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ARTICLE INFO ABSTRACT
Keywords: Strongly fractionated granitic-pegmatitic rocks of the Qongjiagang area, Himalayan orogen are associated with
Tourmaline economically important rare metal (e.g., Li, Nb, Be, and Ta) mineralization. Tourmaline is a frequent mineral in
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Magma differentiation
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both the granites and pegmatites, which makes it an ideal candidate for investigating magmatic to hydrothermal
processes that led to the rare metal enrichment. However, a systematic investigation of the response patterns of
tourmaline compositions to differentiation processes is still lacking. In this study, we present petrographic and
characteristics of the granitic-pegmatitic rock suites, as well as the chemical and boron isotopic compositions of
tourmaline. Tourmalines in all samples exhibit schorl characteristics. Those from part of the muscovite granites
exhibit pronounced zoning with highest MgO contents and 5'!B ratios being recorded by their cores (5!'B: —10.0
~ —7.74 %) whereas the rims trend to lower 8''B (—~11.8 ~ —10.5 %o). The 5!1B ratios of the tourmaline rims are
close to those of unzoned tourmalines of the other muscovite granite samples (—12.5 ~ —12.1 %o). Tourmalines
of tourmaline granite (—14.5 ~ —13.9 %o) and barren pegmatite (—14.0 ~ —12.9 %o) exhibit comparably low
5!!B ratios. The ones in beryl pegmatites are characterized by the lowest 5!'B ratios (—15.7 ~ —14.3 %) but at
the same time high concentrations of B;Os and enrichment in Pb, Nb, Ta, and the light rare earth elements.
Notably, tourmalines of spodumene pegmatites show variable 5'!B ratios (—14.6 ~ —10.3 %) and at the same
time high values of Al;03, B2Os, Li, Be, Sn, Cr, La, Ce, Pb, and Zn, yet low SiO». The textural position, as well as
element and B isotope composition of tourmaline suggest a magmatic origin of all tourmalines, and record the
magma differentiation from early muscovite granite to the subsequently formed pegmatites, with tourmaline of
the spodumene pegmatite being subsequently altered by hydrothermal fluids. The variable composition of the
tourmalines records independent enrichment of different rare metals during differentiation. Following this,
tourmaline is a useful tool to reconstruct rare metal enrichment and mineralization processes controlled by
granite magma differentiation and during interaction with externally derived fluids at the magma-
tic-hydrothermal transition.

1. Introduction significantly enriched in granites and pegmatites, such as the Cuona-
dong Be-Sn deposit (Li et al., 2017), the Gabo Li deposit (Li et al., 2022),

Rare metals (such as Li, Be, Nb, Ta, Sn, and W) are considered the Qongjiagang Li deposit (Qin et al., 2021), and the Zhaguopu Li-Nb-
important resources that are critical for modern economies. They can be Ta deposit (Zheng et al., 2024a) of the Himalayan orogenic belt. Among
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those, the Qongjiagang Li deposit is a pegmatite-related deposit, char-
acterized by a large volume of Li resources (Qin et al., 2021), and high
concentrations of Be, Nb, and Ta. It is superexcellent area to research
Magma differentiation and rare metal mineralization due there are more
complete granite-pegmatite at Qongjiagang than other areas in the Hi-
malayan orogenic belt. Although previous studies provided limited
geochronological data and spatial relationships of the ca. 25-22 Ma
granites and pegmatites (Liu et al., 2020), the mechanism of rare metals
enrichment in the different rock types is yet poorly understood, mainly
due to the lack of thorough studies on the mineralogy, petrology, and
emplacement conditions of the associated granites. Several studies
indicate that most of the granites and associated ore-bearing pegmatites
in the Himalayan orogen contain tourmaline (Wu et al., 2020, Cao et al.,
2022). Thus, the tourmaline may trace the granite-related rare metal
mineralization.

Tourmaline is compositionally and texturally sensitive to its growth
environment with a slow intracrystalline diffusion rate of major and
trace elements (van Hinsberg et al., 2011b, Bosi, 2018). Thus, it is
characterized by a high compositional variability and typically pre-
serves complex compositional zoning patterns (Henry et al., 2011, van
Hinsberg et al., 2011a, van Hinsberg et al., 2011b) that can be used to
trace the magma/fluid sources and their evolution (Hu et al., 2018,
Xiong et al., 2022, Chen et al., 2023, Zheng et al., 2024b). Thus, tour-
maline can be a useful tool to trace the granite-related rare metals
mineralization processes in the Qongjiagang area (Li et al., 2017, Wang
etal., 2017, Wu et al., 2020). Recently, abundant research data indicate
that the changing chemical compositions of tourmaline might reflect
chemical changes in the respective evolving magmatic systems (Yang
et al., 2015a, Zhou et al., 2019, Cheng et al., 2020, Hu et al., 2022, Xie
et al., 2023). Especially, the 5'!B values of tourmaline are decreasing
with magma differentiation yet increasing by fluid-rock interaction
during hydrothermal alteration (Zhao et al., 2021, Xie et al., 2023, Yin
et al., 2023, Zhang et al., 2024, Lv et al., 2025). Nonetheless, a sys-
tematic investigation of the changes of the tourmalinés chemical and
isotopic compositions during differentiation processes is still lacking in
the Qongjiagang area.

In case of the pegmatites, it is difficult to decipher the original
magma composition. Whole rock geochemical data is often not repre-
sentative for the composition of pegmatites due to their extremely large
grain sizes and changes in the magma composition during fluid release
and fluid-rock interaction in the pegmatite stage. Tourmaline is a
promising tool to record both the magmatic evolution and the subse-
quent hydrothermal processes. Since a range of partition coefficients is
recorded for trace-element partitioning between tourmaline and silicate
melt based on experimental data and model calculations (van Hinsberg
et al., 2011b, Huan et al., 2023, Ji et al., 2023), the composition of
tourmaline can directly record the compositional signature of its host
melt in magma-controlled systems (van Hinsberg, 2011, Cheng et al.,
2022).

In this study, we present petrological data for a series of contempo-
raneously emplaced granites and pegmatites from the Qongjiagang area,
Himalayan orogen as well as in-situ analyses of the major and trace
element and B isotope composition of their respective tourmalines. The
compositional variations of the tourmalines are used to trace the source
and evolution of the granitic magma and the enrichment of rare metals.
The results do not only provide insights into changes of the B isotope
composition of tourmaline during magma differentiation and later hy-
drothermal fluid alteration, but also shed new light on the relations of
the granites with pegmatite-type rare metals mineralization.

2. Geological setting and samples
2.1. Regional geological setting

The Himalayan orogen is one of the largest and best-known colli-
sional orogens (Hodges, 2000, Yin et al., 2006, Kohn, 2014, Searle and
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Treloar, 2019, Weller et al., 2021). It formed from subduction of the
Indian continental crust and subsequent collision with the Eurasian
plate along the Indus-Tsangpo suture zone after disappearance of the
Neo-Tethys (Yin et al., 2006). It comprises four main litho-tectonic units
(Yin et al., 2006), which are the Tethyan Himalayan (TH), the Greater
Himalayan (GH), the Lesser Himalayan (LH), and the Sub-Himalaya
(SH), from north to south (Fig. 1). Those tectonic units are separated
by the South Tibetan Detachment System (STDS), the Main Central
Thrust (MCT), and the Main Boundary Thrust (MBT), respectively.

Multiple magmatic-tectonic events are recorded for the Himalayan
orogen (Wuetal., 2014, Wu et al., 2020, He et al., 2021, Cao et al., 2022,
Wang et al., 2022), that are related to the Neo-Tethyan slab break-off in
the early Eocene (49-40 Ma), the Indian lithosphere low angle under-
thrust in the late Eocene-early Oligocene (39-29 Ma), the Indian lith-
osphere lateral slab rollback in the late Oligocene-middle Miocene
(28-15 Ma), the Indian lithosphere slab vertically tearing in the late
Miocene (14-7 Ma), and the Indian lithosphere flat underthrust in the
late Miocene-Pliocene-Pleistocene (6-0.7 Ma). In the Himalayan oro-
gen, the TH and GH are the most crucial units to record its geological
evolution.

The TH consists of Proterozoic to Mesozoic marine sedimentary
rocks (such as clastic sediments and carbonate rocks) and low-grade
metamorphic rocks. The sedimentary rocks were deposited at the pas-
sive margin of the northern Indian plate (Aikman et al., 2008). The TH is
subdivided into two units based on rock type and metamorphic evolu-
tion. The southern part mainly comprises Proterozoic-Cenozoic marine
sedimentary rocks of the Indian plate margin which underwent low-
grade metamorphism at 23-17 Ma (Law et al., 2006). The northern
part of the TH consists of three different rock units, i.e. deep-water
sediments, flysch, and an ophiolitic mélange associated with the
closure of the Tethys Ocean. This sequence was intruded by abundant
Cenozoic granite bodies (Wu et al., 2020) that display an E-W-trending
arrangement along the northern Himalayan margin (Hou et al., 2012, He
et al., 2021, Ma et al., 2022, Gao et al., 2023).

The GH is an enormous nappe that formed as a result of subduction
of the Indian plate and its subsequent collision with the Eurasian plate
(Capitanio et al., 2010). It comprises amphibolite- to granulite-facies
metasedimentary and meta-igneous rocks with minor late Proterozoic
to Paleozoic marine sedimentary rocks (Singh, 2020). It was intruded by
numerous Cambrian-Ordovician and Oligocene-Miocene (leuco-)gran-
ites (Wu et al., 2014, Wu et al., 2020, He et al., 2021, Cao et al., 2022,
Wang et al., 2022).

There are obvious differences between the Cenozoic granites of the
two different litho-tectonic units. Granitoids of the TH are characterized
by more variable emplacement ages and compositions than those of the
GH. Oligocene-Miocene granites of both belts have a high economic
potential due to the occurrence of pegmatite-related rare metals deposits
and mineralized granites (Li et al., 2017, Qin et al., 2021, Li et al., 2022,
Zheng et al., 2024a). The recently discovered, giant Qongjiagang lithium
deposit, including the study area, is situated within the GH leucogranite
belt (Fig. 1). It comprises peraluminous and highly fractionated leu-
cogranites and pegmatites with emplacement ages of 25-24 Ma, based
on LA-ICP-MS U-Pb dating of monazite and columbite-tantalite (Zhao
et al.,, 2021, Liu et al., 2020). The granitic-pegmatitic suites, which
formed by crustal melting and underwent strong magmatic fraction-
ation, partly show strong enrichment of columbite-tantalite, cassiterite,
and beryl. Li mineralization is mainly found in spodumene pegmatites,
which belong to the peraluminous LCT (Li-Cs-Ta-rich) pegmatite family.
The rare metal enrichment of the granites and pegmatites is mainly
attributed to extreme magmatic differentiation of the granitic magma
and subsequent fluid release at the magmatic-hydrothermal transition.

2.2. Qongjiagang area

In the Rongxia valley-Qongjiagang mountain area (in the following
summarized as Qongjiagang area), the major geological units exposed
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Fig. 1. (a) Topographic map of the Himalayan orogen and adjacent area,

are the Jiangdong formation and the Rougiecun group of the Greater
Himalayan crystalline sequence (GH) (Figs. 2, 3). The Jiangdong for-
mation is exposed in the southwestern part of this area. It mainly con-
sists of a Proterozoic-Paleozoic metasedimentary suite and igneous rocks
(Gou et al., 2017) which underwent Paleogene amphibolite to granulite
facies metamorphism at ca. 47-29 Ma (Ding et al., 2019). The Rougie-
cun group, a frequent Ediacaran-Cambrian unit in the Everest area, is
exposed in the northeastern sector of the Qongjiagang area. The major
rock types of this group are greyish-black biotite-bearing phyllite and
calcareous quartzite, as well as younger quartz-rich marble intercalated

(b) Geological map of the Himalayan orogen (modified by Wang et al., 2022).

with minor phyllite. Cenozoic granites and associated pegmatites tran-
sect the metamorphic basement as dykes, veins, or small plutonic bodies
which are emplaced along the Rongxia valley (NE-SW, Figs. 2, 3).
Quaternary sediments cover most of the geological units.

The granites mainly comprise two-mica granite, muscovite granite,
tourmaline granite, and albite granite. No clear contacts are observed
between the different granite types (Fig. 2). Two-mica granites are
distributed in the Rongxia valley and intruded the Jiangdong formation.
Wall rocks mainly consist of marble, gneiss, and schist (Fig. 3a-c, e).
Muscovite granites mainly occur in the Rongxia valley of the Cuore
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Fig. 2. (a) The geological map of the Qongjiagang area.
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Fig. 3. (a) The Jiangdong formation covered by snow at the western flank of Cho Oyu Mountain; (b) Plutonic bodies of muscovite granite intruded into marble of
Jiangdong formation; (c-d) Veins and lenticular bodies of tourmaline granite transect gneiss and marble; (e-f) The barren pegmatite occurs within a granite body
intruding the Jiangdong formation; (g) Beryl pegmatite veins transect the granite body; (h-i) Spodumene pegmatite veins and lenses intruded into marble and phyllite

of the Rougiecun group.

region, and also intruded the Jiangdong formation (Fig. 3b). The tour-
maline granites intruded either the Jiangdong formation at Cuore or
marble and phyllite of the Rouqgiecun group at Qongjiagang (Fig. 3 d and
i). The main wall rocks of the latter two granite types are gneiss and
marble with some skarn developed at the granite-wall rock contacts
(Fig. 3c-d). Among the pegmatites, barren pegmatites were discovered
most frequently in Qongjiagang area, whereas beryl pegmatites were
mainly found at Cuore and Qongjiagang. The barren and beryl pegma-
tites are in contact with both granite and metamorphic wall rock
(Fig. 3e-g). The spodumene pegmatites are exposed at Cuore, Pusila,
and Qongjiagang as veins or lenticular bodies emplaced within the
Jiangdong formation and Rougiecun group (Fig. 3h-i). They always
occur in the vicinity of tourmaline granite.

3. Methods
3.1. BSE images and EDS major element data

The backscattered electron (BSE) images and major element

compositions of minerals were obtained using Tescan Vega SEM coupled
with an Oxford EDS at the Karlsruhe Institute of technology (KIT).
Analytical parameters are 20 kV voltage, and 1 pm spot size. Each
mineral was measured at least three times.

3.2. Tourmaline LA-ICP-MS element analysis

Tourmaline major and trace element compositions were analyzed by
LA-ICP-MS at the Wuhan SampleSolution Analytical Technology Co.,
Ltd., Wuhan, China. Detailed operating conditions for the laser ablation
system and the ICP-MS instrument and data reduction are the same as
those described by Zong et al. (2017). Laser sampling was performed
using a GeolasPro laser ablation system that consists of a COMPexPro
102 ArF excimer laser (wavelength of 193 nm and maximum energy of
200 mJ) and a MicroLas optical system. An Agilent 7900 ICP-MS in-
strument was used to acquire ion-signal intensities. Helium was applied
as a carrier gas. Argon was used as the make-up gas and mixed with the
carrier gas via a T-connector before entering the ICP. A “wire” signal
smoothing device is included in this laser ablation system (Hu et al.,
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2015). The spot size and frequency of the laser were set to 42 um and 5
Hz, respectively, in this study. Trace element compositions of minerals
were calibrated against various reference materials (BHVO-2G, BCR-2G
and BIR-1G) without using an internal standard (Liu et al., 2008). Each
analysis incorporated a background acquisition of approximately 20-30
s followed by 50 s of data acquisition on the sample. The errors of all
tested elements are lower than 2 %. An Excel-based software ICPMS-
DataCal was used to perform off-line selection and integration of back-
ground and analyzed signals, time-drift correction and quantitative
calibration for trace element analysis (Liu et al., 2008).

3.3. Tourmaline boron isotope analysis

Tourmaline B isotope compositions were measured by LA-MC-ICP-
MS at the Wuhan Center of China Geological Survey, using the
Neptune plus multi-collector coupled with a RESOlution S155-LR 193
nm laser ablation system. Analyses were carried out with a beam
diameter of 43 pm, an energy density of 3.5 J/cm?, and 5 Hz repetition
rate. The analysis time is 90 s. The external standard is IMR-RB1 (Hou
et al., 2010), the standard sample is NIST SRM 951, and the monitoring
samples are 112566-Schorl and 98144-Elbaite,. In this study, all testing
and calculation is based on sample-standard bracketing. Standard IMR-
RB1 was used to emend the test results. The standard '!B ratios of IMR-
RB1, 112566-Schorl, 98144-Elbaite is —12.22 %o + 1.1 %o (P-TIMS),
—12.50 %o £ 0.05 %o, and —10.50 %o + 0.20 %o (Dyar et al., 2001). All
results from 112566-Schorl and 98144-Elbaite are in agreement with the
standard data within the given error range.
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3.4. EDX mapping of columbite-group minerals

The EDX mapping of columbite-group minerals was done by using
electron probe microanalyzer in Wuhan SampleSolution Analytical
Technology Co., Ltd., Wuhan, China. The instrument used is an JXA-
8230 of JEOL with an accelaration voltage of 15 KV. The peak anal-
ysis time is 100 s, and the background analysis time 30 s. The cali-
bration standard samples were provided by SPI company. We got Nb, Ta,
Mn, and other major element images and displayed the mapping of Nb,
Ta, and Mn element.

4. Results
4.1. Petrographic features and rare metal compositions

The petrographic investigation focused on the textural position of
various rare metal-bearing minerals in the different granites and asso-
ciated pegmatites of the Qongjiagang area. The Muscovite granite
(Fig. 4a-d) is mainly composed of fine- to medium-grained quartz (~35
%), plagioclase (~30 %), k-feldspar (~20 %), muscovite (~10 %), and
tourmaline (~4%). Accessory minerals comprise garnet, zircon, mona-
zite, and apatite. The tourmaline granite (Fig. 4e-g) contains medium-
to coarse-grained quartz (~35 %), plagioclase (30 %~35 %), k-feldspar
(~20 %), tourmaline (~7%), and muscovite (total ~ 5 %). Accessory
minerals include garnet, zircon, monazite, and apatite. The barren
pegmatite (Fig. 4h-j) contains fine- to medium-grained quartz (~30 %),
plagioclase (~25 %), k-feldspar (~30 %), muscovite (~6%), and biotite
(~5%). Accessory minerals are tourmaline (~3%), garnet, zircon,

S UE (;\rl)\ N

Fig. 4. Hand specimens and SEM-BSE images of muscovite granite (a-d), tourmaline granite (e-g), and barren pegmatite (h-j). (a) Tourmaline occurring together with
magmatic minerals in muscovite granite hand specimens, (b) Tourmaline bordering quartz and k-feldspar, (c) Subhedral to anhedral garnet, quartz and k-feldspar, (d)
Apatite inclusions in zircon and tourmaline. (e) Tourmaline is abundant in tourmaline granite, (f) Garnet inclusion in k-feldspar, (g) Columbite inclusion in k-feldspar
associated with quartz and apatite, (h) Minor tourmaline occurring in barren pegmatite, (i) Accessory garnet, tourmaline, and zircon next to k-feldspar and quartz, (j)
Apatite inclusion in muscovite, associated with k-feldspar and quartz. Abbreviations: Qtz—quartz; Pl—plagioclase; Kfs—k-feldspar; Ms—muscovite; Tur—tourma-

line; Srl—schorl; Grt—garnet; Ap—apatite; Zc—zircon; Col—columbite.
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monazite, apatite, and columbite-tantalite. The beryl pegmatite
(Fig. 5a-g) comprises fine- to medium-grained quartz (~30 %), plagio-
clase (~20 %), k-feldspar (~30 %), beryl (~5%), and muscovite (~11
%). The accessory minerals comprise tourmaline (~3%), zinnwaldite,
garnet, zircon, monazite, apatite, cassiterite, and columbite-tantalite.
The spodumene pegmatite (Fig. 5h-p) is mainly composed of fine- to
medium-grained quartz (~15 %), plagioclase (~20 %), k-feldspar (~35
%), and spodumene (20 %~30 %). Accessories are zinnwaldite (~3%),
tourmaline (~2%), zircon, monazite, apatite, cassiterite, and columbite-
tantalite. Notably, part of the muscovites record remarkably high Li
contents (see below).

The LipO and NbyOs + TapOs contents of barren pegmatite are
0.01-0.02 wt%, and 0.001-0.003 wt%, respectively. BeO contents are

Ore Geology Reviews 186 (2025) 106898

low. The Li50, BeO, and Nb,Os + Tay0s5 contents are 0.07 wt%, 0.3 wt%,
and 0.017-0.006 wt%, respectively, in beryl pegmatite, and 1.53-2.47
wt%, 0.03-0.08 wt%, and 0.004-0.025 wt%, respectively, in spodumene
pegmatite (Table 1). Following this, the spodumene pegmatite is the
major source for rare metals mineralization in the Qongjiagang area.

4.2. Tourmaline and accessory mineral textures

Rare metals-bearing accessory phases comprise tourmaline, garnet,
columbite, cassiterite, zinnwaldite, beryl, and spodumene (Figs. 4-5).
Tourmaline was mainly discovered in the granitic rocks. Hereby, the
modal contents of tourmaline increase from muscovite granite to tour-

maline granite. Remarkably, tourmaline exhibits a pronounced

Fig. 5. Hand specimens and SEM-BSE images of beryl pegmatite (a-g) and spodumene pegmatite (h-p). (a) Tourmaline occurring together with other minerals in
beryl pegmatite hand specimens, (b) Large beryl grain next to muscovite and quartz, (c) Garnet and apatite inclusions in plagioclase, associated with beryl and
muscovite, (d) Garnet with plagioclase inclusions bordered by k-feldspar and quartz, (e) Zinnwaldite formation at the grain contact between muscovite and quartz, (f)
Columbite inclusion in muscovite bordering beryl, (g) Inclusions of columbite and cassiterite in beryl, (h) Rare tourmaline occurring in spodumene pegmatite, (i)
Intergrowth of plagioclase (with marginal k-feldspar) and spodumene, (j) Inclusion of anhedral garnet in plagioclase, (k) Spodumene bordering plagioclase (with a
columbite inclusion); k-feldspar formation along the grain contacts, (1) Spodumene next to plagioclase. Grain contacts are marked by k-feldspar and tourmaline, (m)
mineral aggregate of interstitial cassiterite and apatite, (n) columbite with marginal tantalite filling the intergranular space of quartz, (o) Large euhedral spodumene
crystal with cassiterite inclusions, (p) Subhedral garnet with quartz inclusions next to quartz and feldspars; note the cassiterite inclusion in quartz. Qtz—quartz;
Pl—plagioclase; Kfs—k-feldspar; Ms—muscovite; Znw—zinnwaldite; Tur—tourmaline; Srl—schorl; Grt—garnet; Ap—apatite; Zc—zircon; Byl—beryl; Spd—spodu-
mene; Col—columbite; Tan—tantalite; Cst—cassiterite.
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concentric zoning pattern with a core-rim texture visible in the BSE
pictures of muscovite granite (sample 1-D0501-B02). In the pegmatites,
the amount of tourmaline is generally low. The tourmaline crystals are
euhedral to subhedral in the muscovite granites, tourmaline granite,
barren pegmatite, and beryl pegmatite, whereas only subhedral to
anhedral grains are observed in spodumene pegmatite (Figs. 4-6).
Marginal dissolution of tourmaline is particularly observed in the
spodumene pegmatite sample 1-L05-BO5 (Fig. 6).

Rare garnet occurs as virtually unzoned euhedral crystals in all rock
types and contains quartz and other mineral inclusions. Garnet itself is
enclosed by magmatic phases like K-feldspar and quartz. The highest
content and largest crystal size of garnet is recorded for the barren and
beryl pegmatites (Figs. 4-5).

Columbite and cassiterite are uniformly distributed within

Jﬁ]k ,/ " )
11 4%'

Fig. 6. Photo micrographs of tourmalines from different granites and pegmatites (a and c-k: PPL, b: SEM-BSE). The tourmalines were divided into four groups based
on the respective rock types and tourmaline textures, i.e. Turl (Turl-1 and Turl-2) from muscovite granite, Tur2 from tourmaline granite (Tur2-1) and barren
pegmatite (Tur2-2), Tur3 from beryl pegmatite, and Tur4 from spodumene pegmatite. The white and magenta points represent the locations of analyses of the major
and trace element and boron isotope composition, respectively. The analysis number is marked in the figures, and stippled lines link the different spots of individual
analytical sequences. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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individual samples and are mainly observed along the grain boundaries
of the magmatic phases in muscovite granite, tourmaline granite, barren
pegmatite, and beryl pegmatite. Moreover, they occur as inclusions in
beryl and spodumene. Their modal content is remarkably high in the
spodumene pegmatite, where they occur as mineral aggregates filling
the intergranular space of spodumene crystals (Fig. 5h-i). Columbite is
also observed as inclusions in the feldspars. Notably, some tantalite
occurs as inclusions in the marginal zones of texturally early columbite
in the spodumene pegmatite.

Zinnwaldite always occurs in the vicinity of muscovite in the beryl
pegmatite, yet as independent crystals in the spodumene pegmatite.
Beryl was observed in the tourmaline granite, beryl pegmatite (main
occurrence), and spodumene pegmatite as remarkably large grains in
direct grain contact with quartz and muscovite (Fig. 5). It contains
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frequent inclusions of cassiterite. Abundant spodumene was only
observed in the spodumene pegmatite (Fig. 5) where it forms large
crystals intergrown with quartz, plagioclase, k-feldspar, tourmaline,
garnet, apatite, cassiterite, and columbite-tantalite. It also contains in-
clusions of cassiterite.

4.3. Tourmaline major and trace element compositions

According to the classification of Henry and Dutrow (2011), most
tourmalines belong to the alkali group and plot close to the (Na + K)-Ca-
X-site vacancy connection line in the ternary diagram after (Hawthorne
and Henry, 1999) (Fig. 7a), with rare samples crossing the border be-
tween the vacancy and alkali group fields. In the ternary 2Li-Fe-Mg di-
agram after Henry and Guidotti (1985) all tourmalines can be
characterized as schorl with high Fe-contents (Fig. 7b, Henry and Gui-
dotti, 1985). Moreover, they plot in the Na-rich schorl field in the Na/
(Ca + Na)-Mg# diagram (Fig. 7c, Mg# = Mg/(Mg + Fe2+)), and in the
Al-rich schorl field in the total Al-Mg# diagram after Henry et al. (2011)
(Fig. 7d).

Notably, the tourmalines from different rock types show systematic
differences in their compositions (Fig. 7, Table 2): (1) Turl: The tour-
malines display variable MgO (0.75-4.57 %) and FeO (9.37-14.3 %)
contents. The major element compositions of tourmaline rims (Turl-2)
in the muscovite granite sample 1-D0501-B0O2 are close to those of
unzoned tourmaline in the muscovite granite sample 1-D0418-1. Tour-
maline cores (Turl-1) are characterized by lower MgO, Al,0s3, and CaO,

Ca
Calcic group

Alkali group

@ o "\ ‘ oo

Vacancy group
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yet higher FeO contents (Fig. 8a-d). When compared to the other tour-
maline types, Turl tourmalines are characterized by the highest average
Mg# (molar Mg/(Mg + Fe)). (2) Tur2: The major element compositions
of tourmalines from the tourmaline granite (Tur2-1, sample 1-D0395)
and barren pegmatite (Tur2-2, samples 1-D0305 and 1-D0392-1) are
characterized by higher Fe and lower Al contents than Turl. (3) Tur3:
Tourmaline of the beryl pegmatite (Tur3, sample 1-bc2-2) composi-
tionally resembles Tur2. (4) Tur4: Tourmaline of the spodumene
pegmatite (Tur4, sample 1-QJG6, 1-QJG7, 1-QJG9, and 1-L05-B05) is
characterized by higher ByOs (9.14-9.77 %, except an outliner), Li
(0.24-0.58 apfu), total Al (6.22-6.89 apfu), and Na + K (0.72-1.98 apfu)
contents, yet lower SiO; (35.2-39.7 %, except one outliner), and Na/(Ca
+ Na) ratios (0.75-0.93) when compared to tourmaline of other samples
(Fig. 9a-c).

In Core zones (turl-1) of Turl exhibit lower V, Co, and Ni, yet higher
Zn contents than the rims (turl-2; Fig. 8e-h). Tur3 is enriched in Be
(5.85-13.1 ppm), Nb (0.69-1.87 ppm), Ta (0.13-0.73 ppm), and Sn
(41.0-76.5 ppm) when compared to the other tourmaline types, and
characterized by high Sr/Y ratios (283-642, except one outlier).
Regarding their trace element concentrations, the Tur4 tourmalines of
the spodumene pegmatite have the highest overall rare earth element
(REE) contents (6.07-78.9 with a median of 15.9) and are characterized
by a stronger fractionation of LREE over HREE than the other tourmaline
types (Table 2). They are slightly enriched in Li (1736-4097 ppm), Be
(4.39-16.3), Nb (1.02-3.61 ppm), Ta (0.48-2.52 ppm), Sn (49.2-102
ppm), Cr, La, Ce, Pb, and Zn contents (Fig. 9d-i), and show high Sr/Y
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Fig. 7. Classification of the tourmalines from the Qongjiagang area. (a) Ternary Ca-X-site vacancy-Na + K diagram after Hawthorne and Henry (1999), (b) Ternary
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Fig. 8. Major (a-d) and trace element (e-h) zoning patterns of tourmalines in muscovite granite (sample 1-D0501-B02).

ratios (355-1573, except two outliers).

Notably, the (Na, Mg) (Xvacancy + Al).1 substitution mechanism is
dominant for Turl to Tur3 (Fig. 10), yet Tur4 exhibits a different sub-
stitution scheme (Fig. 10a, c). A trend of increasing Fe, Na, K, and Li is
observed for tourmalines of successively emplaced granitic rocks
whereas the Mg content remains almost constant.

4.4. Boron isotope compositions of tourmaline

Variable but systematic changes in the B isotope ratios are recorded
for tourmaline in the successively emplaced granites and pegmatites
from the Qongjiagang area (Fig. 11, Table 3).

Cores of tourmaline in muscovite granite (Turl-1) show the highest
average 5!'B (8''B = 1'B/1%B) values ranging from —10.0 to —7.74 %,
with a mean of —8.88 %o. Rims of zoned tourmaline crystals and unz-
oned tourmaline of the muscovite granite (Turl-2) show lower 5B
values of —12.8 to —10.5 %o, with a mean of —12.1 %o. Tourmaline from
tourmaline granite (Tur2-1) shows 5!'B values of —14.5 to —13.7 %o,
with a mean of —14.1 %o. The 5!'B values of Tur2-2 from barren
pegmatite range between —14.0 and —12.6 %o, with a mean of —13.2 %eo.
The 8B values of tourmaline from beryl pegmatite are comparably low,
ranging from —15.7 to —14.3 %o, with a mean of —15.2 %o, whereas
those of tourmaline from spodumene pegmatite (Tur4) are strongly
variable (14.6 to —10.3 %o).

All analyzed 8''B values are within the range of those known from
other rock types of the Himalayan orogen (Fig. 12). Hereby, Turl dis-
plays the highest isotopic ratios in the Qongjiagang granite-pegmatite
system, which are close to values of tourmaline from Himalayan meta-
pelite (—12 %o to —9%o, Figs. 11-12) provided by Ji et al. (2023). From
Turl to Tur3, a gradually decrease of the §'!B values can be observed,
whereby Tur3 displays the lowest isotopic ratios of all tourmalines of the
Qongjiagang granite-pegmatite system (Figs. 11-12). Remarkably, the
5!'B values of tourmaline from the late spodumene pegmatite (Tur4)
deviate from this trend, exhibiting strongly variable 5''B values, which
are mostly even higher than those of Tur3 (Figs. 11-12).

4.5. Columbite-group minerals from spodumene pegmatite

Columbite-group minerals (CGMs) primarily occur in pegmatites. In
particular, the compositions are abundant in spodumene pegmatite
where the CGMs typically form euhedral-subhedral crystals that are
commonly intergrown with quartz, mica, and spodumene. In addition,
they occur as rare tiny inclusions in mica and plagioclase. BSE imaging
and EDX mapping of these grains reveal three distinct types of crystals
(Fig. 13). Type 1 with a Nb-rich core and Ta-W-rich rims (Fig. 13a-d),
type 2 crystals with distinct chemical textures which ones (Fig. 13e-h).
and finally type 3, which are characterized by no-zoning and cluttered
chemical textures (type 3, Fig. 13i-m).

5. Discussion
5.1. Origin of tourmalines

The tourmalines investigated in this study were subdivided into four
groups based on the tourmaline textures and their major and trace
element compositions (Figs. 7-10). All tourmaline crystals are homo-
geneously distributed in their respective rock samples. They are sub-
hedral in the muscovite granite, tourmaline granite, barren pegmatite,
and beryl pegmatite (Turl-3), yet subhedral to anhedral due to marginal
dissolution in spodumene pegmatite (Tur4). The tourmalinés textural
occurrence suggests that the tourmaline is magmatic in origin but, in
case of Tur4, was affected by hydrothermal alteration (Fig. 6).

The major element compositions of all analyzed tourmalines corre-
spond to schorl with high Na + K and Al contents (Fig. 7). The tour-
malines display high Li and Sn contents, Li/Sr ratios, yet low Cr and V
contents (Fig. 14), consistent with the commonly observed character-
istics of magmatic tourmaline (Zhao et al., 2019, Harlaux et al., 2020, Yu
et al., 2024). Remarkably, the 5'1B values of Turl tourmaline cores are
close to those of metapelites in the Himalayan area (Ji et al., 2023)
(Figs. 11-12), suggesting that the granitic rocks hosting the tourmaline
formed from partial melting of a metapelitic source. This interpretation
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Fig. 12. The boron isotope values of the different tourmalines from granites
and pegmatites of the Qongjiagang area compared to the overall boron isotope
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Greater-Tethyan Himalayan belt (histogram). The isotopic data of the granitic
rocks defines normal distribution of boron isotope values with three peaks.
Hereby, low boron isotope values on the right represent strongly differentiated
granitic rocks, whereas high boron isotope ratios on the left mirror granites that
underwent less differentiation. Boron isotope data of the histogram are mainly
derived from tourmaline of High-Tethyan Himalayan granitic rocks
(Chaussidon and Albarede, 1992, Yang et al., 2015a, Gou et al., 2017, Zhou
et al., 2019, Cheng et al., 2020, Han et al., 2020, Fan et al., 2021, Hu et al,,
2022, Liu et al., 2022, Fan et al., 2023, Ji et al., 2023, Xie et al., 2023, Cheng
and Zhang, 2024).

is supported by the available whole rock geochemical data for granitic
rocks (Fig. 14) in the Himalayan belt, confirming their crustal origin (Liu
etal., 2020, Wu et al., 2020, Cao et al., 2022). In case of Tur4, higher Li,
Be, Cr, Pb, Zn, and LREE (La, Ce) contents and variable major element
compositions (Fig. 9), when compared to those of the other tourmaline
types indicate that Tur4 initially also formed in the magmatic stage in a
highly differentiated magma but was altered due to later interaction
with a high-B external hydrothermal fluids (Harlaux et al., 2020, Ji
et al., 2023, Xie et al., 2023, Cheng and Zhang, 2024). The partly high
5'!'B values of tourmaline suggest that the fluid responsible likely
derived from the metasedimentary host rocks, like marble 6''B=5 %o,
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Xie et al., 2023) or other metasedimentary materials like metapelite (Ji
et al.,, 2023). This interpretation is supported by the observation of
embayed and irregular grain boundaries of tourmaline and the occur-
rence of newly formed secondary minerals such as hematite (Fig. 4i) and
columbite group minerals (Fig. 4m) in the spodumene pegmatite.

5.2. Records of the magma differentiation

In the Qongjiagang area, the geochronological data indicate that the
granites and pegmatites formed over a short period of time from ca. 25
Ma to 22 Ma(Liu et al., 2020) indicating that granites and pegmatites are
genetically related. Many authors used whole rock geochemical data of
these granitic rocks to elucidate magmatic differentiation processes
(Wang et al., 2017, Liu et al., 2020, Wu et al., 2020, Liu et al., 2023a).
These studies show that crustal anatexis and extreme fractional crys-
tallization are the main factors controlling the formation of the Li-rich
pegmatites associated with the leucogranites. In the peraluminous,
volatile-rich granite magma, the lithophile elements like Li, Cs, Ta, Nb,
and Be are highly incompatible and thus remain in the melt during
crystallization, leading to their strong enrichment in the residual melts
which finally intrude as Lithium-Cesium-Tantalum (LCT) pegmatites.

The rare metal mineralization sequences observed in the granite and
pegmatite samples from the Qongjiagang area follow a normal trend
(LCT-type pegmatite), i.e. Be (beryl) mineralization prior to Li (spodu-
mene) mineralization (Wang et al., 2017, London, 2018, Liu et al., 2020,
Wu et al., 2020). Increasing Zn, Sn, Nb, and Ta contents and Zn/Sn and
Nb/Ta ratios from Turl to Tur4 indicate a positive correlation of these
elements and increasing ratios with increasing differentiation (Fig. 15a-
b). In other studies, the V and Co contents in tourmaline were shown to
be powerful in deciphering the relative crystallization sequence of
tourmaline in granitic rocks (Yang et al., 2015b, Hu and Jiang, 2020).
From Turl to Tur3 of our granite and pegmatite samples, both the V and
Co contents increase (Fig. 15¢). However, lower V and Co contents than
Tur3 can’t be explained by magmatic differentiation processes alone but
additionally require interaction with a hydrothermal fluid, as is also
suggested by variable but comparably high Li, Be, Cr, Pb, Zn, and LREE
contents of Tur4 (Fig. 9). This divergent trend is also recorded by the P
vs. B, Sr vs. Pb, and Sr vs. Li ratios of Tur4 (Fig. 15d-f).

Notably, the 3''B values of tourmaline are commonly decreasing
with increasing differentiation of the granitic magma in granite-related
rare metals deposits (Zhao et al., 2021, Xie et al., 2023, Yin et al., 2023,
Zhang et al., 2024, Lv et al., 2025), yet increasing during the hydro-
thermal alteration. The trend of decreasing ''B values with increasing
differentiation is also observed for other granitic rocks of the Himalayan
belt (Zhao et al., 2021, Yin et al., 2023, Zhang et al., 2024, Lv et al.,
2025) including the Cuonadong deposit (Xie et al., 2023). Accordingly,
the decreasing 5''B values of tourmaline from Turl to Tur3 are attrib-
uted to successive magma differentiation (fractionation of solids and
release of fluid from magma), in agreement with the geochemical and
petrographic data. Increasing values 5''B values from Tur3 to Tur4, also
seen in the Al vs. 8''B diagram (Fig. 15 g), presumably result from
interaction of the Tur4 with external fluids derived from wall rocks, as
also suggested by textural evidence (partly resorbed grain margins and
chemical characteristics of Tur4, abundance of secondary phases in the
spodumene pegmatite). T These externally derived fluids likely source
from high 5''B marble (6''B = 5 %o, Xie et al., 2023), which is an
abundant host rock at Qongjiagang or other metasedimentary materials
like metapelites (Ji et al., 2023).

Combining the new major and trace element and boron isotope data
of the different type tourmalines, we can define three distinct evolu-
tionary stages of tourmaline formation, which initially recorded magma
differentiation (Turl to Tur3), altered by a subsequent magma-
tic-hydrothermal transition stage in case of Tur4 (Fig. 16): (1) Turl is
characterized by highest 5''B values, lowest Sn-Zn contents, and vari-
able Sr-Li-Pb contents. The &!'B is decreasing from core to rim, yet Li
values and Sr/Y ratios display opposite trends. These data indicate that
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Fig. 13. The BSE graphs (dark background) and EDX mapping (white background) of CGMs from spodumene pegmatite. In the BSE graphs, light areas represent the
high Ta compositions, yet dark areas represent high Nb compositions. According to their cmpositional characteristic, the CGMs were divided into three types, i.e..
type 1 with Nb-rich cores and Ta-W-rich rims (a-d), and type 2 with Ta-W-rich cores and Nb-rich rims chemical characteristics (e-h), as well as rare type 3 which

exhibit no-zoning and cluttered chemical textures (i-m).
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Turl formed in the magmatic stage and crystallized from

an early-stage

low fractionation magma; Consistent with this interpretation, boron
isotope compositions of Turl core are close to those of the metapelitic
source rocks, (2) Tur2 and Tur3 display lower 5!'B values than Turl,
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presumably resulting from successive magma differentiation and also
display lower Li contents and Sn/Zn ratios, in agreement with their
crystallization from a more evolved granitic magma; (3) Tur4 charac-
terized by higher but strongly variable 5!!B values than Tur3 indicating
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Fig. 15. Binary diagrams of selected major element oxides, trace element ratios, and 5!'B values of tourmalines. (a) Co vs. V, (b) Sr vs. Li, (c) Sr vs. Pb, (d) Ta vs. Nb,
() Sn vs. Zn, (f) Py0s vs. ByOs, (g) Al,05 vs. 8!1B. The green arrows display the proposed evolutionary trends (see text for discussion).

the influx of external fluids. The high and variable 5''B values correlate
with high and variable Li, Be, Nb, and Ta contents and are associated
with a modal increase of minerals related to a Li-Nb-Ta mineralization
(spodumene, zinnwaldite, Nb-Ta phases). Since structures (e.g., miar-
olitic structures and unidirectional solidification texture) related to
exsolved fluids are absent in the investigated spodumene pegmatite, the
composition of Tur4 is interpreted to result from its interaction with a
hydrothermal fluid rather than being related to exsolution of fluid from
the granitic magma at the magmatic-hydrothermal transition stage.

5.3. Rare metals enrichment and mineralization at the Qongjiagang area

Three main mechanisms are suggested to cause rare-metal enrich-
ment in granitic-pegmatitic systems: (1) pre-enrichment of the sources
(Wolf et al., 2018, Yuan et al., 2019, Romer and Kroner, 2022), (2)
fractional crystallization (London, 2005, 2018), and (3) fluid release
from the magma during the transition of the magmatic and
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hydrothermal stage (Borisova et al., 2012, Thomas and Davidson, 2016).
As discussed in chapter 5.1 and 5.2 the geochemical compositions of the
four tourmaline types observed in granites and pegmatites from the
Qongjiagang area reflect magmatic differentiation and magma-
tic-hydrothermal transition processes. According to our data, fractional
crystallization processes mainly control the rare metals enrichment and
mineralization at the Qongjiagang area, as was also suggested by Liu
et al. (2023c), whereas hydrothermal alteration plays a minor role.
These processes cause different enrichments of the rare metals,
including Li, Be, Nb-Ta, and Sn, which will be discussed in the following
section:

(1) Li enrichment: The Li contents of Turl are constant and
comparably low (34.2-267 ppm) indicating a low Li mineralization
potential of the early-stage muscovite granites (Figs. 16, 17a). Li con-
tents increase from Turl to Tur2 with increasing differentiation of the
magma (Figs 16 and 17a). Li contents of Tur3 are close to those of Tur2
(Figs 16 and 17a), suggesting Li saturation for Li-rich white mica in the
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Fig. 16. Model of magma evolution, rare metal enrichment, and tourmaline formation in the granite-pegmatite system of the Qongjiagang area, Himalayan orogen.
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Fig. 17. Rare metal compositions of the different tourmaline types from the granites and pegmatites of the Qongjiagang area. (a-e) The Li, Be, Nb, Ta, and

Sn contents.

magma. Highest but variable Li contents are recorded for Tur4 which
coexists with abundant spodumene (Figs 16 and 17a). These data sug-
gest that magma differentiation mainly controls the Li contents of
tourmalines in the granites and early pegmatites. Variable Li contents of
Tur4 of the spodumene pegmatites were likely caused by hydrothermal
fluids, as also described for pegmatites from other occurrences
(Ballouard et al., 2020, Michaud and Pichavant, 2020; Liu et al., 2023b,
Xie et al., 2023).

(2) Be enrichment: The Be contents in a melt are generally
increasing with successive differentiation (Xie et al., 2023), and reduced
by fractionation of Be-bearing minerals, such as beryl (London, 2015). In
the investigated samples, the Be contents increase from Turl to Tur4
(Figs. 16, 17b), in agreement with successive differentiation accompa-
nied by beryl formation, as evidenced by the presence of beryl in beryl
pegmatite. Notably, some high Be values are recorded for early tour-
maline Turl (Figs. 15 and 16b). Remarkably high Be contents of 7.51 to
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8.63 ppm are presumably related to an increase of Be in the magma
caused by contemporaneous fractionation of Be-poor phases. A similar
process is suggested to be responsible for the formation of late-stage
beryl in a two-mica granite from the study by Liu et al. (2023a). Vari-
able but high Be values of Tur4 (Figs 16 and 17b) were likely primarily
controlled by magmatic differentiation, but have been altered by reac-
tion with hydrothermal fluid.

(3) Nb-Ta enrichment: Columbite and tantalite are the major ores of
Nb-Ta mines in the Qongjiagang area. The Nb and Ta contents of tour-
maline display similar trends in the investigated granites and pegmatites
(Figs 16 and 17c-d). They decrease from Turl-1 to Turl-2, and increase
again from Tur1-2 to Tur4. The observed decreasing Nb and Ta contents
from core to rim Turl is likely related to the early formation of Nb-Ta
minerals like columbite (as Nb and Ta are more compatible in mica
and columbite than in tourmaline), which is preserved as inclusions in
apatite and K- feldspar in muscovite granite. Similar textures were also
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observed in early stage muscovite granite from Luozha area by Shi et al.
(2024), and likewise interpreted in terms of a primary Nb-Ta enrichment
of the early stage magma. This subsequent trend of increasing Nb-Ta in
the later stage pegmatites is consistent with successive differentiation,
leading to an increasing abundance of Nb-Ta-phases in these samples.
However, the chemical variability of CGMs from spodumene pegmatite
suggests the enrichment process is complex of Nb-Ta.

(4) Sn enrichment: Previous studies have shown that the mineral-
ized granites commonly exhibit tourmalines with high Sn contents (>19
ppm) (Hong et al., 2017). Likewise, the Sn contents of the investigated
tourmalines of the granite and pegmatite samples are mostly high (5.71
to 76 ppm), suggesting a high potential for Sn resources in the Qong-
jiagang area. Notably, the Sn contents increase from Turl to Tur3,
whereas the Sn contents of Tur4 are close to those of Tur3 (Figs 16 and
17f), indicating saturation of Sn (for cassiterite) in the late-stage magma
that is consistent with the observation of cassiterite formation in beryl
pegmatite and spodumene pegmatite.

In summary, the tourmalines from granites and pegmatites in the
Qongjiagang area record independent enrichment of different rare
metals in the magma with successive magma differentiation and sub-
sequent hydrothermal alteration, with Li being strongly affected by
secondary modification caused by fluid-rock interaction.

6. Conclusion

The tourmalines from different granites and pegmatites of the
Qongjiagang area can be divided into four groups. Early tourmaline
(Turl) crystallized from a muscovite granite magma with a comparably
low differentiation degree. Later tourmaline originates from a highly
differentiated magma of tourmaline granite and barren pegmatite
(Tur2), and beryl pegmatite (Tur3). The textures and chemical compo-
sition of tourmaline of spodumene pegmatite (Tur4) suggest is crystal-
lization at the magmatic-hydrothermal transition. The B isotope ratios of
tourmalines decrease from those of muscovite granite to beryl pegma-
tite, and increase again in tourmaline from spodumene pegmatite. In-
dividual rare metal enrichments and changes in the boron isotopic
composition of tourmaline mirror successive stages of the magma dif-
ferentiation and subsequent interation with external B-rich fluids.
Accordingly, changes in the chemical and isotopic composition of
tourmaline could be used as indicators for the mineralization potential
of the host granites and pegmatites.
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