 
water-clear, quartz crystal on Earth [135]. It is interesting 
that these beautiful gemstones appear already faceted and 
are very old. According to some estimates, these crystals are 
reported to be about half a billion years old [135].

“Herkimer diamond” is in fact a misleading name because 
the sample is not diamond. Apart from the confusion that 
the mineral is actually quartz rather than diamond, the name 
was established locally to describe quartz crystals found 
in the vicinity of Herkimer region, New York State, USA 
(since the early twentieth century and possibly even longer) 
[134]. Herkimer County, obviously, still remains the most 
famous source, but alternative names for this quartz have 
also emerged, including Middleville diamonds (named after 
the town of Middleville, New York, USA), Mohawk Valley 

Fig. 17  Rose quartz from Itinga, Minas Gerais, Brazil [130] (with 
kind permission from fabreminerals.com, photo and specimen)
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crystals (after a valley in Herkimer County, New York), and 
Little Falls diamonds (after the rock formation that hosts 
the mineralization) [136]. Despite these sites, the litera-
ture continuously cites other locations worldwide, in Tyrol 
(Austria), Tuscany (Italy), and Northern Cape (South Africa) 
[136], and recently in the Zagros Mountains, Kermanshah 
and Kurdistan Provinces (northwestern and northern Iran), 
where Herkimer-type quartz has been used in traditional 
jewellery for at least 100 years [133].

The hunt for Herkimer diamonds [137] resulted in the 
collection of crystals that differ vastly in size and range from 
several millimeters to much larger scale. Perfect crystals 
are usually less than ½ inch (1.27 cm) long, although much 
larger crystals are found occasionally [135]. Thus, although 
badly fractured and lacking the typical sparkling clear-
ness, Francis [138] in 1953 reported a sample of 18 pounds 
(8.17 kg) measuring 10 inches (25.4 cm) from termination 
to termination, 24 inches (60.96 cm) in circumference, and 
with diameter of 7 and 8.5 inches (17.78 and 21.59 cm). 
The dimensions of this crystal were exceeded by the even 
larger Arkansas Herkimer diamond weighing 25 pounds 3 oz 
(11.42 kg) [139].

Although  SiO2 is the primary constituent of Herkimer 
diamonds, samples may occasionally contain inclusions of 
iron pyrite, air, water, or more commonly pieces of black 
fossilized organic plant material (black coal) formally called 
“anthraxolite” [135].

Cryptocrystalline or microcrystalline quartz comprises 
varieties that do not show any visible crystals and have a 
dense structure, like agate. Cryptocrystalline varieties are 
sometimes grouped together under the term “chalcedony.” 
A brief description of the most common crypto- or micro-
crystalline forms is given below.

Chalcedony

This is a more general term for all varieties of quartz that are 
built up of microscopic or submicroscopic crystals, i.e., the 
so-called microcrystalline varieties of quartz [140]. Chal-
cedony is a white, buff, or light tan, finely crystallized or 
fibrous quartz that forms rounded crusts, rinds, or stalactites 
(mineral deposits suspended from the roofs of caverns) in 
volcanic and sedimentary rocks as a precipitate from moving 
solutions. Figure 18 shows beautiful sample of chalcedony 
from Arizona, USA.

Agate

Agate is a distinctly banded fibrous chalcedony originally 
reported from Dirillo River (Achates River), Acate, Ragusa 
Province, Sicily, Italy. It appears as colorless, gray, red, 

white, or any color due to embedded minerals, including 
multicolored specimens, which are very common. Some 
agates have reddish bands from iron oxide, while others 
from some localities in south Brazil are often nearly devoid 
of color in their natural state [142]. A wonderful sample of 
agate is shown in Fig. 19.

Carnelian

This is a reddish variety of chalcedony.

Chrysoprase

Chrysoprase is the name for a translucent variety of chal-
cedony that ranges in color from yellow–green to a more 
apple green. Chrysoprase stones result from lateritization 
or deep weathering of nickeliferous serpentinites and other 
ultramafic ophiolite rocks. It usually has a fibrous structure 
but may also be microgranular. According to Barasanov and 
Yakovleva [144] and to Heflik et al. [145], the color appears 
from finely distributed bunsenite (NiO). On the other hand, 
according to Faust [146] and Sachanbinski et al. [147], the 
color is due to finely disseminated hydrous nickel silicates 

Fig. 18  Chalcedony from the Miami Mining District, Arizona, USA 
[141] (with kind permission from Rob Lavinsky)

Fig. 19  Agate from South Dakota, USA [143] (credit: James St. John, 
https:// creat iveco mmons. org/ licen ses/ by/2. 0/)

https://creativecommons.org/licenses/by/2.0/


 ChemTexts            (2022) 8:14 

1 3

   14  Page 12 of 28

such as garnierite and saponites. These minerals are usually 
associated with chrysoprase deposits.

Sard

This is a brown to brownish-red translucent variety of 
chalcedony.

Onyx

In correct usage, the name refers to a (usually) black and 
white banded variety of agate, or sometimes a monochro-
matic agate with dark and light parallel bands.

Plasma

Plasma is a microgranular or microfibrous variety of quartz 
showing colored variation with green shades arising from 
the disseminated particles of silicates such as chlorite, 
amphibole, celadonite, etc. It is opaque with conchoidal to 
smooth fracture [148].

Jasper

Geologically, the name has long been used for an opaque 
to slightly translucent, generally red or brown to variably 
colored, impure chalcedony or microcrystalline chert, usu-
ally containing abundant fine inclusions of hematite, iron 
hydroxides, and other minerals. Jasper is a massive, fine-
grained quartz with relatively large amounts of admixed 
material, chiefly iron oxide, up to 20% or more [149]. It can 
also be brown, brownish yellow or ocher yellow, less com-
monly grayish green.

Chert

Chert is a very fine-grained quartz, a silica mineral with 
minor impurities. Several varieties are included under the 
general term chert, including jasper, chalcedony, agate, flint, 
porcelanite, and novaculite. Colors range from gray–black, 
gray–pale yellowish, reddish brown, to nearly white and 
arise from the same components found in jasper.

Flint

In prehistory, flint was a widely used raw material [150]. It 
is gray to black and nearly opaque (translucent brown in thin 
splinters) because it contains carbonaceous matter. Flint was 
used during the Stone Age for making tools, such as knives, 
and even until the nineteenth century to produce sparks by 
hitting steel for ignition of easily ignitable organic material. 
There are only a few reports of flint mining sites in the early 
Paleolithic, such as the Acheulian complex at Isampur, India 

[151], the Lower–Middle Paleolithic in Mount Pua (Israel) 
[152], and the Middle Paleolithic in Qena (Egypt) [153]. 
A number of flint sources in Bulgaria are well known and 
have previously been described in the archeological and geo-
logical literature [154–156]. Olofsson and Rodushkin have 
published a pilot study involving Scandinavian flint [157].

Heliotrope

This is an opaque green jasper with red spots of hematite 
or red jasper resembling spots of blood. Heliotrope is also 
called bloodstone [158].

Cristobalite

Named after the locality of Cerro San Cristobal, Mexico, 
cristobalite is a stable form of silica (silicon dioxide,  SiO2) 
between its melting point of 1728 °C and 1470 °C, below 
which tridymite is a stable form. Cristobalite has two modi-
fications: low cristobalite, which occurs naturally up to 
268 °C but is not stable, and high cristobalite, which occurs 
above 268 °C but is only stable above 1470 °C. Cristobalite 
has the same chemical composition as quartz, tridymite, sti-
shovite, and coesite but a different crystal structure. Crystals 
of cristobalite are presented in Fig. 20.

High cristobalite (β-cristobalite) is cubic in space group 
Fd3m [117], while the low-temperature (α-crystobalite) 
form is tetragonal in space group P41212 or P43212 [160]. 
The unit cell parameters (α-polytype) are a = 4.9709(1) Å, 
c = 6.9278(2) Å, V = 171.18 Å3, and Z = 4. The transition 
from the α-form to the β-form results in a 4% increase in 
volume [161]. Cristobalite appears in the form of colorless, 
white, brown, grey, blue–grey, and yellow crystals. The lus-
ter is vitreous to subvitreous. Twinning is seen on {111}. 
Its hardness is 6–7, while the density is 2.32–2.36 g/cm3.

Cristobalite is transparent and very weakly birefringent. 
The optical properties are uniaxial (‒). The refractive index 

Fig. 20  Cristobalite from Auvergne, France [159] (credit: Eveline de 
Bruin from Pixabay)
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is nω = 1.487 and nε = 1.484. It possesses characteristic curv-
ing fracture lines.

Tridymite

This name comes from the Greek “tridymos,” meaning 
“triplet,” which alludes to its common twinning as trill-
ings. Tridymite occurs in as many as seven polytypes, 
the most common at standard atmospheric pressure being 
known as the α- and β-forms. Below 100 °C, the triclinic 
form (α-tridymite) is stable. There are also orthorhombic, 
monoclinic, and hexagonal polytypes that are stable at higher 
temperatures. The orthorhombic polytype (β-tridymite) is 
most stable at elevated temperatures above 870 °C but con-
verts to β-cristobalite above 1470 °C [162].

Tridymite is colorless, white, yellowish white, and gray. 
The cleavage on tridymite is indistinct {0001} and imperfect 
{ 1110 }. It hardness is 6½–7 on the Mohs scale, while the 
density is 2.28–2.33 g/cm3. It exhibits very brittle fracture, 
producing small conchoidal fragments. Twins are com-
mon on {110}. Its optical properties are biaxial (+) with 
refractive index of nα = 1.468–1.482, nβ = 1.470–1.484, and 
nγ = 1.474–1.486; 2V(measured) = 40–86°. Tridymite is 
transparent, colorless to white, and in transmitted light is 
colorless. Tridymite usually appears in association with cris-
tobalite, sanidine, quartz, augite, fayalite, hematite, ferroan, 
enstatite, and troilite. Figure 21 shows crystals of tridymite.

The most stable form of low tridymite, known as 
α-tridymite (under 100  °C), crystallizes in the triclinic 
system with unit cell parameters of a = 9.932(5) Å, 
b = 17.216(6) Å, c = 81.854(9) Å, α = 90°, β = 90°, γ = 90°, 

and V = 13,996.16 Å3 (calculated from the unit cell), with 
Z = 320 [164].

In 2010, Podwórny and Zawada [165] published the 
results of the refinement of the crystal structure of low-tem-
perature tridymite in refractory silica materials. They found 
that α-tridymite occurs in two coexisting forms crystallizing 
in monoclinic space groups C1 and F1.

Coesite and stishovite

The high-pressure polymorphs of  SiO2 are coesite, belong-
ing to crystal class 2/m and stishovite in crystal class 4/m 
2/m 2/m. They are formed by shock metamorphism associ-
ated with the impact of giant meteorites.

Opal,  SiO2·nH2O

The origin of this name is uncertain. It is most probably 
related to the Sanskrit word “upala,” meaning “stone” or 
“precious stone.” Opal is a hydrated amorphous form of sil-
ica with water content ranging from 3% to 21% by weight, 
but most frequently between 6% and 10%. In contrast to the 
crystalline forms of silica, which are classified as minerals, 
due to its amorphous character, opal is classed as a miner-
aloid [166].

Opal is classified into four types: opal-CT, which contains 
cristobalite–tridymite; opal-C, which contains cristobalite; 
opal-AG, which is amorphous (amorphous–gel) with closely 
packed amorphous silica spheres that form a diffraction grat-
ing to create precious opal; opal-AN, which is amorphous 
(amorphous–network)and found as hyalite. Transitions 
between opal-AG, opal-CT, and opal-C are common.

Opal appears in many color varieties because of the pres-
ence of impurities (color centers) that give it its white, yel-
low, red, blue, green, orange, brown, or black color. How-
ever, the color of some opals is partly due to light scattering, 
diffraction, and interference caused by the microspheres. 
Thus, the mineral exhibits an interesting diversity of colors 
and self-assembling color interplay that is found in Nature 
(butterfly scales, bird feathers, plants, insects) [167].

In precious opal, a rich play of colors or “fire” arises 
owing to the diffraction of white light by the spaces between 
tiny, uniformly sized silica spheres that are three-dimension-
ally regularly arranged [168]. Depending on the diameter 
of the silica spheres and the angle of the incident white 
light, one particular wavelength (color) is reinforced while 
the others are diminished by constructive and destructive 
interference, respectively. The spheres in the structure must 
exhibit a uniform diameter between 200 and 350 nm to be 

Fig. 21  Tridymite aggregate from Ochtendung, Eifel, Germany [163] 
(credit: Fred Kruijen, https:// creat iveco mmons. org/ licen ses/ by- sa/3. 0/ 
nl/ deed. en)

https://creativecommons.org/licenses/by-sa/3.0/nl/deed.en
https://creativecommons.org/licenses/by-sa/3.0/nl/deed.en
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able to produce this play-of-color in the visible-light range 
from violet to red (400–700 nm). If the size of the spheres 
is too small (< 200 nm), the diffraction is insufficient to pro-
duce a visible play-of-color. In this case, the longest wave-
lengths that are reinforced are part of the UV light range 
and therefore invisible to the naked eye [168]. Also, such 
a play-of-color does not occur if the spheres are too large 
(> 350 nm) since the reinforced waves are located in the 
infrared range. However, if the stone is tilted, the wavelength 
that is reinforced becomes shorter and may move into the 
visible part of the spectrum so that (at first) red colors may 
start to appear. If the play-of-color exhibits three or more 
different colors, the main color followed by the term “mul-
ticolour” may be used.

Occasionally, the spaces between the submicroscopic sil-
ica spheres in opals may contain water or water-rich silica. 
Tyndall scattering at these inhomogeneities leads to bluish 
color in reflected light, while in transmitted light it looks 
yellowish [169].

Common opal does not exhibit a play-of-color because 
the silica spheres are not uniformly sized or not arranged 
in an orderly pattern, or because the spaces between the 
spheres are completely filled with silica [168]. An opal sam-
ple is presented in Fig. 22.

Its hardness ranges from 5½ to 6½ on the Mohs scale, 
whereas the density varies from 2.0 to 2.2 g/cm3. Opal frac-
ture is conchoidal, while the luster is waxy or resinous. It 
appears in amorphous fragments or botryoidal forms, being 
transparent or translucent. Opal is isotropic (nα = 1.40–1.46, 
varying with water content), but may show birefringence 
due to strain.

Occurrence of quartz and its polymorphic 
modifications

Quartz is a common constituent of many igneous, sedimen-
tary, and metamorphic rocks. It occurs in hydrothermal veins 
and pegmatites [171].

Pegmatite crystal deposits of quartz appear in many 
places in the world, but they are economically undervalued 
due to insufficient quality or small reserves of high-quality 
crystals. Quartz crystals are especially found in the middle 
parts of pegmatite bodies and can reach large sizes.

The greatest variety of shapes and colors of quartz crys-
tals come from hydrothermal ore veins and deposits, reflect-
ing the large differences in growth conditions (chemistry, 
temperature, and pressure) in these environments. The 
hydrothermal deposits of quartz crystals are formed mainly 
at intermediate temperatures. Spatially, quartz deposits 
are located in cracks in which the aggregates form nests, 
improperly located along the cracks. Quartz crystals are dis-
tributed along the walls of the cracks.

At higher temperatures and pressures, quartz is easily dis-
solved by watery fluids percolating the rock. When silica-rich 
solutions penetrate into cooler rocks, the silica will precipitate 
as quartz in fissures, forming thin white seams as well as large 
veins that may extend over many kilometers [149, 172, 173]. 
In most cases, the quartz in these veins will be massive, but 
they may also contain well-formed quartz crystals. Phyllites 
and schists often contain thin lenticular or regular veins of so-
called segregation quartz [174] that run parallel to the bedding 
and are the result of local transport of silica during metamor-
phosis [175]. Silica-rich fluids are also driven out of solidify-
ing magma bodies. When these hot brines enter cooler rocks, 
the solution gets oversaturated in silica and quartz forms.

Euhedral quartz crystals that are embedded in igneous rocks 
are uncommon. Quartz is among the last formed minerals dur-
ing the solidification of magma, and because crystals fill the 
residual space between the older crystals of other minerals, 
they are usually irregular. Euhedral, stubby bipyramidal quartz 
crystals are occasionally found in rhyolites. Only rarely are 
euhedral quartz crystals seen embedded in metamorphic rocks 
[176].

Alluvial–deluvial deposits of piezoptic quartz sometimes 
also contain economically interesting concentrations. Quartz 
crystals are nonevenly distributed in the sediments.

Cristobalite appears in sedimentary rocks [177]. Natural 
low-cristobalite usually occurs in sub-microcrystalline masses 
or fibrous to columnar spherulites in igneous rocks. It appears 
in cavities of volcanic rocks such as obsidian and rhyolite. 
Occurrence of metastable cristobalite in high-pressure garnet 
granulite has also been observed [178].

Tridymite appears in cavities and veins of trachyte and 
andesite lavas. It is deposited from hot gases in vesicles and 

Fig. 22  Opal from Česinovo locality, North Macedonia [170] (photo 
R. Jankuloski)
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lithophysae; as phenocrysts in felsic volcanic rocks, and less 
commonly, in basalts; in contact metamorphosed sandstone; 
also as the product of partial fusion of sandstone near igne-
ous intrusions [179]. Tridymite deposits have been detected 
on Mars, but their nature and origin are uncertain [180].

Opal is formed by weathering and alteration of siliceous 
rocks and deposited in fissures, or as coatings and as replace-
ments of fossils [181, 182].

Known localities of quartz in the world

Quartz appears in many places in the world, but the best 
known localities are found in Australia, Belgium, Brazil, 
Canada, China, Colombia, Egypt, Germany, Guatemala, 
India, Italy, Japan, Madagascar, Mexico, Namibia, Nor-
way, Ukraine, Russia, Spain, Sri Lanka, Switzerland, Tur-
key, the USA, etc. [183, 184].

Fazenda Pacu in Brazil is one of the most productive 
areas in the world for large and pure quartz crystals [183]. 
Quartz crystals appear on a soft base of decomposed mate-
rial. Of the hundreds of crystals unearthed, only one or 
two meet the requirements for piezopic quartz. The heavi-
est pure quartz crystal found at this site weighs a stagger-
ing 163 kg. Green quartz also appears in Brazil (Fig. 23).

Productive quartz deposits in Australia are located in 
northern New South Wales at the Kingsgate mining camp, 
20 miles from Glen Innis [17, 185]. Guatemalan quartz 
deposits are located north of Guatemala City and occur 
in an area of gneisses and schists [186]. A productive 
quartz deposit has been developed in Colombia [187]. It 
consists of one principal vein and numerous subordinate 
veins. These veins are localized by fractures in a drag fold 
structure on the vertical limb of a tight anticline in the 
Cretaceous slates (Villeta Formation). Beautiful crystals 
of quartz from Boyacá Department, Colombia are shown 
in Fig. 24.

In the Urals, there are numerous wires that contain eco-
nomically interesting quartz crystals (Fig. 25) [189].

Crystal sizes of quartz are highly variable, from very 
small crystals up to extra large crystals (up to 200 cm long 
and 75–100 cm in diameter). In some deposits, which are 
characterized by significant sizes, crystals of quartz ores 
are oriented in the direction of inclination of the ore wires. 
One of the world's largest quartz clusters was discovered 
in 1985 in the Otjua mine near Karibib in Namibia at the 
bottom of a 45-m-deep cave (Fig. 26). It weighs 14,100 kg 
[190].

Fine specimens of quartz have been developed in many 
places in the Alps of Switzerland and Austria. Green to 
blue–green quartz is found in Rakowice Wielkie, Poland 

Fig. 23  Green quartz from Brazil (photo V. Bermanec)
Fig. 24  Quartz crystals from  Boyacá Department, Colombia [188] 
(credit: Géry Parent, https:// creat iveco mmons. org/ licen ses/ by- nd/2. 0/)

Fig. 25  Smoky quartz from Ural [189] (with kind permission from 
Rob Lavinsky)

https://creativecommons.org/licenses/by-nd/2.0/
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[192]. A productive quartz deposit has been developed in 
Carrara, Tuscany, Italy [193].

Precious opal comes from Slovakia, Australia, and 
Mexico. Figure 27 shows blue opal from Australia.

Beautiful agates are found in Lepoglava, Croatia 
(Fig. 28). Wood opal from Slovakia is shown in Fig. 29.

Localities of quartz in North Macedonia

The evolution of the geological structure in the territory of 
North Macedonia allowed the formation of different types 
of silica raw materials. Quaternary continental formations 
are the most important bearers of secondary silicate materi-
als such as quartzites and secondary quartz deposits [194, 
195]. Four separate formations are the most notable bearers 
of these materials: moraine sediments, fluvial–glacial sedi-
ments, proluvial sediments, and alluvial sediments. Quartz 
deposits in North Macedonia vary in terms of their exploi-
tation conditions and quality. Basically, primary deposits 
are characterized by especially high quality in relation to 
secondary deposits, but primary quartz deposits are limited 
in reserves and very difficult to exploit. On the other hand, 
secondary deposits of quartz contain larger reserves and 
offer conditions better suited for exploitation [196]. Regard-
ing quality, they offer lower quality, excluding some locali-
ties where high-quality quartz samples emerge (Babuna, 
Plačkovica, Ogražden, and Selečka Planina).

Crystal quartz samples of significant quality are found 
around the Villages of Budinarci and Mitrašinci and also in 
the Pelagonian Massif [197, 198].

Pegmatite quartz deposits appear at the localities of Alinci 
and Belutče. They have an almost uniform monomineral 
composition of quartz crystals. Locally, pigmentations in 
the quartz mass appear with limonite in small cracks [199].

Deposits of wire quartz mainly appear in gneiss–micaschist 
formations or granite intrusions. In their composition, it is 

Fig. 26  World’s largest quartz crystal cluster (Museum in Namibia; 
size: 3 m wide, 3 m high; weight: 14,100 kg) [191] (credit: Mike W, 
https:// creat iveco mmons. org/ licen ses/ by- sa/2. 0/)

Fig. 27  Opal from Australia (photo V. Bermanec)

Fig. 28  Agate from Lepoglava, Croatia (photo V. Bermanec)

Fig. 29  Wood opal  from Povraznik, Slovakia (photo T. Šijakova-
Ivanova)

https://creativecommons.org/licenses/by-sa/2.0/
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often possible to find lower contents of plagioclases, potas-
sium feldspars, tourmaline, rutile, sericite, biotite, and kao-
lin. High-quality wire quartz is excavated at the localities of 
Orehovo, Umlenna, Preseka, Prevedena, and Ribnica and 
the mountains of Babuna, Plačkovica, and Ogražden [200].

The most important deposits of quartzite lie in the western 
and central part of North Macedonia: Skopska Crna Gora, 
and the Villages of Vozarci, Čičevo, Raven, Vrutok, and 
Ratkova skala [190].

Secondary quartzites have a quartz–chalcedony mineral 
composition. These deposits are found only in the Kratovo–
Zletovo volcanic area (Crn Vrv, Plavica, and Pešter) [201, 
202].

The largest and highest quality quartz sands are found 
in the Skopje tertiary basin in the vicinity of Dolno Sonje 
[196]. There are large deposits of quartz sand on both sides 
of the Markova Reka (River), near the Villages of Batinci 
and Varvara [196]. The largest quantities of and best-quality 
quartz sands are found in Dolno Sonje. These are chemically 
pure silicon dioxide with 99 wt.%  SiO2.

Alinci locality

The geology of the Alinci locality is characterized by alkali 
syenites, amphibolites, gneisses, and muscovite schists and 
marbles [203]. Quartz crystals emerge in aplite and pegma-
tite veins, which are basically built up of quartz and micro-
cline [203]. Quartz crystals are filled with needles of arfved-
sonite, which is a very common mineral at this locality. A 
quartz crystal from Alinci is shown in Fig. 30.

Čanište locality

The Čanište locality lies on the western edge of Selečka 
Planina. The dominant part of the quartz at Čanište is mas-
sive. Beautiful quartz crystals appear in the gaps of the peg-
matite body. The pegmatite body is lens-formed, but deep in 
the ground it becomes thinner and adopts a vein structure. It 
is mainly made from feldspars (amazonite), muscovite, gar-
net, biotite, and quartz [84]. A quartz crystal from Čanište 
is shown in Fig. 31.

Budinarci locality

Budinarci Village is situated about 12 km northeast of the 
Town of Berovo. The rocks around the village are composed 
of micashists, amphibolite, gneisses, and granites. Based 
on previous research [194, 197], piezoptic quartz crystals 
appear in three ways: in completely kaolinized granites, in 
granite cracks, and inside quartz wires themselves. Quartz 
veins, which generically have pegmatite origin, intercept the 
gneisses very irregularly. The size of the veins varies, and 
quartz appears as either well-formed crystal aggregates or 
beautiful monocrystal species, from transparent, through 
slightly smoky, to totally dull. The commonest form of 
quartz is completely kaolinized granites, being found over 
an area of about 1  km2. The granite along the fault structures 
is completely kaolinized, and the quartz crystals occur in the 
form of arrays with ideally developed forms of the crystal 
system, or most often in the form of druse. Quartz in granite 
is quite rare, but still interesting as an occurrence. Quartz 
crystals are evidenced in the centers of the granite 10–20 cm 
open cracks. The development of the crystals is quite regu-
lar, and their base is always flat. The most common crystal 
forms are { 1011 }, { 1121 }, { 1010 }. It rarely occurs as indi-
vidual crystals, but they are usually buds of different sizes. 
Piezopic quartz crystals are also found in the quartz wires 
themselves. In granites, in the contact parts with the shales, 

Fig. 30  Quartz from Alinci (photo R. Jankuloski)

Fig. 31  Quartz from Čanište (photo R. Jankuloski)
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there are quartz wires with quite small dimensions, 5–20 m 
long and 1–3 m thick. In these quartz wires, well-developed 
individual quartz crystals or quartz druses are found fill-
ing the hollow sections of quartz wires. Their appearance 
is quite uneven and unpredictable. A quartz crystal from 
Budinarci is shown in Fig. 32.

Belutče locality

The Belutče locality is situated in the southern part of Mari-
ovo. Basically, it lies on a quartz pegmatite vein. The main 
minerals in this vein are quartz, orthoclase, microcline, and 
apatite [195]. Quartz crystals are ideally developed and 
reach 15 cm in length. As well as transparent quartz crys-
tals, crystals of smoky quartz also appear at this locality. A 
quartz crystal from Belutče is shown in Fig. 33.

Sasa ore field

The area comprising the Sasa ore field is made up of schis-
tose mica granitoporphyrite, quartz diorite–plagiogran-
ite, quartz latites, graphite, phyllite schists, cipolines, and 
scarns. The scarns occur in a series of quartz graphite schists 
and cipolines.

The mineral composition of the ore mineralization in 
this locality is very complex and basically represented by 
a variety of minerals formed in different mineralization 
stages (metamorphic, skarn, hydrothermal) [204, 205]. In 
the hydrothermal stage of formation of the Sasa locality, 
intensive silification represented by small-grained quartz 
aggregates appeared. The aggregate replaces the basic gneiss 
minerals. The appearance of considerable amounts of well-
shaped crystalline quartz (Fig. 34) is characteristic, as well 
as the common association of this mineral with galena, 
sphalerite, and occasionally carbonate minerals.

Zletovo ore field

The Zletovo lead–zinc deposit, located in the east of the Kra-
tovo–Zletovo volcanogenic complex, occupies the central 
parts of the Kratovo–Zletovo ore district or the southeastern 
parts of the Zletovo ore field. The Zletovo lead–zinc deposit 
was formed by hydrothermal activity intimately associated 
with tertiary volcanism along the active continental margin. 
The major rock types in the area are andesite, dacite, dacitic 
ignimbrite, and volcanic tuff. Quartz appears in almost all 
phases of the mineralization processes in the Zletovo ore 
locality. The association of quartz and chalcedony is basi-
cally present in low-temperature oxide carbonate paragen-
esis, where quartz appears accompanied with siderite, rho-
dochrosite, calcite, and barite [206, 207]. The formation of 
either crystal quartz aggregates or monocrystals in all the 

Fig. 32  Quartz from Budinarci (photo R. Jankuloski)

Fig. 33  Quartz from Belutče (photo R. Jankuloski)

Fig. 34  Quartz from Sasa (photo R. Jankuloski)
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mentioned different temperature stages is typical. In the 
quartz grains, fluid inclusions were identified and measured, 
being almost evenly distributed [68]. Quartz crystals from 
Zletovo are shown in Fig. 35.

Češinovo locality

In the Kratovo–Zletovo volcanic area, especially in the 
Češinovo locality, a great content of volcanic tuffs occurs 
[208, 209]. Opalization (Fig. 22) is a postvolcanic occur-
rence as a result of the influence of the hydrothermal solu-
tion (rich in silicium) on the tuffs. The most dominant part 
of the hydrothermal changes is represented by opal. Opali-
zation processes are related to the Neogene volcanism on 
the territory of North Macedonia. They are the end-product 
of volcanic activity. The texture and different color varie-
ties of opal occur as a consequence of the intensity of the 
process of hydrothermal metamorphosis on the tuffs. Some 
of them are characterized by the presence of tridymite on 
their surface [84].

Saždevo locality

A gneiss–micashists series appears in the contact part of 
the Pelagonian–Metamorphic Complex and the West-Mac-
edonian Zone near Saždevo Village. Here, quartz lenses 
appear, occasionally reaching 10 m in length. These lenses 
are sometimes additionally followed by well-developed 
quartz crystals [210]. Complete chemical analysis revealed 
that the trace element content was the only reason for the 
different colors of these quartz samples. Thus, the red color 
of quartz and opal is connected with the presence of Fe, the 
green varieties have significant amounts of Ni, Ca leads to 
milky-colored samples, and light- or dark-brown to black 
color is due to the presence of Al, Pb, and Mn trace elements 
[84] (Fig. 36).

Diagnostic features of quartz

Quartz is easy to identify based on the combination of the 
following properties [211]: 

• Crystal form (generally hexagonal prisms that terminate 
at each end with a six-sided pyramid, although the entire 
crystal may not be perfect, depending on the quartz for-
mation process);

• Poor to indistinct cleavage;
• Hardness (easily scratches glass);
• Glass-like luster;
• Conchoidal fracture in crystals. In massive specimens, 

the fracture often looks irregular to the naked eye, but 
still conchoidal at high magnification. In macrocrystal-
line quartz, the fracture surfaces have a vitreous to res-
inous luster, whereas in cryptocrystalline quartz (chal-
cedony), fractured surfaces are dull.

Quartz may be confused with some calcite. It is distin-
guished from calcite by its high hardness.

Uses of quartz

Quartz is widely used as a raw material in several indus-
trial applications [212]. Quartz sand is used in the produc-
tion of glass, flat-plate glass, specialty glass, and fiberglass. 
Quartz is an excellent abrasive material. Quartz sands and 
finely ground silica sand are used for sand blasting, scouring 
cleansers, grinding media, and grit for sanding and sawing. 
Refractory bricks are often made of quartz sand because 
of its high heat resistance. It is also used as a filler in the 

Fig. 35  Quartz from Zletovo (photo R. Jankuloski)

Fig. 36  Quartz from Saždevo (photo R. Jankuloski)
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manufacture of rubber and paint. Quartz sands are used in 
the building industry for concrete and mortar.

Quartz sand is also used as a material for ferrosilicon 
and silicon production [213]. Some phonographs use quartz 
crystals to convert the vibrations of the stylus (needle) into 
electric impulses. For electronic use, a quartz crystal must 
be flawless [214]. Quartz and its varieties have been used 
since antiquity as semiprecious gems, ornamental stones, 
and collector’s items. It is hard, durable, and usually accepts 
a brilliant polish. Popular varieties of quartz that are widely 
used as gems include amethyst, citrine, rose quartz, smoky 
quartz, morion, and aventurine.

Quartz crystals have been in regular use for many years 
to provide an accurate frequency for all radio transmitters, 
radio receivers, and computers (as the important silicon 
semiconductors).

The piezoelectric property of quartz leads to its use in 
oscillators and pressure gauges, for which highly perfect 
crystals are required, being grown artificially nowadays. In 
particular, in the year 1880, the young brothers Pierre Curie 
(1859–1906) and Jacques Currie (1855–1941) discovered 
the piezoelectric effect [215, 216]. They found that, when a 
mechanical stress is applied to a crystal or certain materials, 
a potential difference is induced across the crystal (material), 
being proportional to the applied stress. They demonstrated 
this effect using tourmaline, quartz, topaz, cane sugar, and 
Rochelle salt (sodium potassium tartarate tetrahydrate). The 
next year, Gabriel Lippmann (1845–1921) found that the 
inverse of this effect, called the inverse piezoelectric effect, 
also occurs [217]. The newly discovered effect was quickly 
dubbed piezoelectricity to distinguish it from other scientific 
phenomena such as contact electricity (friction-generated 
static electricity) and pyroelectricity (electricity generated 
from crystals by heating). The term “piezo” comes from 
the greek word “πιέζειν” (piezein), which means to press or 
squeeze, indicating that piezoelectricity is the occurrence of 
mechanical strain upon the application of an external electric 
field to such crystals.

The piezoelectric effect originates from the molecu-
lar dipoles within these materials. If there is any charge 
imbalance in the molecule, the molecule will have a dipole 
moment. These dipoles tend to have the same direction 
when next to each other, together forming regions that are 
referred to as domains. As most of the dipoles are oriented 
in the same direction in a domain, each will have a result-
ing dipole characteristic. Although each domain has its own 
dipole moment, the overall crystal is nonpolarized because 
the domains are randomly oriented. However, when an exter-
nal mechanical stress is applied to such a piezocrystal, its 
crystalline structure is disturbed and the orientation of these 
domains is changed due to this force. As the orientation of 
the dipole domains is no longer entirely random, there will 

be an uneven charge distribution between the two faces of 
the crystal piece. As a result, a potential difference will 
develop across the crystal, causing the piezoelectric effect. 
On the other hand, when a strong electric field is applied 
across a piece of such crystal, the domains orient themselves 
in the direction of the applied field. Due to this change in 
the orientation of the domains, a mechanical stress in the 
crystal will emerge, corresponding to the aforementioned 
inverse piezoelectric effect. A more detailed elaboration of 
the history and the importance of this effect is given in the 
great work of Katzir [218].

Piezoelectric crystals are now used in numerous ways 
[219, and references therein]:

– Frequency standards (quartz clocks and quartz watches), 
being at least one order of magnitude more accurate com-
pared with mechanical clocks [220], employ a crystal 
oscillator made from a quartz crystal that uses a combi-
nation of both direct and inverse piezoelectricity to gen-
erate a regularly timed series of electrical pulses. The 
quartz crystal (like any elastic material) exhibits a precise 
natural frequency that can be used to stabilize the fre-
quency of a periodic voltage applied to the crystal. The 
first quartz watch was unveiled by Japanese watchmaker 
Seiko as the Astron in 1969 [221]. Thereafter, quartz 
became the crystalline material most widely used in 
timekeeping technology for producing clocks, watches, 
and other time measuring devices. The same principle is 
used in some radio transmitters, receivers, and in com-
puters, where it creates a clock pulse. These usually apply 
a frequency multiplier to reach gigahertz ranges.

– High-voltage and high-power sources (cigarette lighters, 
energy harvesters for soldiers’ boots, and charge batter-
ies),

– Sensors (piezoelectric microphones, piezoelectric pick-
ups for acoustic electric guitars, piezoelectric micro-
balances used as very sensitive chemical and biological 
sensors, piezoelectric transducers, etc.),

– Actuators (loudspeakers, ultrasonic cleaning, piezo-
electric motors, acoustooptic modulators, atomic force 
microscopes, and scanning tunneling microscopes that 
employ inverse piezoelectricity to keep the sensing nee-
dle close to the specimen, inkjet printers, high-perfor-
mance common-rail diesel engines that use piezoelec-
tric fuel injectors, X-ray shutters, etc.),

– Piezoelectric motors (ultrasonic motors used for auto-
focus  in reflex cameras, inchworm motors for linear 
motion).

– Infertility treatment (in people with previous total fertili-
zation failure, piezoelectric activation of oocytes together 
with intracytoplasmic sperm injection (ICSI) seems to 
improve fertilization outcomes).
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– Surgery (piezosurgery is a minimally invasive technique 
that aims to cut a target tissue with little damage to 
neighboring tissues),

– Many other potential applications.

Industrial production of quartz crystals

The historical evolution of the industrial production of 
quartz crystals is very well elaborated in the work of Bottom 
[222], although this work reflects on the timeline of events 
in the USA. The decision to produce quartz on a large scale 
was made in 1939 to address the need for military transmit-
ter–receiver components for use in aircraft communications 
systems, because quartz crystal units were used in both the 
transmitter and the receiver part. Starting from that historical 
turning point prior to World War II, industrial electronic-
grade quartz crystal remained a demanded material whose 
supply is majorly achieved through manufacturing rather 
than mining activities. The development of the first quartz 
growth process for commercial use dates from 1956 [223]. 
Since then, the manufacturing process has been improved 
to meet the greater technical demands of frequency control 
components.

In the past, cultured quartz crystal was primarily pro-
duced using lascas as raw quartz feed material. Lascas is 
a non-electronic-grade quartz that is used as feedstock for 
growing cultured quartz crystal and for the production of 
fused quartz [224]. In addition to lascas, companies may 
also use cultured quartz crystal as feed material. This quartz 
has usually been rejected during the manufacturing process 
because of structural imperfections. During the past few 
years, Asia (Japan, China, and Russia) has emerged as a 
primary source for cultured quartz crystals, whose produc-
tion is growing continuously. Electronic devices still account 
for most industrial use of quartz crystal, demanding cultured 
rather than natural crystals [224]. Electronic-grade quartz 
crystals are a primary material for the fabrication of fre-
quency filters, frequency controls, and timers in electronic 
circuits. These parts are incorporated into a wide range of 
products, such as communications equipment, computers, 
and many consumer goods, such as electronic games and 
television receivers [224].

Quartz crystals are continuously and largely being sub-
stituted by silicon for frequency-control oscillators in elec-
tronic circuits. As well as silicon, other materials with higher 
piezoelectric coupling constants find use as replacements 
for quartz crystal, including aluminum orthophosphate, lan-
gasite, lithium niobate, and lithium tantalate [224]. Today, 
single-crystal cultured quartz is the material most widely 
used in frequency control, ranking second only to silicon in 
terms of the quantity of single-crystal material produced for 
all electronic applications [223].

Industrial growth of quartz crystals

The production of synthetic quartz aims to meet the indus-
trial demand for quartz crystals (for use primarily in elec-
tronics). Although synthetic quartz is dominantly manufac-
tured by hydrothermal synthesis, the development of this 
process can be considered historically in three rather distinct 
phases: (1) fundamental work based on the mineralogical 
genetic viewpoint (from the end of the nineteenth to the 
beginning of the twentieth century, in Italy), (2) industrial 
application (during WW2, in Germany and England), and 
(3) industrialization of quartz growth (after WW2, in Eng-
land, the USA, and Russia) [225]. The pioneer of hydro-
thermal quartz synthesis was Giorgio Spezia (1842–1911) 
[226], who in 1909 initiated the growth of quartz crystals 
in an autoclave [227], only for scientific purposes. The 
autoclave [225, 228] contained an upper and a lower part. 
The temperature in the upper part was set and maintained 
at around 300 °C using city gas, while the bottom part was 
water-cooled. In this autoclave, nutrient quartz dissolved 
in a hydrothermal solution was transported by downward 
diffusion and deposited on the seeds. The growth rate of 
the quartz crystals was about 0.02 mm/day (about 10–20 
times slower in comparison with the industrial growth rate 
achieved nowadays using thermal convection of solution). 
The next historical leap toward faster growth rates was 
introduced by Richard Nacken (1884–1071) [229] using the 
isothermal method in hydrothermal solution based on the 
difference of solubility between fused quartz as nutrient and 
crystalline quartz as seeds [230]. Improvements in synthetic 
quartz growth were delivered practically at the same time by 
the temperature gradient method (using crushed quartz as 
nutrient) introduced by Ernest Buehler (1913–1988) [231] 
in collaboration with Walker [232]. The method was later 
improved by Brown et al. [233]. Nowadays, modern facili-
ties enable the production of large quartz crystals of meters 
in size with  SiO2 purity above 99.9999 wt%. This level of 
purity is not found in natural quartz crystals. More scientific 
protocols regarding quartz crystal growth are described in 
Refs. [234–244].

Hydrothermal quartz growth starts in specially designed 
thick vessels that operate at high pressure (> 100 MPa) and 
moderate temperatures (300–350 °C). The feed material, 
which is usually broken pieces of natural quartz, is placed 
in the bottom of the vessel, then a perforated baffle is placed 
above the quartz feeder. A water solution is introduced 
into the vessel, meaning that “mineralizer,” a little sodium 
hydroxide or sodium carbonate, is also added to the water 
[245]. The liquid fills the vessel to about the 85% level, then 
“seed crystals” (usually flat plates of transparent quartz) are 
immersed in the solution from the top. Then, the vessel is 
sealed to withstand high pressure, and the heating of the 
mixture starts. Although quartz is very insoluble in water at 
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lower temperatures, further heating induces extra pressure 
that eventually leads to the formation of a liquid–gas phase. 
At this pressure (around 140 MPa) and around 300 °C, all 
of the water is turned to a gas, but the quartz itself is only 
slightly soluble even at this temperature and pressure. There-
fore, the mineralizer helps the quartz to form a more soluble 
sodium silicate. Another necessary step is to design the heat-
ing to enable a gradient of 40 °C between the temperatures 
at the bottom and top of the vessel. Thus, the lower quartz 
(feed) is more soluble than in the top seed area and the sys-
tem is held in thermal equilibrium. Quartz fed from the bot-
tom (hotter region) travels up to the top area and is deposited 
on the slightly cooler seed crystals. Therefore, the top seed 
crystals grow as the bottom feed quartz is consumed. When 
sufficient growth time has been allowed, the heating jacket 
is turned off, the pressure is released, the system is opened, 
and the hydrothermally formed crystals are removed [245].

For more details regarding the hydrothermal process, the 
reader is invited to refer to Refs. [246–249].

Production of fused silica and its various 
applications

Silicon dioxide also exists as a noncrystalline form (glass) 
known as fused silica. Unlike borosilicate glass, this material 
has no additives and exists as pure  SiO2. The material can be 
produced in sheets and plates and is known as fused silica 
wafers [250]. It lacks a defined structure and long-range 
order because of its highly cross-linked three-dimensional 
atomic features. The fabricated material exhibits high purity, 
high transmission, and high refractive index homogeneity 
[250]. The volume of fused silica increases little because of 
its low thermal expansion coefficient, and it can withstand 
high temperatures. These characteristics explain its wide use 
in semiconductor, medical science, communications, lasers, 
infrared, electronics, measuring instruments, military, aero-
space, and other high-technology industries [250].

Fused quartz is produced by melting (fusing) high-purity 
silica sand. Depending on the starting conditions and initial 
compounds, the production is restricted to four basic types 
of commercial products (type I–IV) [251]. For production of 
type I, natural quartz is melted by induction in a vacuum or 
in an inert atmosphere. Quartz Crystal powder is the start-
ing reactant for type II fused quartz, being subjected to a 
high-temperature flame. The other two types (III and IV) 
are produced by burning  SiCl4 in a hydrogen–oxygen flame 
or in a water vapor-free plasma flame, respectively [252].

Fused quartz is the most important material in the tel-
ecommunications industry for production of optical fibers 
because of its wide transparency range, from the UV to mid-
IR [251]. Another useful feature of this material for appli-
cations stems from its physical strength, enabling its use to 
construct the windows of telescopes, lenses, as well as the 

windows of modular spacecraft or space stations (including 
the Space Shuttle and the International Space Station) [253]. 
Fused quartz is also a material widely applied to address the 
most demanding requirements of the semiconductor industry 
(substrates for projection masks for photolithography, sub-
strates for high-precision microwave circuits), chip industry 
(windows on erasable programmable read-only memory), 
data storage (for 5D optical data), and other uses [251].

Conclusions

As a very abundant mineral, quartz is one of the most useful 
natural materials in the world. Its usefulness can be linked to 
its unique physical properties, which are related to its chemi-
cal composition and structure. Quartz can be found in many 
different geological environments, and its visual appearance 
reflects the various conditions during its formation. Quartz 
occurs in a great number of varieties that differ in form and 
color. It occurs as massive aggregates, dense nodules, or 
crystals in druses.

The silica minerals with the  SiO2 composition include 
many polymorphs, with quartz being the most common 
member, occurring in both a trigonal low-temperature form 
known as α-quartz and a hexagonal high-temperature form 
known as β-quartz. Other important silica polymorphs are α- 
and β-tridymite, α- and β-cristobalite, coesite, and stishovite. 
Opal is a solid silica gel containing a large amount of water.

Chemically pure quartz is colorless and transparent, 
but the presence of trace element impurities may result in 
a whole range of colors. Natural quartz has four impor-
tant colored varieties: citrine (yellow), amethyst (violet), 
smoky–morion (smoky to dark smoky), and prasiolite 
(green).

The different forms of quartz are usually classi-
fied into two groups: macrocrystalline  and crypto- or 
microcrystalline varieties.

Macrocrystalline varieties are those that form crystals 
or have a macroscopic crystalline structure. The most well 
known among these are rock crystal, smoky quartz, ame-
thyst, citrine, milky quartz, aventurine, rose quartz, blue 
quartz, green quartz, prasiolite, and ametrine. Crypto- or 
microcrystalline varieties do not show any visible crystals, 
sometimes being grouped together under the term “chal-
cedony.” The members of this group are chalcedony, agate, 
carnelian, chrysoprase, sard, onyx, plasma, jasper, chert, 
flint, and heliotrope.

Quartz appears in many places in the world, with the 
most well-known localities being in Australia, Belgium, 
Brazil, Canada, China, Colombia, Egypt, Germany, Gua-
temala, India, Italy, Japan, Madagascar, Mexico, Namibia, 
Norway, Ukraine, Russia, Spain, Sri Lanka, Turkey, the 
USA, etc.
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Quartz is widely used as a raw material in several indus-
trial applications, including the production of various types 
of glasses, refractory bricks, as an abrasive material, as a 
filler in the manufacture of rubber and paint, in the build-
ing industry in concrete and mortar, as a flux in the smelt-
ing of metals, in the production of ferrosilicon and silicon 
metal ((Fe)Si), in electronic application, for providing an 
accurate frequency for all radio transmitters, radio receivers, 
and computers (as the important silicon semiconductors), 
as semiprecious gems, ornamental stones, and collector’s 
items, as gems including amethyst, citrine, rose quartz, 
smoky quartz, morion, and aventurine, and in the production 
of quartz clocks and watches, which are at least one order of 
magnitude more accurate compared with mechanical clocks.

According to the mineral–petrographic characteristics in 
North Macedonia, the following types of quartz can be dis-
tinguished: pegmatite quartz, wired quartz, quartzite, and 
secondary quartzites.

In the territory of North Macedonia, significant depos-
its of crystalline quartz are known around the Villages 
of Mitrašinci and Budinarci and the Towns of Prilep and 
Bitola. Also, a number of deposits of high-quality quartz 
veins are known around Orehovo, Plačkovica, and Ogražden. 
In almost all tertiary basins, deposits of quartz sand can be 
found (at Dolno Sonje, on both sides of the Markova Reka, 
and the Villages of Batinci and Varvara). Large quartzite 
deposits can be found in many places such as Ratkova Skala 
and Crni Vrv and the Villages of Čičevo, Raven, and Vrutok. 
In addition to quartzites, there are a number of other raw 
materials in which silicon dioxide predominates, such as 
opalescent breccia and opalescent tuffs around the Towns of 
Kočani and Kumanovo. The largest quantities and best-qual-
ity quartz sands are found in Dolno Sonje. This is chemically 
pure silicon dioxide with 99%  SiO2.

Some of these localities are in the phase of being 
explored. Detailed investigations are required to determine 
their quality and their potential for use.

Funding This research was supported by Macedonian Academy of Sci-
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