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Abstract. This study evaluates Tibet leucogranites as a potential raw material for high-purity quartz. We sys-
tematically investigate the petrography, geochemistry, and purification potential of leucogranites from the Ama
Drime Massif of the Dinggye area. Our results demonstrate that these leucogranites hold considerable potential
to produce high-purity quartz with SiO, contents above 99.995 %, highlighting their value as a new and extensive
source of high-purity quartz in Tibet. Various analytical techniques, including optical microscopy, X-ray fluores-
cence imaging, X-ray fluorescence spectrometry, ICP-MS, and LA-ICP-MS, together with purification experi-
ments, were applied to representative samples (XZ-BG and XZ-WJ). The results indicate that the leucogranites
are composed predominantly of quartz, albite, and K-feldspar, with minor biotite, muscovite, garnet, and am-
phibole. These rocks display typical S-type granite characteristics and were likely derived from source regions
comprising granitic gneiss and metamorphic shale. Quartz-hosted inclusions are dominated by relatively large
primary inclusions and secondary fluid inclusions, which are comparatively easy to remove during purification.
As aresult, the purified samples yielded SiO, contents of 99.996 % and 99.995 %, respectively. This work rep-
resents the first integrated mineralogical, geochemical, and purification assessment of Tibet leucogranites as a
source of high-purity quartz and proposes temperature as a key ore-controlling factor. The widespread expo-
sure of leucogranite in the region offers a significant opportunity to develop high-end quartz resources in China,
ensuring a stable and strategic supply of high-purity-quartz raw materials.

High-purity quartz (HPQ), defined as having total chemical
impurities of less than 50ugg™!, is a critical mineral sup-
porting strategic emerging industries (Miiller et al., 2012).
However, global HPQ resources are scarce and highly un-
evenly distributed, leading to significant supply chain risks
(Zhou et al., 2023; Harben, 1995; Hao et al., 2020). The
search for new HPQ resources is urgent, and the core scien-
tific challenge lies in identifying geological bodies and met-
allogenic mechanisms capable of forming ultra-high-purity

quartz. Leucogranite, a typical S-type crustal anatectic prod-
uct in the Himalayan orogenic belt (Magar et al., 2024),
is regarded to be a potential source rock for HPQ due to
its inherently low impurity content. The widely distributed
leucogranites in the Tibet region of China (Cao et al., 2022)
provide an ideal research target for achieving breakthroughs
in HPQ resources and ensuring national resource security.
However, current research has primarily focused on their
metal mineralization potential, while systematic evaluation
of their HPQ potential remains lacking. To address this,
this study focuses on evaluating the HPQ potential of Ti-
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betan leucogranites. By integrating geology, geochemistry,
and micro-scale lattice analysis, we aim to establish a com-
prehensive evaluation framework from macro- to micro-scale
perspectives. This research not only seeks to fill the gap in
HPQ studies in this region but also aims to provide scientific
support for enhancing China’s autonomous supply capacity
of HPQ resources.

2 Geological background and sample collection

The Himalayan orogenic belt was formed by the northward
convergence of the Indian Plate and its subsequent colli-
sion with the Eurasian Plate along the Yarlung Zangbo su-
ture zone (Yin, 2006; Najman et al., 2010), representing one
of the most significant tectonic events since the Cenozoic
Era. From north to south, the Himalayan orogenic belt can
be subdivided into the Tethys Himalaya, Greater Himalaya,
and Lesser Himalaya on the basis of the South Tibet De-
tachment System (STDS), the Main Central Thrust (MCT),
and the Main Boundary Thrust (MBT) (DiPietro and Pogue,
2004) (Fig. 1a). The Himalayan orogenic belt contains exten-
sive Cenozoic leucogranites, forming two world-class belts:
the Tethys Himalaya leucogranite belt (northern belt) and the
Greater Himalaya leucogranite belt (southern belt) (Zhang
et al., 2012; Zhou et al., 2021). Both belts exhibit broadly
similar mineral compositions, typically comprising quartz,
K-feldspar, plagioclase, biotite, muscovite, tourmaline, and
garnet, resulting in highly comparable lithological charac-
teristics. In China, the principal leucogranite intrusions are
distributed in the Greater Himalaya mainly exposed in the
Gyirong, Nyalam, Dinggye, Yadong, Khula Kangri, and Lu-
ozha regions (Wu et al., 2015).

The Dinggye area lies within the central segment of the
Greater Himalaya leucogranite belt (Fig. 1b) and represents
a dome structure with a north—south-trending long axis char-
acterized by multilayer extensional tectonic assemblages (Yu
et al., 2011). The dome is bounded by the Dinggye normal
fault to the west and the Ama Drime Massif (ADM) normal
fault to the east. Previous studies indicate that the ADM can
be subdivided into two lithotectonic units: (1) the northern
paragneiss unit, dominated by biotite gneiss and mica schist,
and (2) the southern orthogneiss unit, consisting mainly
of granite gneiss and migmatite with minor biotite gneiss
(Wang et al., 2017a; Langille et al., 2010). In the northern
part of the ADM, the paragneiss unit is locally intruded by
leucogranitic bodies, indicating that it acted as a wall-rock
host for leucogranite emplacement (Gu et al., 2022). Pub-
lished SHRIMP zircon U-Pb ages from leucogranites in the
Dinggye area indicate two Early Miocene magmatic episodes
at21.0£0.7 and 15.8+0.1 Ma, suggesting at least two pulses
of leucogranite emplacement (Yu et al., 2011).

The samples in this study were collected from the north-
ern Dinggye area (Fig. la). Regionally, the leucogranites
in this belt can be divided into two main facies: the Li-F-
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rich rare-metal-bearing facies and the volatile-poor two-mica
leucogranite facies (Wang et al., 2017b). The former is highly
differentiated and characterized by magmatic—hydrothermal
mineralization, while the latter is poor in rare metals and
occurs as large-scale, lithologically homogeneous outcrops
(Hou et al., 2011). Samples XZ-BG and XZ-WJ both be-
long to the muscovite leucogranite of volatile-poor two-mica
leucogranite facies and were collected from the same repre-
sentative outcrop. Despite their spatial proximity, they reflect
internal mineralogical heterogeneity, with XZ-BG represent-
ing a garnet-rich variety and XZ-WJ representing a garnet-
poor variety. The volatile-poor facies studied here is more
favorable for high-purity-quartz formation because its rela-
tively clean magmatic system and stable crystallization pro-
cess are less conducive to lattice impurity enrichment.

3 Analytical methods

First, thin sections were prepared from representative
leucogranite samples and examined using transmitted po-
larized light microscopy (TPM) and X-ray fluorescence
(XRF) spectroscopic imaging for detailed petrographic char-
acterization, including mineral assemblages, fracture net-
works, modal abundances, and spatial distributions. Selected
leucogranite samples were then analyzed for whole-rock ma-
jor element compositions by XREF. In situ trace element anal-
yses of quartz grains were conducted using LA-ICP-MS.
Quartz grains isolated during the purification process were
mounted on glass slides, treated with a drop of kerosene, and
examined under an optical microscope to observe inclusions.
The remaining leucogranite samples underwent high-purity-
quartz (HPQ) purification via a sequence of crushing, siev-
ing, magnetic separation, hot-acid leaching, and chlorination,
with detailed procedures provided in the Supplement. The
bulk chemical compositions of the purified quartz sands were
determined by ICP-MS, and quartz crystallization temper-
atures were estimated using the Ti-in-quartz geothermome-
ter. Complete analytical conditions, instrumental parameters,
and calculation methods are described in the Supplement.

4 Results

4.1 Petrography of the samples

The petrological characteristics of the leucogranite samples
were investigated using both transmitted light microscopy
(Fig. 2) and X-ray fluorescence (XRF) spectroscopic imag-
ing (Fig. 3). It should be noted that the XRF spectroscopic
imaging and microscopic observations were performed on
sections of different thicknesses from the same samples.
Consequently, certain low-abundance minerals that could not
be fully resolved or mapped in the XRF imagery were clearly
observable under the microscope, resulting in slight discrep-
ancies in the accessory mineral assemblages between the two
methods.
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Figure 1. (a) Geological map of the Himalayan orogenic belt in southern Tibet (Gu et al., 2022). (b) Detailed geological map of the Dinggye
area (Gu et al., 2022). (¢) Hand specimen photo of XZ-BG. (d) Hand specimen photo of XZ-W1J. (e) Field characteristics of leucogranite

outcrop.

Results show that sample XZ-BG is mainly composed
of albite (35.61 wt %), quartz (31.75 wt %), and K-feldspar
(26.86 wt %), with minor garnet (3.29 wt %), muscovite
(3.28 wt %), and apatite (0.02 wt %). Under transmitted light,
K-feldspar commonly exhibits a turbid appearance, and
quartz inclusions can occasionally be observed within the
grains (Fig. 2a). Twinning is commonly developed in albite
(Fig. 2b). Quartz mainly occurs as anhedral granular crystals,
characterized by abundant internal fractures, undulose ex-
tinction, and local dissolution textures. Muscovite typically
occurs as flakes distributed along grain boundaries or filling
fractures and displays golden-yellow, rose-red, or blue-violet
interference colors under crossed polars. In addition, a small
amount of amphibole is present (Fig. 2¢) as anhedral grains
showing golden-yellow pleochroism under plane-polarized
light.

Sample XZ-WIJ is dominated by quartz (33.64 wt %) and
albite (32.18 wt %), followed by K-feldspar (17.99 wt %) and
muscovite (13.42 wt %), with minor chlorite (2.69 wt %) and
apatite (0.08 wt %). Quartz grains are generally coarser and
better preserved, mostly ranging from 50 to 600 um, with
some grains reaching up to 7 mm, and locally showing dis-
solution by feldspars. Albite and K-feldspar are mostly sub-
hedral and generally coarser than quartz (100-1000 pm) and
may locally enclose quartz. Muscovite is relatively abundant
and commonly occurs as elongate flakes. Garnet is scarce in
this sample (0.08 wt %), and fractures are commonly filled
with biotite (Fig. 2e).

Overall, the two samples show distinct petrographic differ-
ences. Compared with XZ-W1J, quartz in XZ-BG is generally
finer-grained and more strongly affected by internal fractur-
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ing and undulose extinction, whereas XZ-W1J is character-
ized by coarser and better-preserved quartz, together with a
markedly higher abundance of muscovite.

4.2 Whole-rock major element abundances

The major element compositions of the two samples are
summarized in Table 1. XZ-BG contains 74.68 % SiO»
and is enriched in total alkalis (ALK =8.65%), with
K>0/NayO =1.57 and Al,O3 = 14.78 %. MgO is very low
(0.099 %), whereas CaO and Fe,O3 are 0.25 % and 0.55 %,
respectively. XZ-WJ contains 73.73 % SiO; and also has
high total alkalis (ALK =8.85 %) but with Na,O exceed-
ing K2O (K;O/Na;O=0.72) and slightly higher Al,O3
(15.16 %). Its MgO, Fe; 03, and CaO contents are 0.055 %,
0.11 %, and 0.28 %, respectively. Both samples have high
A /CNK values (1.262 and 1.167), indicating peraluminous
compositions, and plot in the high-K calc-alkaline S-type
granite field (Fig. S2 in the Supplement).

4.3 Trace element compositions of quartz determined
by LA-ICP-MS

In situ LA-ICP-MS spot analyses were performed on quartz
grains from samples XZ-WJ and XZ-BG. The analytical re-
sults are reported in Table 2, and element—element plots
based on individual spot data are provided in the Supplement
(Fig. S3).

Quartz samples from XZ-BG contain 4.56-12.70 ppm Li,
3.06-36.91 ppm Na, and 40.92-72.59 ppm Al, with aver-
age concentrations of 7.82, 15.30, and 62.69 ppm, respec-
tively. Ti concentrations range from 4.64 to 9.16 ppm, av-
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Figure 2. Representative photomicrographs of XZ-BG (a, b, ¢) and XZ-WIJ (d, e, f). Abbreviations: Q, quartz; Kf, K-feldspar; Ms, muscovite;

Gt, garnet; Amp, amphibole; Bt, biotite.

Table 1. XRF analysis results of major elements (wt %) in leucogranites.

Major elements Fe,O3  MnO TiO, CaO K,O SO3 P05 SiO; AlO3

Na,0 MgO Sum ALK A/NK A/CNK

XZ-BG 055 0.017 0.041 025 528 0.001 0.13  74.68 14.78
XZ-W] 0.11 0.019 0.014 028 37 0.001 0.059 7373 15.16

337 0099 9920 8.65 1.313 1.262
515 0.055 9828 885 1.215 1.167

Notes: ALK equates to NayO + K50 (%), A/NK equates to Al;03 / (Na; O + K, O) (molecular number ratio), and A / CNK equates to Al,O3 / (CaO + Nay O + K5 O) (molecular number ratio).

Eur. J. Mineral., 38, 249-262, 2026

https://doi.org/10.5194/ejm-38-249-2026



L. Sun et al.: The Tibet leucogranite as a potential high-purity-quartz raw material 253

> Smm :
o T Tl
3.29 0.02

(C) ‘.

3.28
26.86

= Quartz Albite K-feldspar

e :h -
£ :. . o

(d)

m Muscovite

572959

2.69

= Chlorite

m Garnet  m Apatite

Figure 3. u-XRF major element maps of the entirety of the thin sections and mineral mode pies for leucogranite XZ-BG (a, ¢) and leucogran-
ite XZ-W1J (b, d). The mineral types were determined through qualitative major element XRF spectra of the bulk thin sections. The pie chart
data represent the ratio of the mass fraction of each mineral to the sum of the mass fractions of minerals in the thin section.

eraging 6.45 ppm, while Ge contents vary between 0.25 and
1.58 ppm, with a mean of 1.06 ppm. Additionally, K and Ca
concentrations range from 0.65 to 20.28 ppm and from 10.26
to 128.10 ppm, respectively, with average values of 8.65
and 89.50 ppm. Quartz samples from XZ-WJ contain 5.12-
13.58 ppm Li, 2.48-19.10 ppm Na, and 64.65-117.70 ppm
Al, with average concentrations of 9.60, 7.78, and 89.95 ppm,
respectively. Ti concentrations range from 2.52 to 5.16 ppm,
averaging 3.87 ppm, while Ge contents vary between 0.48
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and 1.91 ppm, with a mean of 1.19 ppm. K and Ca concen-
trations range from 5.31 to 19.63 and 10.90 to 152.60 ppm,
respectively, with average values of 12.01 and 65.16 ppm.
Overall, compared with quartz from XZ-W1J, quartz from
XZ-BG is characterized by lower Al, Li, and K concentra-
tions but higher Ti and Na concentrations. Element—element
plots (Fig. S3) illustrate the variability of trace element con-
centrations in quartz. In particular, Li, Na, and Ge display
substantial scatter at a given Al concentration, and no well-

Eur. J. Mineral., 38, 249-262, 2026
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defined linear relationships are apparent for these element
pairs.

4.4 Purification performance

4.4.1 Microscopic characteristics of inclusions and
purification effects in quartz sand from samples

As shown in Fig. 4, the abundance, distribution patterns, and
sizes of inclusions in the quartz sand of the two samples dif-
fer markedly before and after purification.

In sample XZ-BG, abundant inclusions are commonly ob-
served in quartz grains before purification, and gas-liquid
two-phase inclusions are dominant. Both primary and sec-
ondary inclusions occur: primary inclusions are typically ar-
ranged in planar arrays along quartz growth zones, whereas
secondary inclusions commonly occur as linear trails asso-
ciated with microfractures (Fig. 4a, b). The inclusions are
mainly negative crystal-shaped and ellipsoidal, mostly ~ 5—
20 um in size and most commonly ~ 5-15 um, whereas in-
clusions approaching 20 um are rare. After purification, most
quartz sand grains appear nearly inclusion-free and optically
clean under optical microscopy (Fig. 4c). Their surfaces are
rough and irregular, with distinct microcrack traces (Fig. 4d).
Only a few grains still contain visible residual inclusions,
which are mainly distributed in planar or irregular patterns
and are extremely small, typically < 5 um, whereas larger in-
clusions are almost absent.

In sample XZ-WJ, quartz grains also contain abundant
inclusions before purification, likewise dominated by gas—
liquid two-phase inclusions. The inclusions show diverse
distribution patterns, including linear, planar, and irregular
occurrences, and are generally finer-grained than those in
XZ-BG; more than 70 % are < 10 um in size (Fig. 4e, f).
Two fluid inclusion assemblages can be distinguished: (1) in-
clusions aligned along quartz growth zones and (2) ran-
domly dispersed clusters and isolated inclusions within
quartz grains. After purification, most grains become nearly
inclusion-free and optically clean under optical microscopy
(Fig. 4g). The grain surfaces are rough and irregular and
show distinct microcrack traces (Fig. 4h). Only a small num-
ber of extremely fine residual inclusions remain, mainly in
planar or irregular distributions, and these are typically <
5 pm in size.

4.4.2 Trace element characteristics of quartz before and
after purification

To characterize the impurity levels of quartz prior to purifi-
cation, the average values of in situ LA-ICP-MS spot analy-
ses were used to represent the pre-purification trace element
background (Table 2). Trace element contents of the purified
quartz sand were determined by bulk digestion, with results
summarized in Table 3, and the corresponding comparison is
illustrated in Fig. 5.
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For sample XZ-BG, the total impurity content decreased
from 182.9 to 33.7 ppm after acid leaching and decreased
further to 30.0 ppm following chlorination roasting. Specif-
ically, Li decreased from 8.8 to 3.8 ppm after acid leaching
and to 2.9 ppm after chlorination roasting; Na decreased from
19.4 to 2.8 ppm and then to 0.21 ppm; Mg decreased from
0.30 to 0.03 ppm after acid leaching; Al decreased from 60.2
to 19.1 ppm and decreased further to 18.8 ppm; K decreased
from 6.8 to 0.31 ppm; Ca decreased from 74.7 to 0.68 ppm;
Ti decreased from 7.0 to 6.2 ppm; and Fe decreased from 5.9
to 0.80 ppm and then to 0.48 ppm.

For sample XZ-W]J, total impurities decreased from 206.5
to 44.9ppm after acid leaching and decreased further to
39.5 ppm following chlorination roasting. Li decreased from
9.8 to 7.8 ppm and then to 6.6 ppm; Na decreased from 8.0
to 3.3 ppm and then to 0.09 ppm; Mg decreased from 0.24 to
0.02 ppm; Al decreased from 89.5 to 28.6 ppm; K decreased
from 11.1 to 0.68 ppm and decreased further to 0.61 ppm; Ca
decreased from 69.9 to 0.18 ppm; Ti decreased from 4.0 to
3.9 ppm; and Fe decreased from 14.0 to 0.40 ppm and then to
0.35 ppm.

Overall, purification markedly reduced trace element con-
tents in quartz from both XZ-BG and XZ-W]J, although the
removal efficiencies varied significantly among different el-
ements.

5 Discussion

5.1 Peraluminous S-type leucogranites: classification
and source

Interpretation

Le Maitre (1976) classified granites based on their chem-
ical variability; Streckeisen (1976) classified them accord-
ing to the relative modal proportions of quartz, K-feldspar,
and plagioclase, which have been shown to provide infor-
mation about tectonic environments (Lameyre and Bowden,
1982). Shand (1927) and Tyrrell (1943) once classified gran-
ites based on their chemical composition into peraluminous,
aluminous, and peralkaline types, leading to the widespread
hypothesis that “calc-alkaline” granites are products of vol-
canic arc magmatism, “alkaline” and “peralkaline” magmas
are related to intraplate environments, and “peraluminous”
granites primarily form during continental collisions through
deep melting of sedimentary rocks (Pearce et al., 1984).
Chappell and White (1992, 2001) also classified granites into
S-type and I-type based on geochemical characteristics, with
S-type being considered to be a product of continental colli-
sions and I-type originating from igneous or crustal sources
(Regelous et al., 2021).

These classification schemes remain widely applied in
granite studies. In this study, we employed these methods to
classify leucogranite samples by plotting relevant geochemi-
cal data (Fig. S2), using background data from leucogranites
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Figure 4. Inclusion characteristics of quartz sand. (a, b) Characteristics of inclusions in quartz sand from sample XZ-BG prior to purification.
(¢, d) Characteristics of inclusions in quartz sand from sample XZ-BG after purification. (e, f) Characteristics of inclusions in quartz sand
from sample XZ-W]J prior to purification. (g, h) Characteristics of inclusions in quartz sand from sample XZ-WJ after purification.

of the Greater Himalaya Orogenic Belt. The samples showed
strong consistency with these background datasets. On the
TAS diagram, both samples fall within the granite field: XZ-
WIJ is a peraluminous high-potassium calc-alkaline gran-
ite, while XZ-BG is peraluminous, positioned between the

https://doi.org/10.5194/ejm-38-249-2026

alkali-calcic and high-potassium calc-alkaline series. Both
samples are identified as S-type granites.

Strongly peraluminous S-type granites are generally con-
sidered to form through partial melting of upper crustal rocks
that have experienced some degree of weathering (Clemens,
2003). Many studies relate Himalayan leucogranites to ana-

Eur. J. Mineral., 38, 249-262, 2026
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Figure 5. Comparison of impurity element contents in quartz from Tibetan leucogranites before and after purification and with Unimin

IOTA-STD. (a) Sample XZ-BG. (b) Sample XZ-W]J.

texis within the Greater Himalaya Sequence (GHS) because
leucogranite plutons are typically emplaced within high-
grade Greater Himalayan sequence rocks and are spatially as-
sociated with migmatites; geochemical—isotopic constraints
and melting experiments further support dehydration melt-
ing of GHS metapelites as a viable source (Le Fort et al.,
1987; Searle and Godin, 2003; Inger and Harris, 1993; Patifio
Douce and Harris, 1998). However, some authors have pro-
posed that additional crustal components may also have con-
tributed to leucogranite generation in order to explain iso-

Eur. J. Mineral., 38, 249-262, 2026

topic heterogeneity within the Himalayan belt (Guo and Wil-
son, 2012; Hu et al., 2018).

In the present study, the Dinggye leucogranites are inter-
preted to have formed predominantly from a metasedimen-
tary source, with a possible subordinate contribution from
local granitic orthogneiss. This interpretation is supported
by several lines of evidence. Notably, (1) some leucogran-
ites in the Ama Drime-Dinggye area preserve inherited age
components of ca. 1850-1800 Ma, consistent with the Pale-
oproterozoic protolith age of the local granitic orthogneiss.

https://doi.org/10.5194/ejm-38-249-2026
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Table 2. Results of in situ analysis of trace elements in quartz using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-

MS) and the temperature (°C) calculated from Ti.

Li B Na Mg Al P K Ca Ti Cr Mn Fe Ni Cu Zn Ge T/°C

XZ-BG
01 6.90 1.89 3.63 393 6346 26.66 10.76 120 556 145 0.76 493.8 2.1 0.12 9.18 0.92 530.59
02 6.56 0.37 597 4527 6477 48.17 1134 1185 5.69 837 049 7.35 35 0.28 343 025 536.17
03 3.30 044 7.86 1.14 7726 98.54 17.11 240 4.64 1.63 087 1658 3699 0.75 410 141 526.89
04 1095 279 12.72 0.17 67.57 26.18 20.28 1064 9.16 2.00 0.34 4.44 0.96 1.00 0.72 1.02 569.55
05 127 1.12 2893  0.09 7259 4292 0.65 634 7.06 113 054 516 090 0.09 059 137 548381
06 832 121 1884 134 70.15 51.89 1.75 3857 7.04 260 071 11.18 095 078 0.76 144 548.57
07 6.83 1.55 36091 0.04 4950 8528 14.25 1281 635 3.88 1.15 9.80 1.37  1.30 1.08 093 540.59
08 10.03  3.25 3.06 0.04 60.51 40.03 319 1026 720 055 045 0.25 0.83 040 0.53 1.33 550.33
09 8.10 0.51 31.48 0.16 60.15 33.06 2.03 105 641 1.60 0.58 9.87 1.71 1.01 0.71 033 541.37
10 456 0.98 3.57 0.24 4092 45.17 524 7137 540 1.68 0.37 0.26 1.16 0.80 047 1.58 528.42
Avg 7.82 141 1530 524  62.69 49.79 8.65 8950 645 249 0.63 5587 505 0.65 2.16 1.06 548.13

XZ-W]
01 102 198 1157 061 103.8 2262 1681 5353 340 030 0.04 568 1.09 0.67 1.73 122 495.34
02 899 410 446 058 9726 58.09 19.63 109 252 474 022 4574 136 030 1192 083 506.95
03 5.81 457 19.1 0.23  99.89 55.76 16.66 1298 292 0.33 0.78 43.26 124 143 538 048 45142
04 891 7.68 3.33 0.35 1177 4926 1234 8433 3.62 2.13 124 2652 1.12 0.56 1.71 0.65 514.17
05 5.12 4.84 2.48 0.28 72,5 15.03 10.85 152.6 4.10 232 130 1.05 246 0.78 1.04 191 508.53
06 13.44 335 5.29 0.13 8555 36.42 531 27.88 5.16 122 0.27 7.35 147 151 1.87 1.60 525.07
07 1259 050 10.23 0.21 81.11 9.55 743 19.25 4.03 127 0.03 2.40 1.19 048 1045 152 507.35
08 9.00 2.84 5.60 0.01 64.65 22.04 9.78 7045 471 187 046 14.09 1.09 0.24 0.78 097 51845
09 13.58 4.07 6.29 0.10 90.69 34.78 9.27 2112 397 135 022 1191 096 1.16 143 133 506.28
10 834 3.55 9.42 0.12 8646 1659 12.03 81.77 424 292 048 6.68 0.75 035 094 138 510.87
Avg 9.60 3.75 7.78 0.26 8995 3201 12.01 6516 3.87 185 051 57.63 1.27 075 1445 1.19 504.44

Notes: 01, 02, 03, 04, 05, 06, 07, 08, 09, and 10 represents different positions.
Table 3. Trace element contents of purified quartz from leucogranites and Unimin standard sand.

Name Wg/10~6 | Wa/%
Al B Ca Co Cr Cu Fe K Li Mg Mn Na Ni Ti Sum ‘ SiOy
XZ-BG?* 19.09 0.16 0.68 0.01 0.06 0.05 080 131 3.79 0.03 0.04 2.80 0.03 6.18 34.03 99.9966
XZ-BGP 18.77 0.17 151 0.01 0.01 0.01 048 091 286 0.05 0.03 0.21 0.01 5.25 30.28 99.9969
XZ-WJ2 28.63 028 0.18 0.01 0.06 0.06 040 0.68 7.82 0.02 0.05 3.27 0.04 3.86 45 99.9955
XZ-WJb 2798 031 0.57 0.01 0.09 001 035 0.61 6.64 0.11 0.03  0.09 0.04 3.18 40.02 99.9959
IOTA-STD 1620 0.08 0.50 - <005 <005 023 060 09 <0.05 <005 090 <0.05 110 <19.66 | >99.998

Note: # impurity elements and SiO; content of sample after acid leaching, b impurity elements and SiO, content of sample after chlorination roasting; IOTA-STD refers to the 10TA® high-purity-quartz sand

produced by Unimin Corporation, used as a benchmark for comparison.

This suggests that orthogneissic material may have con-
tributed to magma generation, although the presence of in-
herited ages alone does not provide definitive proof of source
mixing (Cottle et al., 2009; Xu et al., 2005). (2) Yu et
al. (2011) reported that Dinggye leucogranites are charac-
terized by Rb enrichment and pronounced Sr depletion, re-
sulting in high Rb/Sr. Rb is hosted predominantly in micas
(muscovite/biotite), whereas Sr is mainly accommodated in
plagioclase. Therefore, high Rb coupled with low Sr is con-
sistent with partial melting of a mica-rich, plagioclase-poor
metasedimentary upper crust, plausibly involving muscovite
dehydration melting (Harris and Inger, 1992). (3) Dinggye
leucogranites are typical peraluminous S-type granites, en-
riched in SiO;, Al O3, with high A / CNK, and contain abun-
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dant aluminum-rich minerals such as garnet, muscovite, and
biotite, indicating a derivation from metamorphosed sedi-
mentary rocks (Visona and Lombardo, 2002; Gou et al.,
2019).

5.2 Trace element characteristics of quartz grains

In the quartz lattice, Al is commonly incorporated through
isomorphic substitution and generally exhibits the highest
concentration among trace elements, providing significant
environmental and petrogenetic information (Miiller et al.,
2012). Therefore, this study focuses on a graphical analysis
of Al and its correlations with other trace elements in quartz
(Fig. S3 in the Supplement).

Eur. J. Mineral., 38, 249-262, 2026



258 L. Sun et al.: The Tibet leucogranite as a potential high-purity-quartz raw material

During quartz crystallization, substitution of Si** by AT
requires charge compensation by coordinating ions (e.g.,
Lit, Nat, K*, and H'), which can lead to broadly coupled
variations in these elements (Zhang et al., 2024b). In many
quartz populations, LiT™ may be an important compensating
ion for AI*t (Jourdan et al., 2009); however, in the present
samples, the Al-Li/Na/K relationships are dispersed, sug-
gesting that charge compensation is variable and/or that mi-
nor non-lattice contributions may affect some analyses.

Trace element variations in quartz are influenced by lat-
tice incorporation and inclusions. Although laser in situ
measurements avoided visible inclusions, measured impu-
rities may not exclusively represent lattice elements. Typi-
cally, substitutional ions (AI’*, Fe’*, B3t) and interstitial
ions (Lit, Nat, K+, P>*) occur in an approximately 1 : 1
ratio (Yang et al., 2022). In XZ-BG and XZ-W]J, the ra-
tio (APT +Fe’t +B3) / (Lit + Nat + Kt 4+ P>t) ranges
from 0.72 to 1.14 and from 1.52 to 2.34, with average val-
ues of 0.95 and 1.88, respectively. The deviation from unity,
especially in XZ-W]J, indicates that the measured trivalent-
cation budget is not fully balanced by the measured monova-
lent budget in many spots, which may reflect variable charge
compensation behavior and/or contributions from submicro-
scopic inclusions (Xie et al., 2022).

Al, Ge, and Ti in quartz have been linked to magmatic
differentiation in previous studies, where Al and Ge tend to
increase whereas Ti decreases with progressive differentia-
tion (Schron et al., 1988; Zhang et al., 2024a). In the Ding-
gye leucogranites, Al-Ti and Ge-Ti show only weak nega-
tive tendencies, and Al-Ge shows a weak positive tendency
(Fig. S3), consistent with published datasets (Rusk et al.,
2008). In this study, quartz from XZ-W1J has higher mean
Al than that from XZ-BG; given the scatter in spot data, this
difference is interpreted as reflecting variations in crystalliza-
tion domains.

5.3 Ticontents in quartz as a constraint on
crystallization temperatures of leucogranites

Miiller et al. (2009) and Wark and Watson (2006) showed
that Ti content in quartz serves as a critical geochemical in-
dicator for recording magmatic crystallization temperatures,
exhibiting a systematic correlation with the degree of mag-
matic evolution (fractionation extent). Specifically, as mag-
matic differentiation progresses, the Ti content incorporated
in late-crystallized quartz displays a characteristic declining
trend (Larsen et al., 2004; Gotze et al., 2004). This phe-
nomenon provides a robust theoretical foundation for recon-
structing the crystallization temperatures of granitic mag-
matic systems using Ti-in-quartz content. In this study, we
applied the Ti-in-quartz thermometry formula (Sect. S1.7 in
the Supplement) proposed by Hayden and Watson (2007),
which is specifically designed for rutile-absent systems, to
accurately calculate the crystallization temperatures of two
samples of leucogranite from the Dinggye area. Table 2 re-
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sults show that the crystallization temperature of leucogran-
ite XZ-BG ranges from 526 to 569 °C, with an average tem-
perature of approximately 542 °C; the crystallization tem-
perature of leucogranite XZ-WJ ranges from 451 to 525 °C,
with an average temperature of approximately 504 °C. The
crystallization temperature of XZ-BG is higher than that of
XZ-W1]. Based on previous theories, this temperature differ-
ence may suggest that XZ-WJ represents a relatively more
evolved melt fraction formed during late-stage differenti-
ation within the same magmatic system. Magma with a
higher degree of differentiation generally has a longer evo-
Iution time and crystallizes later, and its final crystalliza-
tion temperature is also lower. The crystallization temper-
atures of these two sets of leucogranite (451-569 °C) cal-
culated in this study are significantly lower than the com-
monly accepted solidus temperature range for granite sys-
tems, which is generally considered to be between 650 and
700°C (Steiner et al., 1975). It strongly proves that the
leucogranite magma in the Himalayan crystallization re-
gion has the potential to evolve to temperatures below the
solidus temperature of traditional granite magma systems.
This means that magmas in this region can sustain its resid-
ual melt (or fluid) and ultimately crystallize into leucogran-
ite at very low temperatures (below 650 °C), even below the
solidus temperature for typical granite magmas. This low-
temperature crystallization phenomenon may be closely re-
lated to the geological conditions of igneous crystallization
in the Himalayan region. The source area is rich in water and
volatiles (such as F and B), and these components are effec-
tive fluxes that can significantly lower the solidus tempera-
ture of magma (Tuttle and Bowen, 1958; Holtz et al., 1995;
London, 1987; Gao et al., 2017). A shallow emplacement
under low-pressure conditions can favor the stabilization of
hydrous, low-melting-point minerals and thus promote crys-
tallization at relatively low temperatures (Luth et al., 1964;
Scaillet et al., 1995). In addition, slow cooling of the shal-
lowly emplaced leucogranitic magma allows a volatile-rich
residual melt to be maintained over a prolonged tempera-
ture interval. This extended residence time at low tempera-
tures facilitates continued differentiation and promotes more
complete crystallization of late-stage melts (Huang and Au-
détat, 2012). Therefore, the observed unusually low crystal-
lization temperatures provide important constraints on melt
evolution and emplacement processes in collisional orogenic
belts, helping to clarify how leucogranitic magmas differen-
tiate and solidify during crustal thickening and exhumation.

5.4 Significance of high-purity-quartz raw ore from
leucogranites

The occurrence and concentration of impurities in high-
purity-quartz (HPQ) raw ore are key factors determining the
quality of the final product. Impurities are generally clas-
sified into three types: symbiotic gangue minerals, inclu-
sions, and lattice impurities (Yang et al., 2022). Symbiotic
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gangue minerals coexist with quartz during mineralization,
varying according to geological conditions. Common associ-
ated minerals include feldspar, mica, rutile, hematite, mag-
netite, tourmaline, fluorite, epidote, and calcite (Courba et
al., 2025). Inclusions, captured during quartz crystallization,
can be solid, liquid, or gaseous. They are classified as pri-
mary (formed during crystal growth on faces, most difficult
to remove), pseudosecondary (formed during stress-induced
cracks and subsequently trapped), and secondary (formed
post-crystallization in intergranular cracks, easier to remove)
(Shi et al., 2023). Inclusions can also be classified as min-
eral, melt, or fluid inclusions, with fluid inclusions — com-
prising H,O, CO,, CHy4, N>, and hydrocarbons — being most
abundant. Inclusions affect purification by introducing impu-
rities and producing etch pits that generate bubbles in quartz
glass. Quartz lattice impurities are formed when other metal
or non-metal ions substitute silicon atoms in the quartz lat-
tice, and they are closely related to the point defects in the
quartz crystal (Stalder, 2021). The point defects in quartz
crystals include vacancies, substitutional atoms, and intersti-
tial atoms, with the latter two being the primary modes of
lattice impurity element introduction. Foreign impurity ions
such as Ti*t, Ge**, AI3t, B3*, Fe3t, and P3* substitute for
Si**, forming substitutional impurity elements. At the same
time, when certain non-tetravalent ions replace Si**, com-
pensation ions like K, Na™, and Li™ are introduced into
the atomic gaps to maintain electrical charge balance, form-
ing interstitial impurity elements (Larsen et al., 2004). These
lattice impurities are difficult to remove from quartz using
existing purification processes.

Considering the fact that leucogranite forms in high-
temperature environments and the incorporation mechanisms
of impurity elements in quartz, elements such as Ti and Al
can easily enter the quartz lattice structure in large quanti-
ties. This makes leucogranite difficult to use as a raw ma-
terial for purifying high-purity quartz. However, Himalayan
leucogranite has a relatively low crystallization temperature,
typically below 800 °C (Cisneros et al., 2020). Studies show
that the zircon saturation temperature range for most Hi-
malayan leucogranite is between 650 and 750 °C (Xie, 2023;
Gao et al., 2024; Aikman et al., 2012). In this study, us-
ing the quartz-Ti thermometer, the formation temperature of
leucogranite samples was calculated to be between 451 and
569 °C, indicating that the formation conditions are similar
to those of pegmatitic crystallization temperatures and pres-
sures, providing a source of high-purity-quartz raw material.

Table 3 shows that quartz grains from the XZ-BG and XZ-
W1 leucogranite samples after the final purification process
contain 99.9969 wt % and 99.9959 wt % SiO», respectively
(Table 3). Al and Ti contents are typically used as indica-
tors of quartz quality because these elements are among the
most common and hardest-to-remove trace elements. Quartz
grain samples were plotted in the Al-Ti high-purity-quartz
classification diagram (Miiller et al., 2007), and both sam-
ples fall within the high-purity-quartz field (Fig. 6). How-
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Figure 6. Al vs. Ti plot of quartz in leucogranites from Tibet (after
Miiller et al., 2007).

ever, compared with the benchmark high-purity-quartz sand
produced by Unimin (IOTA® standard), regarded as a bench-
mark material in HPQ research and industry because of its
exceptionally high purity and extremely low trace element
contents, the residual Li and Ti contents of purified quartz
grains are still relatively high (Fig. 5). This indicates that, al-
though the quartz grains from Dinggye leucogranites could
meet the HPQ field in terms of Al-Ti contents, a further re-
duction in Li and other trace elements such as Ti would be
required to approach the IOTA® benchmark level.

6 Conclusion

The XZ-BG and XZ-WJ] samples from the Dinggye
leucogranite body in Tibet are both classified as peralumi-
nous S-type leucogranites, likely derived from a source re-
gion composed of gneissic and metamorphosed shale ma-
terials. The charge compensation mechanisms and coordi-
nation modes of impurities in the quartz lattice are rela-
tively complex, and, overall, the samples crystallized in a
low-temperature mineralization environment comparable to
that of pegmatites. Ti-in-quartz thermometry indicates av-
erage quartz crystallization temperatures of approximately
542 °C for XZ-BG and 504 °C for XZ-W]. Purification ex-
periments demonstrate that inclusion-related impurities in
quartz can be effectively removed, yielding final products
with SiO, contents of 99.9969 wt % and 99.9959 wt %, re-
spectively. Although residual Li and Ti concentrations re-
main relatively higher than those of IOTA®, both samples
plot within the high-purity-quartz field on the Al-Ti discrim-
ination diagram, suggesting that even higher-purity quartz
could be achieved through further optimization of the pu-
rification process. Overall, this study confirms that Dinggye
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leucogranite can serve as a promising source of quartz with
favorable purification potential. It also highlights that explo-
ration and raw-material evaluation should consider not only
the distribution of leucogranite bodies but also the trace el-
ement composition of quartz, crystallization temperatures,
and residual impurity characteristics after purification. These
findings provide a solid foundation for the further investi-
gation and assessment of leucogranite-hosted high-purity-
quartz resources in Tibet.
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