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Abstract: Quartz is one of the most abundant minerals. Used in a variety of materials, it preserves
geological history and reflects alteration conditions. Data were collected (>2400 data points) from
more than 40 ore deposits to understand its internal texture and geochemistry. Cathodolumines-
cence imaging is a technique for examining the internal texture of quartz that may reveal infor-
mation about the crystal’s origin and evolution. The dominant trace elements in quartz lattice are
Al, P, Li, Ti, Ge, K, and Na. These, combined with internal texture, can distinguish quartz from
different origins and can differentiate between different types of ore deposits, as each type of ore
deposit has its own unique CL characteristics. Therefore, Al did not correlate with cathodolumines-
cence (CL) in epithermal Au-Sb-Hg, Carlin-type Au, epithermal Ag, or shale-hosted Zn deposits.
Epithermal base metal and porphyry-Cu-type deposits were intermediate, and Mississippi-Valley-
type, epithermal Au-Ag, and porphyry Cu-Mo deposits were characterized for Al correlation with
CL. Furthermore, Gigerwald, Rohdenhaus, and Westland deposits had Li/Al ratios less than one,
suggesting that H (as hydroxyl substituting for oxygen) completed the charge. However, trace ele-
ments (i.e., Ge, Sb, Ti, and Al), sector zoning, and resorption surfaces were vital parameters to dif-
ferentiate between magmatic and hydrothermal quartz. Additionally, titanium and aluminum were
the most important trace elements. Their values could be used to differentiate between different
quartz types. Among them, hydrothermal and pegmatitic quartz were characterized by lower tem-
peratures and Ti concentrations. Rhyolitic quartz was characterized by the lowest Al, the highest
temperatures, and lower Al/Ti ratios. Aluminum, Li, and H were most important in hydrothermal
and metamorphic quartz, but magmatic quartz was generally enriched with Ti.

Keywords: internal texture; geochemistry; cathodoluminescence; ore deposits; quartz types

1. Introduction

Quartz, as one of the most important and abundant minerals, has a distinct ability to
endure post-crystallization alteration and weathering, causing it to record the crystalliza-
tion history. According to previous studies, quartz can be used as a source rock indicator,
and it can occur in a wide range of geological environments [1-4]. Most papers have
worked on trace element distribution, the evaluation of magmatic and hydrothermal plu-
tons, radiation-induced defects in Ge-rich a-quartz, TitaniQ (titanium-in-quartz) geother-
mometers, cathodoluminescence (CL) observations of magmatic or hydrothermal quartz,
and the pressure and temperature effects on crystallization processes [5-11]. Some au-
thors have used CL textures, trace element analyses, fluid inclusions, oxygen isotopes,
infrared techniques, microstructural characteristics, or the application of mineral ther-
mometry to distinguish mineralized quartz from barren quartz [12-16]. Several studies
have described variations in Ti, Al Li, Na, and H contents, suggesting that these varia-
tions are due to changes in the chemical composition of the growth medium, growth rate,
pH, temperature, and pressure [17,18]. A few studies have been conducted on igneous
quartz comparisons with hydrothermal quartz [19-24]. Furthermore, Ref. [25] investi-
gated quartz in a variety of hydrothermal veins and came up with a generalized textural
description for quartz. Moreover, with the advancement of LA-ICP-MS, EPMA, and CL,
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several studies of quartz related to granitic pegmatites, granites, greisen, granophyre, hy-
drothermal deposits, metamorphic rocks, skarn deposits, etc. have been conducted
[6,10,21,26,27].

Quartz has a robust atomic configuration of the Si-O bond, which allows a small
number of other elements (such as Al, Ti, and Ge) into its structure [19,23,28-32]. Addi-
tionally, variability in the concentrations of Ti, Al, Ge, and Li is used for genetic interpre-
tation and classification in igneous quartz and, to some extent, in hydrothermal quartz as
well [9,22,23,33-35]. The dominant trace elements are Al, P, Li, Ti, Ge, and Na in magmatic
quartz. It has the highest Ti and lowest Ge contents, with more H than Li, K, and P [36].
Contrarily, the most important trace elements in hydrothermal quartz are Al, Li, Na, and
H [37], where Al is the most prominent element that correlates positively with Li. It has
also been observed that hydrothermal quartz undergoes quite complex situations because
of the huge variation in trace elements compared to magmatic quartz. Furthermore, trace
element composition can be used to distinguish between ore deposits and between mag-
matic and hydrothermal quartz. Previously, Al and Ti have been used for porphyry, oro-
genic gold, and epithermal deposit differentiation. This study adds new input on using
these elements to differentiate hydrothermal, rhyolitic, granitic, and pegmatitic quartz.
Quartz also records its development history by changes in CL intensity and is highly sen-
sitive to the formation’s physicochemical setting [38,39].

The internal growth textures and grain size distribution yield valuable information
on the nature and evolution of the melt from which the crystal developed, i.e., it helps to
identify multiple generations of quartz, the crystallization history, magmatic processes,
etc. [5,21,40-44]. According to Ref. [45], an embayed texture is common in magmatic
quartz, commonly showing oscillatory, concentric, convoluted, truncated growth zoning
with variable CL intensities, and may attach in groups or clusters (i.e., Huangshping and
Empire mine deposits as a reference) [46-50]. Magmatic quartz is characterized by resorp-
tion surfaces, while hydrothermal quartz has sector zoning [5,21,51,52]. Some authors
have documented the relationships between the trace element contents in quartz and its
CL (i.e., Jerritt, Canyon, and Creede epithermal deposits as a reference) [12-14,53-55]. The re-
lation between Al and CL can be used to differentiate between different high-temperature (i.e.,
porphyry deposits) and low-temperature (i.e., Mississippi-Valley-type) deposits. However, Al
and K are associated with Cl and, although often not, Ti is often associated with a CL intensity
above 500 °C. The goals of this study are: (1) to discuss magmatic and hydrothermal quartz
by focusing on internal texture and geochemistry, (2) to illustrate the link between trace ele-
ment distribution and CL intensity, and (3) to differentiate different quartz types and ore de-
posits based on their trace element concentrations. Future work requires attention to enhance
our knowledge about Ge content in quartz, which is still limited, as well as the role of H effects
and why Al sometimes fluctuates more and sometimes less.

2. Characteristics of Magmatic Quartz

Magmatic quartz is characterized by high temperature (>400 °C) and pressure [56],
[57]. The thermal history of magmatic quartz can be determined with a TitaniQ (Ti in
quartz) thermometer above 500 °C [52,58]. In early magmatic quartz phenocrysts, the cal-
culated temperature has correlated positively with the Ti concentration (Figure 1), i.e.,
there were less than 10 ppm Ti in quartz formed at less than 350 °C and greater than 10
ppm Ti in quartz formed at greater than 400 °C [12,27,59]. Additionally, X-ray diffraction,
X-ray absorption, and molecular dynamics models support the idea that Ti* explicitly
replaces Si* and is incorporated into quartz structure tetrahedral sites. Ti can also be in-
tegrated into lower oxidation states, such as Ti* and Ti%*, but an extra charge-balancing
mechanism is required [60-62]. However, with the advancements in laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS) and EPMA analytical techniques,
we can easily measure the Ti concentration. This Ti can be used further to interpret the
approximate crystallization temperature of the subjected magmatic quartz grain with the
help of the following simplified model:
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Figure 1. Displayed temperature increase with increasing Ti content: Data 1 (black dots), Data 2 (red
dots), Data 3 (blue triangle), and Data 4 (green triangle) are collected from [8,41,63,64], respectively.

According to Ref. [14], barren quartz had a high Ti concentration relative to ore-re-
lated quartz (such as that in the Krasna Hora and Roudny deposits). The Ti values for
barren and ore-related quartz range from 11-50 ppm and 2-9 ppm, respectively. Pack’s
research supports the idea of [34]. The latter focused on the Oyu Tolgoi and Zesen Uul
porphyry systems in southern Mongolia. His research added that barren quartz had a
high CL intensity and temperature (>600 °C), with high Ti contents compared to mineral-
ization associated with the second quartz stage [39]. In addition, this Ti concentration and
temperature correlated with the intensity of the CL emission, i.e., brighter parts were
marked by higher temperature, pressure, and Ti concentration [21,41,52,58,63,64]. There-
fore, it is well-known that magmatic quartz grains with higher defects or impurities (Ti)
create intense CL, and vice versa [59].

Furthermore, magmatic quartz crystallization started from euhedral forms and pro-
gressed toward subhedral, L-anhedral, and anhedral forms [59]. According to Ref. [8],
crystals with simple oscillatory zoning (SOZ) and multiple oscillatory zoning (MOZ)
formed at temperatures ranges from 700-800 °C during the early phases (Figure 2). A few
authors have described that diffusion-controlled mechanisms form this oscillatory zoning,
and it illustrates magmatic conditions [5,21,51,52,65]. However, sedimentary provenance
researchers have used the existence of oscillatory zoning to suggest an igneous origin of
quartz grains [66,67]. Moreover, volcanic and plutonic rocks are characterized, generally,
by clusters of crystals, as observed in the Huangshaping Pb-Zn deposit, where individual
crystals in a cluster with a darker, rounded core, as well as oscillatory and normal zoning,
indicate that the crystal formed earlier.
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Figure 2. Demonstration of the cooling magma chamber history: SOZ and MOZ are formed at higher
temperatures than homogeneous and heterogeneous CL (modified from [8]).

2.1. Internal Texture

Quartz’s internal texture can be divided into primary growth textures and secondary
structures. The former develop in early magmatic quartz phenocrysts, such as snowball
quartz and comb quartz [20,29,68]. Comb quartz also has similar CL properties and struc-
tural features to snowball quartz (highly evolved topaz bearing albite granite), but it does not
form double-ended crystals [29,56,68,69]. Variation in primary growth textures indicates dis-
turbances in the growth and diffusion rates during crystallization. It depends on melt compo-
sition, crystal transport, the ascent velocity of the melt, and pressure and temperature changes.
The diffusion rate controls the melt width of zoning and compositional variation [57]. How-
ever, with higher diffusion rates, fewer compositional differences occur in magmatic quartz.
Moreover, the secondary structures result from alteration, which overprint and delete primary
ones (see cathodoluminescence feature portion for further details) [5,21].

In at least 75 rock-forming and accessory minerals, i.e., silicates, oxides, halides, sul-
fide, carbonates, sulfates, phosphates, and magmatic and hydrothermally altered miner-
als, oscillatory zoning is seen to exist [70]. It is the variation in dark and bright lumines-
cence belts, and it can record quartz crystal growth history. Zoning can be further divided
into three parts: overall oscillatory zoning, partial oscillatory zoning, and no oscillatory
zoning (Figure 3) [8,20]. Overall oscillatory zonation occupies the complete area of quartz crys-
tals. This can be further divided into SOZ (simple oscillatory zonation covering the entire area)
and MOZ (multiple oscillatory zones within the crystal). SOZ mostly shows rounded zona-
tion, and it is formed under constant temperature conditions. Oscillatory zoning in some areas
and no oscillatory zoning in other parts are characterized by partial oscillatory zoning. In eu-
hedral and subhedral crystals, oscillatory zoning patterns are commonly observed, and no
oscillatory zoning patterns are widely seen in L-anhedral and anhedral crystals, suggesting
that no oscillatory zonation occurs at a late stage (low temperature) [59]. Ref. [71] indicated
that oscillatory zonation formation arose from a diffusion-controlled intrinsic crystal growth
mechanism. This is true for Toki granite, where the magma chamber undergoes physical and
chemical changes only before solidification [72,73].
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Figure 3. Flow chart representing types of oscillatory zoning.

Step zoning and oscillatory zoning (formed at significantly lower temperatures) are
characteristic of primary CL structures [8]. Step zones are characterized by external factor
variations, bordered by resorption surfaces, and truncate pre-existing growth zones.
These resorption surfaces show SiO: undersaturation, resulting in the rounding of crystal
nuclei caused by isothermal decompression or temperature change (i.e., crystal settling or
magma mixing), as commonly seen in eastern Erzgebirge granites and rhyolites (Figure
4a) [21,36]. Quartz nucleation usually occurs on small mica or feldspar grains, but occa-
sionally two or more quartz crystals form around one particle (Figure 4b). In addition,
foreign particles enter the quartz lattice and are preserved as inclusions (Figure 4c) [21],
[24]. These surfaces (i.e., dendritic growth textures; Figure 4d) are due to temperature and
magma composition changes.

Figure 4. Sketches of SEM-CL images of quartz phenocryst. (a) Phenocryst with a resorbed crystal core
and bright overgrowth (white arrow). (b) Zoned phenocrysts with melt inclusions. (c) Resorption episode
followed by irregular growth, which results in the entrapment of melt inclusions (MIs). (d) Rounded
(resorbed) quartz phenocryst with blurred internal growth zoning (modified from [5,29]).

Cathodoluminescence Features

The emission of light after the excitation of solid material using high-energy electrons
is known as cathodoluminescence (CL) [74,75]. Commonly used electron beam excitation
conditions for CL analysis are 10-20 kV acceleration voltage and 5-15 pA/mm? current
density. The electrons of the subjected material are excited by incident electrons, and their
direct de-excitation from conduction to the valence band results in the emission of CL [39].
In quartz, the CL ranges from near-ultraviolet (350 nm) to near-infrared (750 nm) [74].
Volcanic quartz has mostly red (590-780 nm), violet (380—-435 nm), and medium to bright
blue (380-515 nm) CL colors, while plutonic quartz has bright to medium blue CL colors
[1,39]. In addition, 380 nm and 450 nm are characteristic of Al defects in quartz and
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magmatic quartz, respectively. It visualizes grain texture, alteration patterns, different
populations, growth zoning, and deformation features (i.e., Carcoar, Barry, and Sunset
Hills granites in Australia, for example). Furthermore, fluid movement, quartz genera-
tions, and primary and secondary microstructures can also be observed by CL imaging,
which cannot be distinguished by transmitted or polarized light [8,21,28,44,76].

Cathodoluminescence (CL) was reported more than 150 years ago, and the first re-
port on quartz was submitted by [57]. After that, Ref. [77] investigated quartz CL charac-
teristics from different crystalline rocks. He concluded that plutonic, volcanic, and meta-
morphic quartzes had different CL characteristics and could be differentiated based on
these features [1]. Plutonic quartz may or may not display CL zoning, but it is character-
ized by dark CL streaks and patches, recrystallization textures, dissolution features, and
weak CL intensities of the growth zones. Furthermore, volcanic quartz mostly displays
CL zoning with well-preserved, more rounded and embayed growth zones and violet to
red CL color (due to a strong 650 nm emission) [65,66]. Additionally, metamorphic quartz
shows the least CL textural variations, a mottled texture, and close-spaced fractures (if
tectonically deformed) with red, brown, violet, and blue luminescence [1,35,78]. In addi-
tion, granitic quartz is characterized by weak growth zonation with recrystallization and
dissolution features [33,79]. Refs. [44,80] both concluded that CL imaging could be used
for revealing shock damage in minerals due to meteorite impact.

Ref. [81] observed a decrease in CL intensity and Ti concentration in Land’s End plu-
ton (UK) from a magmatic to a hydrothermal environment and an increase in Al and Fe
concentrations. Muller further extended his research work in 2010 (Oyu Tolgoi and Zesen Uul
porphyry systems in southern Mongolia) and reported that each of four quartz generations
had distinct CL features, with a combined decreasing trend in temperature [34]. Ref. [4] corre-
lated different source rocks of Cambrian quartz-rich sandstone by using quartz CL, grain mor-
phology, and zircon U-Pb ages [1]. Ref. [44] added new input and presented the internal tex-
ture revealed by CL imaging (combined with other techniques) of Teplice rhyolites. Moreover,
Refs. [82,83] used CL to support the paragenetic sequence of gold mineralization at the Bilihe
deposit (China) and the Asachinskoe epithermal gold deposit (Russia).

CL is controlled by activator and sensitizer elements. Titanium, Al, Fe, H, Li, Mn, Ge,
and Ga act as CL activator elements [57,84]. Activators are the impurities responsible for
extrinsic luminescence, while sensitizers are the elements required for activators to pro-
duce luminescence. The diversity of cathodoluminescence patterns is divided into different
zones, i.e., reverse zoning (dark inner and bright margin), normal zoning (bright inner and
dark margin), random zoning (CL dark and bright alternating layers), and oscillatory zoning
only (Figure 5) [85]. Normal zoning is related to a decrease in temperature conditions, while
reverse zoning is characterized by increased temperature (i.e.,, due to magma mixing) [8].
These variations in CL intensity are due to structural defects in the quartz lattice [57,70,86].
According to [37], homogeneous CL properties indicated slow crystal growth, while inhomo-
geneous and patchy luminescence, wedge-shaped growth zones, and variable CL character-
istics indicated the rapid crystallization of a rough or disturbed surface.

Cathodoluminescence textures can be divided into primary and secondary CL tex-
tures. The primary CL textures are developed during crystal growth and included euhe-
dral crystals (with oscillatory zoning) and spheroidal, chalcedonic, and mosaic textures,
while the secondary structures form during alteration, retrograde processes, and healing
[57,70,86]. However, according to [76], each vein-type had its specific CL intensity, and it
could distinguish mineralization events. Ref. [87] further explained that CL patterns dis-
playing dark cores overgrown by bright rims, darker CL microfractures, recrystallization
textures, or dissolution features are typical for plutonic quartz, especially in porphyry-
related intrusions [52,78,88]. Volcanic quartz phenocrysts typically show well-preserved
growth zones of oscillating CL intensities [1]. Metamorphic quartz typically emits a dull
and homogenous CL response [35,59,78]. In comparison, hydrothermal quartz displays
the greatest range of CL textures, representing large-scale physiochemical changes in the
hydrothermal system [12].
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Figure 5. Four types of CL patterns observed from magmatic quartz.

Ref. [5] introduced lobate depressions at the crystal surface as growth embayments.
These growth impediments (Figure 6) are caused by immiscible liquids, fluid-rich molten
droplets, and vapor bubbles that stick on the crystal surface and obstruct crystal growth,
which results in growth embayment. Bubble formation can be explicated by depressuri-
zation (degassing) before the main intrusion [5]. A few authors have supported the idea
of embayment by magma mixing [45,89,90]. Ref. [45] further elaborated the point of view
of [91] that fluorine could decrease the solidus temperature of melts to below 550 °C. Ac-
cording to them, with high fluorine activity in the fluid, the dissolution of the quartz was
even faster, which facilitated the formation of extensive, deep, and sinuous embayments.

Figure 6. Sample H13-2 of magmatic quartz porphyry from Huangshaping showing the lobate de-
pressions. Some of the impediments (4) are so deep that they look like inclusions, and growth zones
are adapted the shape of these embayments (1,2,3).

Crystals having embayments commonly show oscillatory, concentric, convoluted,
and truncated growth zoning with variable CL intensities and may attach in groups or
clusters [46-50]. According to Ref. [45], an embayed texture is common in many volcanic
and shallow plutonic rocks. However, the intrusive rocks that have been observed at the
Huangshaping deposit (China), the Empire Mine (USA), and the Antamina Cu-Zn deposit
contain extremely embayed quartz phenocrysts. Chang called it vermicular quartz phe-
nocrysts. These are due to the resorption of quartz due to magma ascent, decompression,
magma mixing, and rapid growth [45,89,92,93].

2.2. Chemical Composition

According to early studies by [94], there is little chance of using quartz compositional
variation for genetic interpretation [21]. Since then, numerous studies have revealed that
quartz trace element contents vary significantly among different environments within
zoned crystals and have been used to differentiate magmas of different origins (i.e., for
better understanding of the fractionation process) [21-24,88]. Currently, the combination



Minerals 2022, 12, 1042

8 of 26

of LA-ICP-MS and cathodoluminescence imaging is widely used to select and determine
quartz trace element chemistry. In magmatic quartz, trace elements are susceptible to
petrogenetic processes and can record the origin and evolution of rocks [23,33]. The dom-
inant trace elements are Al, P, Li, Ti, Ge, K, Ca, and Na in magmatic quartz (Figure 7a).
Furthermore, according to [23], greater than 50% of the bonds are covalent. Their concen-
tration is controlled by their abundance in the melt, the pressure, the temperature, and the
physio-chemical conditions of the system [7,9,23,33,95]. High Ti and low Al concentra-
tions are recorded in the early crystallization stage, and vice versa [56].

P

AlY /

P3+’ A53+

Figure 7. The structural configuration of quartz trace elements. (a) Quartz atomic lattice structure.
(b) Configuration of tetravalent ions (Ge and Ti) as single substitutions for Si. (c) Pentavalent ion (P)
and trivalent ion (Al) substituted for two Si ions. (d) Trivalent ion (Al, Fe, or B) substituted for Si,
where charge balance is facilitated by a monovalent ion (Li, Na, or K) [23].

According to Ref. [24], quartz may integrate otherwise incompatible elements into its
atomic lattice. Grain boundaries are important Ti mobilization conduits with higher point
defects and vacancy concentrations and are presumed to result in the higher solubility of
incompatible components [62,96,97]. In the quartz lattice, Ti** and Ge*, both tetravalent
ions, occur as a simple substitute for Si** (Figure 7b) [23,65]. Phosphorous and bismuth,
pentavalent ions, are integrated as coupled substitutions with Al** or another trivalent ion
(Fe3, Sc*, Ga*, or B*) in two neighboring silicon tetrahedron structures (Figure 7c). A
trivalent cation (A%, Fe®, Sc®, or Ga®') enters quartz to substitute for Si, which needs
monovalent (Li*) or divalent cations (Ca?, Ni%*, Cr%, or Be?") as charge compensators (Fig-
ure 7d) [23]. Furthermore, lithium is also an important element, after Al and Ti, that enters
the crystal lattice of igneous quartz with a content more significant than 10 ppm (Figure
8a) [26]. The special relationship between Al and Li is due to their close ionic radius (0.535
and 0.76 A), making them suitable for charge balancing when they participate with Al
compared to other elements, such as Na and K (1.02 and 1.38 A).

Ti# and O: typically form six-fold coordinated octahedra. High crystallization tem-
peratures (more than 500 °C) are required to fit the Ti* into a four-fold coordinated quartz
lattice [21]. The Ti intake depends on the melt temperature, pressure, and activity of TiOz
[8,20,41,51,58,60]. Ref. [35] indicated that Fe could also incorporate into quartz as a substi-
tutional ion for Si or bound on mineral micro-inclusions [98]. In magmatic quartz, the
average Fe concentration rises at high temperatures at the grain margin, suggesting a high
Fe diffusion rate at higher temperatures [57]. Additionally, Fe act as an activator and a
quencher, while Fe*® and Fe*? participate in interstitial and substitutional positions [99].
On the other hand, K shows a positive relationship with Al, indicating that K acts as a
charge compensator (Figure 8b) [21]. As we can observe in Figure 8c, in magmatic quartz,
the Al concentration is sharply reduced with increasing Ti concentration. Contrarily, Al
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also shows a positive relation with Ti between 200-400 ppm, while Li and Na do not show
any specific correlation with Ti (Figure 8a,d). According to [7], Ti solubility was not af-
fected by changes in the Al and Na concentrations, which indicated that Ti solubility was
not controlled by the excess of other trace elements.
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Figure 8. (a) A demonstration of the relationship between Al and other trace elements. The data
were collected from [7,27,79]. Li is the only element that strongly correlates with Al. (b) Relation-
ships between Al vs. Ti, K, and Fe. The data were collected from the eastern Erzgebirge volcano-
plutonic complex in Germany [79]. (¢) Magmatic quartz Al vs. Ti relation, both having an inverse
relation. (d) Relationship between Ti vs. Al, Li, and Na. The data were collected from [7].

2.3. Relation between Internal Texture and Trace Elements

Cathodoluminescence with trace element chemistry has been considered a prevailing
approach to understanding quartz paragenesis from different environments, such as plu-
tonic, volcanic, hydrothermal, sedimentary, and metamorphic environments [76,100-104].
Previously, several attempts have been made to combine CL characteristics with trace el-
ement analysis [5,42,52,56,88,105]. In igneous quartz, CL correlates positively with tem-
perature and Ti concentration (i.e., the Cinovec and Zinnwald deposits, Czech Republic)
[12,41,87]. Additionally, this Ti (as well as Li, Al, and Na, to some extent) solubility in
quartz is a function of temperature, pressure, melt composition, and crystal growth rate
[7,49,60,106]. This correlation can also be observed at several porphyry copper deposits
such Butte, Oyu Tolgoi, Bingham, El Slvador, El Teniente, and Los Pelambres [34,35,54],
[76,107]. Thus, relatively brighter CL (higher Ti) zones may indicate crystallization at rel-
atively higher temperatures or lower pressures [41,60,106]. Ref. [108] further indicated
that Al-rich zones were associated with blue luminescence, but the luminescence intensity
was not related to Al concentration in these zones, while [63,109] observed a positive cor-
relation between Al concentration and CL intensity [87]. This can be further explained, as
Al is positively correlated with CL intensity in most high-temperature quartz. However,
in most low-temperature quartz, the Al and CL intensities are inversely related (i.e., Red
Dog, Jerritt Canyon, Butte Main Stage, McLaughlin, and Creede deposits) [12].
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2.4. Titanium Diffusion

Grain boundary diffusion is expected to have a considerable influence on Ti mobility
[62]. Over the temperature range of 700-1150 °C, the following Arrhenius relation was
obtained for diffusion: Dri: 7 x 108 exp (=273 + 12 k] mol"'/RT) m?sec™! [38]. Over the tem-
perature range investigated, i.e., 1000-1400 °C, the grain boundary diffusion of Ti was
between three and four orders of magnitude faster than lattice diffusion. It can be ex-
pressed by the following Arrhenius relationship: D (m?2s1) = 2.0 £ 0.08 x 107 exp (=195 £ 7
kJ-mol'/RT) [62]. In volcanic and plutonic rocks, titanium content is usually used to quan-
tify crystallization temperatures, partially due to diffusion, to determine the time scales
between the formation and eruption of quartz [41,42,110-112]. According to Ref. [38], rates
of Ti diffusion in quartz were thought to be primarily a function of temperature, with
higher temperatures enabling greater diffusion rates. For example, at 500 °C, Ti was found
to have a diffusion rate of approximately 2 pm per Ma in quartz compared to 500 pm per
Ma at 800 °C. These Ti diffusion-based techniques have also previously been used to solve
metamorphic event time scales, the periods required to shape porphyry ore deposits, and
to re-examine quartz crystallization temperatures [112-115]. It was also observed that el-
ements with higher atomic masses (i.e., Ti) had lower diffusion rates compared to lighter
elements (i.e., Li and Al) [53].

2.5. TitaniQ Thermometry and Genetic Programming (GP)

TitaniQ has diverse applications in determining temperature estimates in high-grade
metamorphic rocks, hydrothermal veins, magmatic rocks, migmatites, mylonites, and de-
formed rocks [7,34,61,62,116]. The idea of using the titanium content of quartz as a ther-
mometer was initially developed by Ref. [117]. Later, a TitaniQ thermometer was de-
signed by Ref. [41], and it was based on mineral quartz [7]. This method is easy to use
(requires only one phase of analysis) and has a high precision (+2 °C) for rocks that are
formed at greater than 500 °C [41,118,119]. Some authors have used it to better understand
magma chamber processes [120,121]. A TitaniQ geothermometer operates under the prin-
ciple that, at higher temperatures, quartz incorporates increasing concentrations of Ti [7],
[41,60,104]. Although TitaniQ geothermometers have been applied to natural systems
where rutile is present, they can be applied to non-rutile-bearing systems if the Ti activity
can be estimated [63]. TitaniQ thermometry and diffusion chronometry tell us how long
and at what temperatures shallow, crustal magmatic systems remain partially molten,
both of which are fundamental for assessing volcanic hazards [112]. Ref. [7] described that,
due to very variable growth rates in hydrothermal environments, TitaniQ mostly worked
in igneous quartz. Furthermore, Ref. [122] predicted that Ti incorporation into quartz
should also be pressure-dependent.

Most recently, the pressure effect on TitaniQ was calibrated by Ref. [60] for pressures
ranging from 5 to 20 kbar. His model is relevant to hydrothermal quartz in the upper few
Km of the Earth’s crust, and it requires the Ti content, pressure, and activity to calculate
the temperature. Ref. [7] further extended this research work and elaborated that, at a
fixed temperature, the Ti concentration increased with decreasing pressure, while at a
fixed pressure of 1 kbar, the concentration increased with increasing temperature. Over
the temperature range of 600-1000 °C at 1 GPa pressure, Ref. [41] obtained the following
relationship: T(K) =-3765/log (Xtiqw/atioz) — 5.69. In this study, genetic programming (GP)
was used to generate a model for measuring the temperature by merely obtaining the Ti
concentration of magmatic quartz (for details, see Table 1). It is a technique used for arti-
ficial intelligence that automatically produces models based on genetic evaluation, regression,
and neural approaches. GP does not need to predefine the function and adds or eliminates
various parameter combinations on its own [123]. These gene-expression-programming (GEP)
models have been compared with other published models and with linear and nonlinear re-
gression. It was concluded that GEP outfit other models and proposed inflexible accuracy
[124,125]. These models are using in geoscience for obtaining better results.
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Table 1. Parameters of GEP models used for Ti concentration vs. temperature relationship.

Linking Function Assessment

Model

No. of Chromosome Head Size  Genes  Linking Function R?

Gene Expression Programming (GEP+) 200 8 3 Addition 0.8

3. Characteristic of Hydrothermal Quartz

Quartz is one of the most common hydrothermal minerals. It is formed from fluids
of different origins and compositions under a wide range of temperature (50-750 °C) and
pressure conditions [35,37,43,67]. Unlike other hydrothermal minerals, hydrothermal
quartz is chemically simple and unreactive and maintains its geological history [126]. The
trace element content is typically too low to allow growth zones to be imaged by back-
scattered electron or transmitted light microscopy. The most important trace elements in
hydrothermal quartz crystallized below 450 °C are Al, Li, Na, and H [37]. It was also ob-
served from the Gigerwald deposit that the inclusion of poorer regions showed a correla-
tion between Li and Ge with Al, indicating that the presence of fluid inclusion does not
affect the concentration of lattice-hosted trace elements, except Na [37]. Additionally, it
was also possible to reconstruct T-P conditions based on fluid inclusions for hydrothermal
quartz if the fluid inclusions did not suffer from post-entrapment modifications [7].

More extensive trace element contents indicate growth disturbance at lower temper-
atures (<250 °C), reflected by sector zoning, even though sector zoning is not essentially
an indication of disturbance [7,126]. The possibility of sector zoning was addressed in pre-
vious research on amethyst, smoky, and hydrothermal quartz oxygen isotopes, but it fol-
lowed different trends than trace element sector zoning [17]. It was due to disequilibrium
in the crustal-fluid element partitioning because different faces incorporated different
numbers of elements. Crystals formed below 300 degrees at Gigerwald and Vattis signi-
fied growth and sector zoning. In contrast, crystals from Grosstal, which formed at 400
degrees, did not have growth or sector zoning. This indicated that the presence of growth
and sector zoning in hydrothermal quartz was related to low temperatures, different face
growth mechanisms, and the fluid medium composition [17].

Hydrothermal quartz is frequently idiomorphic and zoned and displays discontinu-
ous internal fabrics, indicating that growth conditions are periodically changing. Accord-
ing to Ref. [54], the higher the growth rate, the higher the trace element incorporation.
Fast-growing zones contained the lowest Li and H to overcome the charge deficit and, in
that case, intrinsic defects (i.e., oxygen deficiency centers) existed that affected the lumi-
nescence properties (e.g., Gigerwald deposits) [37]. Ref. [12] noticed CL variations in low-
temperature quartz, where Ti was below the detection limit, meaning that variation in
other trace elements also affected the CL intensity.

3.1. Internal Texture

Hydrothermal quartz exhibits uneven textures, including multiple secondary tex-
tures, under SEM-CL [35]. These textures are an important indicator of fluid processes
and mineralization events [35,127]. The most frequently found CL textures in hydrother-
mal quartz are euhedral growth zones; rounded overgrowth cores; micro brecciation;
rounded or wavy concentric zonation; a homogeneous texture; mosaic textures; xeno-
crystic cores; and spherical, and spider, textures [37,67,128] (see Table 2 for further details).
According to Ref. [21], post-magmatic recrystallization textures, such as fluid saturation tex-
tures, cannibalizing, and metasomatic quartz textures formed by hydrothermal processes,
showed either weak red-brown or no luminescence [21]. Ref. [12,35] reported that quartz ge-
ological settings could also be predicted based on CL textures, and they distinguished between
epithermal, porphyry-type, and orogenic Au deposits (details are in the comparison section).
As such, mineral replacement (a secondary texture) was pronounced in pseudomorphs (orig-
inal crystal shape is preserved and replaced by quartz), which was common in some epither-
mal ore deposits (i.e., Red Dog Pb-Zn deposit as a reference) [35].
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The variation in CL intensity results in a form of growth and sector zoning. Many
authors have reported different points of view about sector zoning [129-131], but a com-
prehensive answer was presented by Ref. [67]. According to the author, sector zoning was
controlled by anisotropic processes operating at the crystal surface (i.e., surface topogra-
phy). Furthermore, according to Ref. [132], sector zoning occurred as a euhedrally termi-
nated crystal with featureless characteristics in transmitted light, while concentric zoning
was referred to as variation in growth zones. Sector zoning determines disequilibrium
growth and is limited mainly to the exterior zones at <250 °C. The latter (concentric zon-
ing) is characterized by incorporating larger trace elements [126]. Early quartz is dissolved
by hydrothermal fluid, and later CL dark quartz fills the fractures and pore spaces (sec-
ondary textures) created in early quartz. These dissolution features include rounded or
embayed bright cores with euhedrally dark CL overgrowths.

Table 2. Some typical hydrothermal quartz textures with their features.

Sketch of Texture Texture Type Grain Size Grain Form Comments References

1. Primary texture
Oscillatory Zoned Variable Prismatic Common in epithermal
Euhedral Crystal and other low-tempera-

ture quartz

[35,128]

®
. ® 1. Primary texture

’ " Spherical texture Fine Anhedral 2. Only observed in epi- [35]
ce”? .
° thermal vein

1. Primary texture

Results from rapid
quartz precipitation
upon pressure drop in
porphyry-type hydro-
thermal systems

Mosaic texture Fine Anhedral [35,133]

Pris- 1. Secondary texture
Fine matic/mimics 2. Common in porphyry- [35]
host type deposits

Spider and cobweb

texture

1. Commonly observed in
low-temperature depos-
its

Sector Zoning ~ Variable 2 Limited tothe exterior 7 15 135 134,135)

zones of crystals

3. Commonly associated
with disequilibrium
growth

Changes in the chemical
Rounded concentric composition of the fluid or
. Variable Variable P .
zonation temperature of crystalliza-

tion

[132,134]
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3.2. Chemical Composition

In terms of shape, geochemical variation, and origin of deformation, trace element
variations in quartz have previously been addressed without any unified findings on trace
elements [17,23]. Fluid chemistry, precipitation rate, crystal orientation, oxygen fugacity,
pressure, and temperature are parameters that control defect incorporation in hydrother-
mal quartz [22,127,135,136]. The concentrations of trace elements vary according to the
formation environment and are essential petrogenic indicators (for details, see the impli-
cations in the hydrothermal system section) [5,57]. For example, lower and variable Al
concentrations (<1000 ppm) at the Woxi deposit in southern China, along with higher and
variable Ti and Ge concentrations (up to 26 ppm Ti), suggested a less acidic, fluctuating
pH; fluid mixing; and a higher temperature of composition. The Xikuangshan deposits,
on the other hand, were distinguished by higher and homogeneous Al concentrations
(>3000 ppm), as well as lower and homogeneous Ti and Ge concentrations (average: 2
ppm Ti), indicating a more acidic, stable pH; fluid boiling; and lower temperature fluctu-
ation [137]. This indicated that the Ge concentration also decreases with decreasing tem-
perature in hydrothermal quartz. Ref. [17] further elaborated the lower incorporation of
Ge when more Al (+Li) was available.

Refs. [98] reported the substitution of Si by Al, Li*, and H* (* charge compensator; H
impurity can be quantified with FTIR spectroscopy). This incorporation of Al into quartz
lattice is supported by high contents of water and charge compensator elements [26]. Ac-
cording to Ref. [53], in quartz lattice, Titanium, Be, Fe, and K were compatible elements,
while Ge, Li, and Al were incompatible, whereas P was transitional. Al requires a charge
compensator compared to Ti and Ge, and Li, H, K, and Na lead to balancing charges (Fig-
ure 9) [35,37,126,128]. It has also been observed from the Gigerwald, Rohdenhaus, and
Westland deposits that the Li/Al ratio is always less than one, suggesting that another ion
should complete the charge, which can be achieved with the presence of hydrogen as hy-
droxyl substituting for oxygen. The strong correlation between Al and monovalent cations
can be observed in low-temperature hydrothermal quartz, and in high-temperature hy-
drothermal quartz, this correlation is weak because of variable growth rates between Al
and monovalent cations [37,53,138].

Low-temperature (110-300 °C) hydrothermal quartz data were collected from the
Gigerwald (Switzerland), Rohdenhaus (Germany), and Westland (New Zealand Alps) de-
posits [37,74]. In quartz from these deposits, variations in Al concentrations were ob-
served in all the samples, and variations in Li, Na, and Ge were observed in several. Tita-
nium, K, and Fe were below detection in most of the samples. At lower temperatures, the
aluminum fluctuation was more significant than at higher temperatures (>400 °C) [35],
[53]. According to some researchers, Al and Fe may be enriched in low-temperature
quartz and, if supplemented with phosphorus, they may be increased at high temperatures
[35,53]. This indicates that high P concentrations can also affect the Al concentration [56]. Ad-
ditionally, according to [35,37], low-temperature hydrothermal quartzes, such as Mississippi-
Valley-type quartz, alpine fissure quartz, and epithermal ore bodies, demonstrated the con-
nection between Al and monovalent cations most clearly. Contrarily, in high-temperature hy-
drothermal quartz, this correlation also existed but was weaker due to rapid and variable dif-
fusion rates among Al and the monovalent cations in quartz [138]. It has been observed in
Mississippi, Carlin, epithermal, and zinc deposits from the Magmont Mine, Jerritt Canyon,
Butte Montana, and Red Dog deposits, respectively, that aluminum and Li positively correlate
with one another, but they do not always relate with Ti.
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Figure 9. Demonstration of the relation between Al and Li, Na, and Ge. Li is the only element that
strongly correlates with Al concentration [37,74].

In addition, Ref. [127] described that, at the Mt. Leyshon deposit, only Li correlated
strongly with Al (Figure 9), while Na and K correlated to some extent. This weaker corre-
lation between Al and Na and K, rather than Al and Li, was due to their presence in fluid
inclusions, while Li was due to point defects. Additionally, Al concentrations in quartz
describe hydrothermal fluid Al concentration, which strongly depends on pH. Ref. [17]
showed that a surge in pH resulted in a rise in tetrahedral Al compared to octahedral Al,
which incorporated Al into the growing crystals, i.e., Alpine vein quartz growth zoning
attributed to high pH aqueous solutions. However, a decrease in Al concentration indi-
cated acidic fluid neutralization (i.e., Jerritt Canyon and McLaughlin deposits), leading to
ore precipitation. Therefore, it can be said that the Al concentration in quartz can finger-
print the ore precipitation processes [12].

The trace element variations and the resulting CL textures reflect the rate of crystal-
lization, the magma composition, the pressure, the temperature, and the history of defor-
mation [23,101,136,139]. Ref. [43] described that the CL characteristics of hydrothermal
quartz may also depend on the crystallization temperature [12]. However, according to
Ref. [35], in low-temperature hydrothermal quartz (less than 350 °C), the Ti concentration
was less than a few ppm. In that situation, the CL intensity correlated with the Al concen-
tration and charge-balancing elements, but this correlation was not consistent. Contrarily,
for quartz formed in temperatures greater than 400 °C, the CL correlated well with the Ti
concentration [35]. However, negative correlation was observed between Al and CL intensity
in a recent study conducted by Ref. [98]. In comparison to Q1 and Q2, Q3 had the lowest Al
concentration and highest CL intensity. A similar scenario was observed by Ref. [140] at the
Butte porphyry Cu deposit. According to Ref. [76], progressive younger stages of hydrother-
mal quartz exhibited progressively less luminescence and less Ti content. Ref. [141] described
that fluid composition, saturation, pH, and temperature significantly influenced the growth
dynamics and trace element composition and, thus, likely the CL properties of hydrothermal
quartz. Moreover, Ref. [17] added that sector zoning was also characterized by variation in the
Li/Al ratios. The presence of sector and growth zoning is due to lower temperature (less than
300 °C), fluid composition, and different face growth mechanisms.

4. Alpha and Beta Quartz

Two variants of quartz are observed: high-temperature (alpha quartz) and low-tem-
perature (beta quartz). Alpha quartz belongs to the hexagonal crystal system, while beta
quartz belongs to the trigonal crystal system. The temperature of 573 °C is the transition
temperature between high- and low-temperature quartz. Theoretically, it is believed that,
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when quartz transforms from alpha-beta habit, healed microcracks may form [35,142].
This transition causes silica tetrahedra rotation concerning one another [142]. The alpha-
beta shift causes an anisotropic contraction of 0.86 vol% vertical to the c-axis and 1.3 vol%
parallel to the c-axis and induces stress within individual grains [20]. According to Ref.
[43], lower-temperature alpha quartz was characterized by a 144-degree Si-O-5i angle, a
lattice energy of 12,967 to 15,043 kJ/mol, a Mohs hardness of 7, and a specific gravity of
2.65 g cm®. Contrarily, high-temperature beta quartz was characterized by a 153-degree
Si-O-Si angle, a lattice energy of 13,596 k]/mol, a Mohs hardness of 7, and a specific gravity
of 2.51 g cm™=. Moreover, transient blue CL emission at 390 nm is a common feature of a-
quartz crystallized from aqueous solutions and was observed both in natural and syn-
thetic hydrothermal quartz specimens.

5. Comparison between Hydrothermal and Magmatic Quartz

The most common trace elements in quartz lattice are Ti and Al. Aluminum is the
most abundant element, while titanium is closely correlated with quartz precipitation
temperature and luminescence [76]. However, hydrothermal quartz has higher Al, Li, Na, and
K concentrations, while there is greater Ti enrichment in magmatic quartz (Figure 10)
[23,26,35,37]. The trace element composition can be used to distinguish between ore deposits
and between magmatic and hydrothermal quartz, i.e., Al and Ti concentrations vary between
epithermal deposits, orogenic Au deposits, and porphyry-type deposits [9], [35]. As such, in
the Xikuangshan deposit, the Al and Ti concentrations are close to epithermal deposits (Al:
20-4000 ppm; Ti: <3 ppm), while the Woxi deposit concentrations are close to porphyry-type
or orogenic-type deposits (Al: 4.9-1713.4 ppm; Ti: 3.37-27.95 ppm) [12,137].

The Ge/Al ratios of magmatic quartz and hydrothermal quartz are less than 0.008 and
greater than 0.008, respectively. Magmatic quartz has the highest Ti and lowest Ge con-
tents, while hydrothermal quartz has the opposite scenario [9]. Germanium is absorbed
on the surface of Fe-oxide and removed from the melt when Fe-oxide is formed, which is
why most magmatic quartz has a lower Ge concentration [23,65]. However, it was ob-
served from wetland deposits (New Zealand Alps) that, in the case of hydrothermal
quartz, there were Ge and Ti values ranging from 1.2-4.8 ppm and 0.5-0.7 ppm, respec-
tively. On the other hand, there was a surge in Ti values in magmatic quartz from 23-69
ppm, while all the Ge samples were below the detection limit.

Hydrothermal quartz is characterized by high Li/Al ratios when contrasted with
magmatic quartz [65]. Compared to hydrothermal quartz, the high H/(Li, K, or P) ratios
of igneous quartz suggest that igneous quartz contains more H than Li, K, and P [36].
Furthermore, [13] did not find a correlation between Al and Sb. He found a 4.5 ppm max-
imum value of Sb for magmatic quartz, while hydrothermal quartz contained a much
higher Sb value [127]. These are some parameters that can be used to differentiate between
hydrothermal and magmatic quartz. In this study, we found a correlation between Al and
Ti in the case of magmatic quartz, while confusing behaviors of these two elements in the
case of hydrothermal quartz were observed. This indicated that hydrothermal quartz
grows in a relatively complex situation compared to magmatic quartz.
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Figure 10. Representation of the correlation between magmatic and hydrothermal quartz. (a) Rep-
resenting the trace elements concentration in hydrothermal quartz; (b) representing the magmatic
quartz trace elements concentration.

Sector zoning, absent in magmatic quartz, is a general characteristic of hydrothermal
quartz and is formed by multiple intakes of trace elements over various crystal faces [5],
[21,51,52]. It is most pronounced in Al-rich, outer crystal zones [126]. All crystal faces be-
come rough at higher temperatures (near melting), obtaining foreign ions accordingly,
and that is why there is a lack of sector zoning in magmatic quartz. Contrarily, magmatic
quartz is characterized by resorption surfaces. During the early phase of magma ascent,
resorption surfaces and step zoning indicate melt composition changes, pressure, and
temperature [57]. In contrast to magmatic quartz’s blue luminescence, hydrothermal
quartz formed during post-magmatic alteration can easily be characterized by either weak
red-brown or no luminescence [21]. Magmatic quartz shows emission bands at 400, 440,
and 480 nm, and these bands disappear or decrease in secondary hydrothermal quartz
[143]. Apart from a magmatic and hydrothermal quartz comparison, [136] worked in the
Erzgebirge tin mining district (Germany), the Kasperske Hory gold quartz vein deposits
(Czech Republic), and the Muruntau and Myutenbai gold deposits (Uzbekistan). He con-
cluded that metamorphic and hydrothermal quartz could also be distinguished based on
trace elements. As compared to hydrothermal quartz, metamorphic quartz has a lower
trace element concentration. Moreover, metamorphic quartz exhibits LREE enrichment
with a variable Ce anomaly, while hydrothermal quartz exhibits HREE enrichment with
a positive Eu anomaly.

6. Conditions Necessary for Mineralization

The trace element contents of quartz closely reflect the composition of the fluids lead-
ing to the precipitation of the different minerals and the formation of inclusions [144]. This
early-stage ore fluid is characterized by high temperature, salinity, and COz. In the middle
stage, fluid boiling leads to COz release, decreased oxygen fugacity, and rapid ore material
precipitation. The late-stage fluids have lower temperature, salinity, CO2, and daughter
minerals, as well as meteoric-water-dominated fluids [145]. These ore-forming fluids are
mainly magmatic water with particular meteoric water involvement [146]. This fluid mix-
ing not only reduces the fluid temperature and metal solubility but also causes dilution,
which changes the fluid salinity, acidity, and redox properties, i.e., metal deposition in
Haisugou was mainly driven by mixing with meteoric water and related cooling [147,148].
Moreover, Ref [149] concluded this, as lower temperature, higher density, increased oxy-
gen fugacity, and salinity decline contributed to accelerated mineral accumulation.
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7. Implications for Hydrothermal Systems and Ore Deposits

The amounts of trace elements vary between different ore deposits, as well as in CL
textures, which can help discriminate between various ore deposits. Several researchers
have previously used this relationship (based on Al and Ti concentrations) to differentiate
between porphyry-type deposits, epithermal deposits, and orogenic Au deposits [6,35,53].
According to them, Ti ranges from 1-200 ppm in porphyry deposits, and Al ranges from
50-500 ppm [29,54,76]. Contrarily, epithermal ore deposits contain less than three ppm Ti
and 20-4000 ppm Al. Additionally, orogenic gold deposits have 1-10 ppm Ti and 100-
1000 ppm Al [6,35]. Now, we extended this research by using it for hydrothermal, rhyo-
litic, granitic, and pegmatitic quartz. Figure 11 shows the Al and Ti concentrations from
34 ore deposits. Each of them can be distinguished based on their Ti and Al concentrations.
The LA-ICP-MS findings indicated that hydrothermal quartz with an Al/Ti ratio of 8-27
ppm Ti and 103-630 ppm Al differed from around 7—65. In contrast, granitic quartz Ti and Al
values ranged from 7-150 ppm and 42-734 ppm, respectively, with the Al/Ti ratios fluctuating
between 0.7-37. In comparison, pegmatitic quartz Ti values varied from 1-27 ppm, with Al
values ranging from 8-565 ppm. Their ratios of Al/Ti varied from 0.6-468. On the other hand,
rhyolitic quartz Ti concentrations ranged from 6-305 ppm, where Al values differed from 109-
226 ppm. Their ratios of Al/Ti ranged from 0.6-23. Hydrothermal and pegmatitic quartz were
distinguished by lower Ti concentrations, where low Al concentrations and lower Al/Ti ratios
are found in rhyolitic quartz. Furthermore, according to Ref. [6], these Al/Ti ratios could be
used to differentiate between skarn (2.12-2617) deposits and porphyry (1-10)-, orogenic (10—
100)-, and epithermal (100-1000)-type deposits.

These 34 ore deposits (Figure 12) indicated the highest Ti concentration in rhyolitic
quartz, indicating its highest formation temperature. Surprisingly, rhyolitic quartz also
showed high concentrations of Fe (7.8-349.8 ppm) and K. This high Fe concentration sug-
gested its high concentration at higher temperatures. Granitic quartz showed an almost-
smooth distribution of these trace elements with a lower concentration of Al. Pegmatitic
quartz showed transitional behavior, while hydrothermal quartz was characterized by the
lowest Ti concentration with the highest Al and K concentrations. This indicateed the
lower temperature of the formation of hydrothermal quartz compared to other deposits.
In addition, antimony is not widely reported in hydrothermal quartz, although up to 100
ppm has been reported in some low-temperature ore deposits [35,53]. However, fluid in-
clusion in hydrothermal quartz increases the Na and K concentrations up to several orders
of magnitude, so care must be taken to quantify these element concentrations [35]. This
systematic difference in the concentrations of trace elements between various forms of
quartz suggests that quartz represents the conditions of geological formation and subse-
quent alteration. Further data obtained from more than 12 hydrothermal ore deposits
formed between 100-750 °C suggested that Fe was not present in porphyry-type deposits
above 300 °C and did not correlate with Al and CL properties [12]. Al and K are associated
with Cl (and often not), but Ti is often associated with CL intensities above 500 °C. It has
also commonly been observed that chalcopyrite is associated with CL dark quartz (less
than 10 ppm Ti; sulfide-associated), which cuts earlier CL light quartz (50-200 ppm Ti)
from some porphyry copper deposits, such as Los Pelambres and El-Teniente porphyry
Cu deposits [12,34,35,54,76]. In addition, Al did not correlate with CL in epithermal Au-
Sb-Hg, Carlin-type Au, epithermal Ag, or shale-hosted Zn deposits, while epithermal base
metal and porphyry-Cu-type deposits are transitional. In comparison, Al correlated to CL
in Mississippi-Valley-type, epithermal Au-Ag, and porphyry Cu-Mo deposits [12].

Different kinds of deposits can be distinguished by varying CL textures [35,150]. Peg-
matitic quartz is characterized by mottled and homogenous CL textures with blue to green
CL color (around 500 nm) [1,65,151]. However, dissolution features, mosaic textures,
healed microfractures, and contrasting CL patterns (often with dark cores and bright rims)
are prominent in porphyry copper deposits, while repeated layers of chalcedonic textures,
brecciation, euhedrally sector-zoned crystals, colloform, and very little dissolution
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textures define epithermal deposits [51,78,128]. Moreover, orogenic gold deposits are
characterized by dull gray, homogenous, and mottled CL textures [35,78,98].

800 ~
700 B Rhyolitic Quartz
® Granitic Quarrtz
600 4 Pegmatitic Quartz
v Hydrothermal Quartz
500 A
T
=.400
]
< 300 -
W
200 =" ae
=" =
100
0

: LSS (S RN R T S DU
0 50 100 150 200 250 300 350
Ti (ppm)

Figure 11. Demonstration of the relationship between Al and Ti in different types of quartz.
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8. Applications of Quartz and CL in Geoscience

With a relative abundance of more than 12% (greater than 90% found in igneous
rocks), quartz is one of the most common minerals in the Earth’s crust. In comparison,
sedimentary rocks supply over 95% of the quartz raw materials used in industry. Its in-
dustrial usage includes quartz sand for the foundry and glass industries (i.e., in Germany),
perfect crystals (optical quartz), and Si ore to produce Si alloys and semiconductors [43].
High-purity quartz (HPQ; contains less than 50 pg/g contaminating elements) is an im-
portant material used in a wide variety of high-tech devices, and demand for HPQ is
growing rapidly due to its increasing consumption [152,153]. Quartz’s luminescence
properties have a wide variety of applications. To evaluate the provenance of detrital
quartz grains in sands and sandstones was one of the first applications [154].

Another important application of CL is the visualization of primary and secondary
microstructures in minerals, which are not usually observable in conventional microscopy
(Figure 13) [65]. It also provides special resolution up to a 1-micrometer scale and can
detect smaller variations in trace element concertation [54]. CL is used for the identifica-
tion of minerals, mineral distribution and quantification, the visualization of primary and
secondary microstructures, growth zoning, deformation features, fluid flow, crystal
chemistry, trace element distribution, internal structures, the reconstruction of geological
processes, and the characterization of technical products [65,155-158]. These microstruc-
tures, i.e., oscillatory zoning, sector zoning, chemical heterogeneities, and micro-inclu-
sions, help reconstruct the growth conditions of minerals and reveal secondary alteration
processes, such as deformation and fluid flow, recrystallization, and radiation damage.

i SEM HV: 10.0 kV WD: 15.12 mm

| View field: 1.09 mm Det: CL
£ "| sEMMAG: 255 x Date(m/dly): 10/24/20 Performance in nanospace

Figure 13. Sample H13-5 of orthophyre taken from Huangshaping deposit, southern China. (a) Sericiti-
zation and alteration with zircon inclusion in magmatic quartz phenocrysts and plagioclase in surround-
ings. (b) CL image showing the internal texture. Abbreviation: plag—plagioclase; zr —zircon.

9. Conclusions

1. Titanium is the most important element in magmatic quartz, while Al is the most
important in hydrothermal quartz;

2. Cathodoluminescence intensity is directly proportional to the Ti concentration, but

the concentrations of other trace elements also affect the CL intensity;

By using luminescence properties, we can differentiate between magmatic and hy-

drothermal quartz;

Each type of ore deposit has its own unique CL characteristics;

Barren quartz veins contain high Ti contents compared to fertile ones;

The Ge concentration is higher in magmatic quartz compared to hydrothermal quartz;

Li, Na,

and K act as charge compensators in quartz lattices;

w
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9. The Ge/Al ratios of magmatic quartz and hydrothermal quartz are less than 0.008 and
greater than 0.008, respectively.
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