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A B S T R A C T   

Tourmaline is a borosilicate mineral commonly found in sedimentary rocks worldwide. It is chemically and 
mechanically stable and, as a host of boron in crustal rocks, it could be a useful indicator of rock sources. Despite 
this, its potential as a source indicator using the boron (B) isotope has remained largely under-explored. In this 
study, we propose a new integrated approach to fingerprint the origin of detrital tourmaline grains and test 
whether the approach is useful for identifying source rocks. Tourmaline grains in modern river sands from 
Southern Tibet were analyzed for optical properties, major elements, and B isotope composition. The 
geochemistry of detrital tourmaline in sand from the Nianchu and Pumchu rivers draining the Himalayan ranges 
is similar, and the B isotope values indicated they were mainly from Himalayan leucogranites. Tourmalines in the 
Lhasa River sand were derived from two major sources. Grains with high Al, low Mg, and strongly negative B 
isotope values (− 12‰ to − 16‰) were interpreted from the Gangdese arc batholith, whereas those with low Al, 
high Fe, and B isotope values of − 2‰ to 2‰ were proposed most likely from Nyaingentanglha orthogneisses. We 
examined the relationships between tourmaline properties and found that B isotope values are useful as a source 
indicator. We also established a database of B isotope values for 2724 tourmaline crystals in different types of 
exposed rock spanning 37 countries, to promote the use of B isotope values in tourmaline in provenance studies.   

1. Introduction 

Tourmaline is a borosilicate mineral with a complex chemical 
composition and crystal structure. The general formula is XY3Z6 [T6O18] 
[BO3]3V3W, with X = Na, Ca, K or vacancy; Y = Mg, Fe, Mn, Al or Li; Z =
Al, Mg, Fe, Cr or V; and W = O, OH, F or Cl (Hawthorne and Henry, 
1999; Henry and Dutrow, 1996; Jiang, 1998; Rosenberg and Foit, 1979). 
Tourmaline is commonly found in granite, pegmatite, and metamorphic 
rocks (Henry and Dutrow, 1996; Henry and Guidotti, 1985), and also 
occurs in hydrothermal deposits (Slack, 1996; Slack and Trumbull, 
2011). Tourmaline forms across a wide range of temperatures (150 ◦C to 
>900 ◦C) and pressures (even above 6 GPa) (Dutrow and Henry, 2011; 
Henry and Dutrow, 1996; Van Hinsberg et al., 2011a). Because of its 
chemical and mechanical durability, tourmaline has been known to 
survive, together with zircon and rutile, deep burial diagenesis and 
multiple recycling (Garzanti, 2017). Consequently, it represents a sig-
nificant fraction of heavy-mineral suites in ancient sandstones and can 
be used as a tool in provenance analysis to assist palaeogeographic and 
palaeoclimatic reconstructions (Henry and Dutrow, 1992; Henry and 

Guidotti, 1985; Marschall et al., 2006; Nie et al., 2015; Slack et al., 1993; 
Van Hinsberg et al., 2011a, 2011b). 

Mineralogical studies of modern river sand in South Tibet have 
shown that a range of provenance tracers are needed to show all the 
bedrock sources generated during multiple tectonic and magmatic 
events in the region (Carrapa et al., 2017; Garzanti et al., 2019; Zhang 
et al., 2012). Recent work by Guo et al. (2020) showed, for instance, that 
the early Eocene (~52 Ma) magmatic climax in the Gangdese arc is 
recorded by the U-Pb ages of detrital zircon in Lhasa River sand, whereas 
the Himalayan metamorphism (44–8 Ma) is poorly represented and is 
best highlighted by U-Pb dating of detrital rutile. Moreover, detrital 
zircon and rutile from sand in the Nianchu and Pumchu (chu = river in 
Tibetan language) that drain the Himalayan range typically yield U-Pb 
ages of ~500 Ma, and so correspond to Pan-African crustal growth, 
whereas the Cenozoic metamorphism that culminated in crustal ana-
taxis and leucogranite intrusion in the Miocene is barely recorded. 
Tourmaline is particularly abundant in leucogranites (London et al., 
1996; Van Hinsberg et al., 2011b) and thus may be a suitable tracer of 
such source rocks. 
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At present, there is limited geochemical data on the tourmaline in 
rocks exposed on the Qinghai–Tibetan Plateau. Li et al. (1983) docu-
mented the occurrence, physical properties, and major element 
composition of tourmaline in Cenozoic granite and associated rocks in 
South Tibet. Shen and Yao (1999, 2000) described tourmaline in a 
peculiar type of volcanic rock. Numerous researchers have studied the 
tourmaline in Himalayan leucogranites, and tourmaline geochemistry 
and B isotope values have been widely used to infer the fluid composi-
tion and genesis of leucogranite melt (Gou et al., 2017; Guo et al., 2012; 
Hu et al., 2018; Kawakami et al., 2019; Liao et al., 2003, 2007; Visonà 
and Lombardo, 2002; Yang et al., 2015). This body of knowledge can be 
used to support our research into provenance analysis. The specific aims 
of this study were to assess the relationships between the color, major 
element concentrations, and boron isotope values of tourmaline grains, 
and to identify the parameter best suited to differentiate between rocks 
from diverse sources. We tested the potential of using detrital tourma-
line as a provenance indicator, focusing on the Lhasa River that drains 
the Lhasa Block, and the Nianchu and Pumchu that drain the Himalayan 
belt. 

Krynine (1946) used the color, shape, roundness, grain size, and 
inclusions of tourmaline to discriminate between the provenance of 
different rock types. Major element geochemistry is a valuable petro-
genetic indicator (Henry and Guidotti, 1985) and the Al–Fe(tot)–Mg and 
Ca–Fe(tot)–Mg diagram has been used to distinguish tourmaline hosted in 
different rock types. More recently, high-resolution heavy mineral 
analysis (HRHMA), backscatter electronic imaging (BSE), and laser- 
induced breakdown spectroscopy (LIBS) have been used to exploit 
tourmaline’s potential as a source indicator (Mange and Wright, 2007). 
In recent decades, researchers have studied how the B isotope compo-
sition of tourmaline (Spivack and Edmond, 1986) could be used to 
differentiate between metasedimentary (− 23‰ to ~23‰) and granitic 
(− 12‰ to − 5‰) sources (Jiang and Palmer, 1998; Marschall and Jiang, 
2011; Palmer and Slack, 1989). However, this method is limited by the 
wide range of values and lumping of tourmaline from granite and 
pegmatite in a single granite category (Jiang and Palmer, 1998; Mar-
schall and Jiang, 2011; Trumbull et al., 2013). Trumbull and Slack 
(2018) used data from 250 tourmalines to distinguish between I- and S- 
type igneous source rocks and obtained mean values of − 2‰ and −
11‰, respectively. In recognition of the value of the B isotope 

composition of tourmaline in assessments of provenance, we established 
a comprehensive database of B isotopes in tourmaline to support future 
studies. 

2. Geology of the studied river catchments 

The study area is located in the southern part of the Qinghai–Tibetan 
Plateau and includes the Yarlung Tsangpo suture zone, which marks the 
site of the middle Paleocene collision between India and Asia, and 
separates the Himalayan orogen to the south from the Lhasa Block to the 
north (Hu et al., 2016) (Fig. 1). The Lhasa River and the Nianchu are 
tributaries of the Yarlung Tsangpo (tsangpo = large river in the Tibetan 
language), which flows from west to east across the southern part of the 
Tibetan Plateau and is the upper reaches of the Bramaputra River in 
Tibet. 

The Lhasa River is the largest left (north–south flowing) tributary of 
the Yarlung Tsangpo. It originates in the Maidika region and flows 
southward across the northern, central, and southern Lhasa terranes and 
the Gangdese arc to join the Yarlung Tsangpo in Qushui (Fig. 1). 
Gangdese granites, sedimentary rocks, volcanic rocks, metamorphic 
rocks, and glacier lakes account for 27.1%, 58.1%, 12.1%, 0.7%, and 
2.0% of the area of the Lhasa River catchment, respectively, and 
Mesozoic granitoid batholiths, weakly metamorphosed Paleozoic to 
Mesozoic strata, and lower Paleogene Linzizong volcanic rocks are 
widespread (Ji et al., 2009; Wen et al., 2008; Zhu et al., 2011, 2013). On 
the western flank of the drainage basin, in the Nyainqentanglha Range, 
there are exposed Cretaceous to Paleogene granitoids and their wall 
rocks, which include orthogneisses and Paleozoic metasedimentary 
rocks (Hu et al., 2003; Kapp et al., 2005; Xu et al., 1985; Zhang et al., 
2014b) (Fig. 1). 

The Nianchu, the largest right (south–north flowing) tributary of the 
Yarlung Tsangpo, originates from the Greater Himalaya (the meta-
morphic core of the Himalayan belt) and flows northward across the 
North Himalaya Kangmar gneiss dome, the Paleozoic–Mesozoic Tethys 
Himalaya sedimentary sequence, and the Yarlung Tsangpo suture, to 
eventually join the Yarlung Tsangpo near Xigaze (Fig. 1). The Kangmar 
dome has a lower Paleozoic two-mica granite core surrounded by upper 
Paleozoic to lower Mesozoic schist, marble, and slate (Chen et al., 1990; 
Lee et al., 2000; Wang et al., 2015) (Fig. 1). Sedimentary rocks, 

Fig. 1. Geological map of the Himalaya indicating the Lhasa, Nianchu, and Pumchu drainage basins and sampling locations.  
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ophiolites, leucogranites, metamorphic rocks, and glacier lakes account 
for 90.7%, 5.3%, 2.4%, 1.2%, and 0.4% of the area of the Nianchu 
catchment, respectively. 

The Pumchu represents the Tibetan upper reach of the Arun River, 
which drains southward across Nepal into the Sapt Kosi and then into 
the Ganga. With its source on the Shishapangma massif (Fig. 1), the river 
first flows northward and then eastward across the Tethys Himalaya, 
and eventually turns southward near Dingye and enters the Greater 
Himalaya as it leaves Tibet. The Pumchu drains the Maja, Ever-
est–Makala, Dingye, Rongbu, and Lhagoi Kangri Miocene leucogranites 
(Cottle et al., 2015; Harrison et al., 1997; King et al., 2011; Leloup et al., 
2010; Schärer et al., 1986; Streule et al., 2010; Zeng et al., 2011) (Fig. 1). 
Sedimentary rocks, metamorphic rocks, leucogranites, and glacier lakes 

account for 78.9%, 9.5%, 4.8%, and 6.8% of the area of the Pumchu 
catchment, respectively. 

3. Methods 

Large samples (5 kg) of sand were collected from active sand bars in 
the final tract of the Lhasa River (16A002 and 17A001 combined, GPS 
coordinates: N29.374250, E90.859500), Nianchu (16A062, GPS co-
ordinates: N29.284611, E88.894694), and Pumchu (16B027, GPS co-
ordinates: N28.159988, E87.346076) (Fig. 1). Mineral separation was 
carried out by Langfang Geological Service (www.lfcxdz.com). The 
samples were first wet-sieved with a 500-μm steel sieve. The tourmaline 
grains were isolated using magnetic techniques, subjected to density 

50μm50μm50μm50μm

Type 1 black tourmaline

50μm

50μm

50μm

20μm

20μm

50μm

A B C D

E

F

G H

J

I

-16.20

-11.92

-0.74 -11.81

-13.78

-14.87 -6.45

-17.10

-14.03
-14.11

Type2 brown tourmaline

Type3 green tourmaline

Fig. 2. Optical classification of detrital tourmaline. Black tourmaline: A, without rim, 16A002–26; B, with brown rim, 16A062–110; C, with green rim, 16B027–76; 
D, with blue rim, 16B027–91. Brown tourmaline: E, pale-brown, 17A001–2; F, dark-brown, 16B027–32; G, pale to dark brown, 16A062–118; H, dark brown to black, 
16A062–98. Green tourmaline: I, pink to greenish, 16A062–160; J, brown to greenish, 16A062–126. Gray circles indicate the analysis site. The B isotope value is 
shown in ‰. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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separation in a heavy liquid comprising sodium polytungstate (density 
of 2.9 g/cm3), and then handpicked. The tourmaline grains were fixed 
on double-sided tape under binoculars, mounted in a mixture of epoxy 
resin and curing agent (ratio 15:2), and cured at room temperature. To 
expose the internal parts of crystals, grain surfaces were first polished 
with 3000-, 5000-, and 7000-mesh sandpaper, and then with 8000- and 
10,000-mesh diamond polish cream. The major element concentrations 
and B isotope compositions were determined on the same spots in the 
rim of each grain. 

A total of 230 tourmaline grains were analyzed, made up of 43 from 
the Lhasa River, 96 from the Nianchu, and 91 from the Pumchu. The 
samples were examined at Nanjing University for their optical properties 
with a polarized light microscope (Nikon LV100N Pol) under reflected 
light with a 50× or 20× objective, depending on the grain size. The color 
and pleochroism, crystal morphology, size, roundness, and inclusions 
were recorded for each tourmaline grain. 

The chemical composition of the tourmaline grains was determined 
by wavelength-dispersive spectrometry using an electron probe micro-
analyzer (JEOL JXA-8100) at the State Key Laboratory for Mineral De-
posit Research, Nanjing University, China. The equipment was operated 
in wavelength-dispersion mode with a spot diameter of 1–2 μm, accel-
eration voltage of 15 kv, and beam current of 20 nA. Standard minerals, 
namely hornblende (Si, Mg, and Ca), fayalite (Fe), cordierite (Al), 
rhodonite (Mn), rutile (Ti), jadeite (Na), sanidine (K), and topaz (F), 
were used to detect each element. Counting times of 10 s and 5 s (20 s 
and 10 s for Ti) were applied for the peak and background values of 
these elements, respectively. Assuming the general formula XY3Z6T6O18 
(BO3)3V3W, the geochemical composition of each tourmaline grain was 
calculated with an online program (ZAF) by normalizing to 15 cation per 
formula unit (pfu) in the tetrahedral and octahedral site (T + Z + Y) 
(Henry and Dutrow, 1996). 

The B isotope composition is represented as follows: δ11B (‰) =
[(11B/10B)Sample/(11B/10B)Standard – 1] × 1000 (Palmer and Slack, 1989; 
Spivack and Edmond, 1986). In nature, boron combines with oxygen to 
form B-O bonds as B(OH)3 and B(OH)4

− . Because there is no change in 
the valence state of boron, the fractionation of the boron isotope is 
controlled by the relative contents of B(OH)3 and B(OH)4

− . The heavy 11B 
is enriched in B(OH)3, whereas the light 10B is enriched in B(OH)4

−

(Palmer and Swihart, 1996). The isotope fraction is calculated from the 

results of ion exchange separation of 10B and 11B (αtrigonal-tetrahedral =

[11B/10Btrigonal]/[11B/10Btetragedral]) (Kakihana et al., 1977; Kotaka, 
1973). 

The in situ B isotopic composition of the tourmalines was determined 
by laser ablation–multi-collector–inductively coupled plasma–mass 
spectrometry (LA–MC–ICP–MS) at the State Key Laboratory for Mineral 
Deposits Research of Nanjing University. Measurements were conducted 
on a LA–MC–ICP–MS (Neptune Plus MC–ICP–MS, Thermo Finnigan) and 
a matching laser ablation system (New-Wave UP193) with a beam 
diameter of 60 μm, laser repetition rate of 8 Hz, and energy flux of 11 J/ 
cm2. Ablation was performed with He as a carrier gas and then combined 
with Ar gas before being transported into the plasma of the MC–ICP–MS. 
Data were collected statically and simultaneously in cycles of 100 with 
an integration time of 0.131 s. The analytical procedure is described in 
detail by Hou et al. (2010) and Yang and Jiang (2012). The mass bias of 
the instrument and isotope fractionation were calibrated using the 
standard–sample bracketing method. Tourmaline IAEA B4 (− 8.71 ±
0.18‰; Tonarini et al., 2003), HOU (IAEA RB1, − 12.22 ± 1.1‰; Hou 
et al., 2010), and DAI (unpublished laboratory tourmaline) were used as 
standards. The reported δ11B value was calculated relative to tourmaline 
IAEA B4. The observed internal precision (2σ) of the individual analysis 
was typically 0.5‰. 

A new database of tourmaline B isotope values was compiled in this 
study. While the database is initially used for regional research, we 
intend it to be updated to serve researchers worldwide. Statistical 
analysis was carried out with Isoplot R (Vermeesch, 2013; Vermeesch 
et al., 2016). Multidimensional scaling (MDS) produces a map of points 
in which the distance between samples is proportional to the Kolmo-
gorov–Smirnov dissimilarity of their compositional signatures. Here, 
MDS was used to visualize the relationships between the tourmaline 
composition signatures and the types of source rocks. The closest and 
second-closest neighbors are linked by solid and dashed lines, respec-
tively (Vermeesch, 2013; Vermeesch and Garzanti, 2015). 

4. Results 

4.1. Optical analysis 

Tourmaline is relatively easy to recognize under the microscope 

Table 1 
Optical, geochemical, and B isotope signatures of detrital tourmaline from river sands of South Tibet.  

Parameters Lhasa River, n = 43 Nianchu, n = 96 Pumchu, n = 91 

Color Black n =
15, 35% 

Brow n =
10, 23% 

Green n = 18, 
42% 

Black n = 20, 
20% 

Black n = 27, 
27% 

Green n = 49, 
53% 

Black n = 28, 
30% 

Brow n = 30, 
32% 

Green n = 33, 
38% 

Morphology Short 
slender 

Short 
slender 

Short slender 
and prismatic 

Short slender 
and 
prismatic 

Short slender 
and prismatic 

Short slender 
and prismatic 

Short slender 
and 
prismatic 

Short slender 
and prismatic 

Short slender 
and prismatic 

Roundness Angular to 
sub-angular 

Sub- 
angular 

Angular to sub- 
angular 

Sub-angular 
and sub- 
rounded 

Angular to sub- 
angular 

Angular to sub- 
angular 

Sub-angular 
and sub- 
rounded 

Sub-angular Sub-angular and 
sub-rounded 

Grain Size 350–50 μm 400–20 μm 300–40 μm 350–100 μm 600–50 μm 300–20 μm 350–150 μm 300–50 μm 400–100 μm 
Inclusion Too dark to 

see 
Few 
inclusions 

Frequent 
bubbles, mineral 
and melt 
inclusions 

Too dark to 
see 

A few bubbles, 
mineral and 
melt inclusions 

Frequent 
bubbles, 
mineral and 
melt inclusions 

Too dark to 
see 

A few bubbles, 
mineral and 
melt inclusions 

Frequent 
bubbles, 
mineral and 
melt inclusions 

FeO wt% 5.8–15.6 4.6–14.1 4.2–14.3 4.6–12.2 4.9–12.8 3.9–12.2 6.3–13.5 6.8–11.4 5.6–14.9 
Mean wt% 10.6 9.3 9.9 8.8 9.3 8.4 10.2 9.6 9.6 
St. dev. wt% 2.8 3 2.9 2.2 2.2 2.3 1.5 1.1 2 
MgO wt% 0.3–9.5 2.0–7.4 1.4–10.5 2.0–7.3 1.3–9.1 1.9–10.9 1.0–5.8 2.5–6.6 1–7.6 
Mean wt% 4.1 5.8 4.2 4.4 3.9 4.8 3.4 3.7 3.7 
St. dev. wt% 2.6 2.1 2.6 1.6 1.8 2.1 0.9 0.8 1.4 
Al2O3 wt% 22.6–35.6 30.0–36.1 22.9–35.6 31.0–36.1 29.2–36.9 28.5–37.1 32.8–35.8 31.9–35.5 27.9–36 
Mean wt% 31.5 29.2 32.2 34.8 34.8 34 34.2 34.2 34.5 
St. dev. wt% 4.1 4.4 3.6 1.4 1.4 1.6 0.8 0.9 1.4 
B isotope ‰ − 18.3 ~ 

− 0.7 
− 17.8–0.1 − 19.2–2.2 − 18.2 ~ 

− 6.6 
− 17 ~ − 6.5 − 18 ~ − 0.7 − 17.3 ~ 

− 11.7 
− 16.1 ~ − 10 − 16.9 ~ − 10 

Mean ‰ − 11.6 − 11.3 − 8.8 − 14.3 − 14.1 − 12 − 13.6 − 13.3 − 13.5 
St. dev. ‰ 5 5.8 7.4 2.9 2.74 3.6 1.4 1.5 1.4  
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because of its strong pleochroism, highly variable morphology and 
color, moderate relief, and lack of cleavage. In this study, three main 
types of tourmaline grains were identified from their optical charac-
teristics. The relative abundances of these three main types in the Lhasa, 
Nianchu, and Pumchu river sands were quantified. 

Type 1 is black tourmaline. It is too dark to show inclusions but 
occasionally has brown, green, or blue rims. Grains may have stout, 
slender, or prismatic habits or subangular outlines. Very dark schorlitic 
tourmaline is generally considered typical of granitic rocks (Krynine, 
1946) (Fig. 2A–D). 

Type 2 is brown tourmaline, with different brownish hues and weak 
pleochroism from light brown to dark brown or from dark brown to 
black. The grains are stout or slender, angular or subangular to sub-
rounded and infrequently rounded, and commonly contain small bub-
bles and mineral or irregular melt inclusions. Brown dravitic tourmaline 
is generally considered typical of metasedimentary rocks (Krynine, 
1946) (Fig. 2E–H). 

Type 3 is green tourmaline, with strong pleochroism from pink or 
light brown to green. The stout or slender grains commonly contain 

irregular melt inclusions or small bubbles. Greenish schorlitic tourma-
line is considered typical of granitic rock (Krynine, 1946) (Fig. 2I–J). 

The results show that schorlitic tourmaline (types 1 and 3) is much 
more common (70%–80%) than dravitic tourmaline (type 2) (20%– 
30%) in the Lhasa, Nianchu, and Pumchu river sands (Table 1; Appendix 
1). 

4.2. Major element geochemistry 

In the present study, the major element concentrations in the 
analyzed grains (wt%) varied significantly in the analyzed grains (unit in 
wt%): CaO (0.02–3.96, mean 0.6, st. dev. 0.6), SiO2 (32.7–36.9, mean 
35.3, st. dev. 0.6), TiO2 (0–3.07, mean 0.7, st. dev. 0.4), Na2O (0.9–2.8, 
mean 2.1, st. dev. 0.3, MnO2 (0–0.7, mean 0.1, st. dev. 0.08), FeO 
(3.9–15.6, mean 9.4, st. dev. 2.2), MgO (0.3–10.9, mean 4.1, st. dev. 
1.8), and Al2O3 (22.6–37.1, mean 33.7, st. dev. 2.4). 

Based on the concentrations of Fe, Mg, and Al, the tourmaline grains 
in the Lhasa, Nianchu, and Pumchu river sands were divided into Types 
A–C, as follows. 

Fig. 3. Fe–Mg–Al diagram showing the compositions of different-colored tourmaline grains from the Lhasa, Nianchu, and Pumchu river sands.  
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Type A has high Al (Al2O3 30–36 wt%) and low Mg (MgO 1–5 wt%) 
contents. Type B has high Al (Al2O3 29–34 wt%) and high MgO (MgO 
5–10 wt%) contents. Type C has low Al (Al2O3 23–30 wt%) and high FeO 
(FeO 9–14 wt%) contents. 

Type A, B, and C tourmaline grains plot in the Li-poor granite, 
metapelite and metapsammite, and Fe-rich metamorphic rock fields in 
the Fe–Mg–Al diagram, respectively (Fig. 3). 

The Type B composition was most common in the brown and green 
tourmaline grains of the Nianchu sand, and rarely occurred in the Lhasa 
and Pumchu river sands (Fig. 3). The Type C composition was mainly 
observed in the black, brown, and green tourmaline grains in the Lhasa 
River sand, and rarely in the Nianchu and Pumchu sands (Fig. 3). 

4.3. Boron isotopes 

The B isotope values of the tourmaline grains from the Lhasa, 
Nianchu, and Pumchu river sands range from +2.2‰ to − 19.2‰ 
(Fig. 4), with a mean of − 12.7‰ and a standard deviation of 3.8‰. Most 
data are concentrated from − 15‰ to − 5‰, which is the range of 
granite-derived tourmaline (Jiang and Palmer, 1998; Marschall and 
Jiang, 2011). From the B isotope values, the tourmaline grains were 
divided into three types (Table 1; Fig. 4) as follows. 

Type I has B isotope values concentrated between − 15‰ and − 16‰. 
Type II has B isotope values concentrated between − 12‰ and − 13‰, 
and type III has B isotope values concentrated between − 2‰ and + 2‰. 

Fig. 4. KDE histograms of the B isotope values in tourmaline grains. The distributions of the B isotope compositions in all tourmalines (upper panel), black tour-
malines (middle-upper panel), brown tourmalines (middle-lower panel), and green tourmalines (lower panel) from the Lhasa, Nianchu, and Pumchu river sands are 
shown. Data from Himalaya tourmalines are also shown for reference (Gou et al., 2017; Yang et al., 2015). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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The relationships between the B isotope values and grain color are 
variable (Table 1). The three B isotope types appeared in all three color 
varieties in the Lhasa River sand (Fig. 4). Type I and II appeared in all 
colors in the Pumchu and Nianchu sand respectively. 

The relationships between the B isotope values and the major- 
element geochemistry are equally weak. Type B (high Al, high Mg) 
grains dominated the tourmaline population of the Nianchu and Pum-
chu sands, whereas Type II grains dominated the Pumchu sand and Type 
I grains dominated the Nianchu sand (Fig. 4). Some Fe-rich Type C 
grains in the Lhasa River sand were classified as Type III (Fig. 4), but 
there were insufficient data. 

4.4. Global database of tourmaline B isotope values 

We compiled data from the scientific literature about the B isotope 
values measured with SIMS, MC–ICP–MS, or ion microprobe, and 
collated data on 2724 tourmaline crystals (free of hydrothermal effects) 
spanning 37 countries, including China, Brazil, Norway, Canada, 
Greenland, Portugal, India, England, Australia, and Finland, from 66 
articles published in international journals (see Appendix 4 and refer-
ences therein). 

The database is necessary because our provenance analysis was 
hampered by a lack of data for tourmaline B isotope values in exposed 
rocks of South Tibet. The I- and S-type granite database of Trumbull and 
Slack (2018) provided a good start for our database. We separated the 
various magmatic (ultramafic, mafic, intermediate, and felsic) and 
metamorphic (regional, dynamic, contact, migmatite, and hydrother-
mal) (Turner, 1981) types of potential source rocks. Sedimentary rocks 
were not considered because sandstones can contain any type of tour-
maline grains that are recycled from magmatic or metamorphic primary 
sources. Hydrothermal rocks such as tourmaline–quartz–albite rocks, 
veins, and dykes were also excluded because the B isotope composition 
of tourmaline in these rocks is highly variable and reflects a range of 
factors including the host-rock lithology, pressure, temperature, fluid 
composition, and pH (Jiang and Palmer, 1998; Marschall and Jiang, 
2011; Palmer and Swihart, 1996; Trumbull et al., 2011; Trumbull and 
Chaussidon, 1999). 

Magmatic tourmaline is derived mainly from felsic rocks, namely 
pegmatite (43%), granite (28%), leucogranite (15%), aplite and rhyolite 
(14%). The B isotope values for leucogranite tended to be more negative 
(from − 13‰ to − 14‰ at the 95% confidence interval) than those for 
granite (− 11‰ to − 12‰) and pegmatite (− 6‰ to − 8‰). Pegmatite 

Fig. 5. Pie chart and KDE histograms showing the B isotope values of tourmaline from (A) felsic magmatic rocks (including pegmatite, aplite, granite, leucogranite, 
and rhyolite) and (B) metamorphic rocks (ultramafic, metabasite, metafelsite, metapelite, and calc-silicate). The raw data are provided in full in Appendix 4. 
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yielded both positive (+4‰ to +8‰) and negative (− 20‰ to − 42‰) 
values (Fig. 5). 

Metamorphic tourmaline is derived mainly from regional domains, 
with 46% from metapelite/metapsammite (e.g., slate, schist), 28% from 
metafelsite (e.g., metasediment, metavolcanic rock), 19% from meta-
basite (e.g., amphibolite, metagabbro), and the remainder from meta- 
ultramafic and calc-silicate rocks. The B isotope values of tourmaline 
in metapelite/metapsammite, metafelsite, and metabasite ranged from 
− 7‰ to − 12‰ (95% confidence interval), − 1‰ to − 8‰, and +3‰ to 

+6‰, respectively. There were some inconsistent positive (+20‰ to 
+27‰) or negative (− 20‰ to − 27‰) values in metapelite or metafelsite 
source rocks, respectively (Fig. 5). 

5. Provenance interpretation 

We evaluated the potential of detrital tourmaline as a provenance 
tracer, using modern sand from the Lhasa, Nianchu, and Pumchu rivers 
as a test case. As well as considering the textural and chemical properties 
of tourmaline grains, we included the B isotope values, to assess the 
usefulness of the global database of B isotope values. 

5.1. Detrital tourmaline in Himalaya-derived sand 

The detrital tourmaline in the sand from the Pumchu and Nianchu, 
both of which drain the Himalayan orogenic belt, has similar features. 
Black and green schorlitic tourmaline with stout, slender, or prismatic 
morphology is indicative of a magmatic source (Fig. 2; Table 1). In the 
Fe–Mg–Al diagram, most high-Al and low-Mg tourmalines plot in the Li- 
poor granite field. Only a few green tourmalines in the Nianchu sand 
have high Al and high Mg, and plot in the metapelite and metapsammite 
field, as with the Nyalam leucogranite (Fig. 3). The B isotope values 
mainly range between − 10‰ and − 15‰, which correspond well with 
the B isotope values of tourmalines in the Nyalam (− 11.4‰ to − 15.1‰), 
Cuonadong (− 10.5‰ to − 12.5‰), Mabja (− 18.9‰ to − 17.4‰), and 
Malashan (− 16.2‰ to − 8.0‰) leucogranites (Gou et al., 2017; Hu et al., 
2018; Yang et al., 2015) (Figs. 4, 5). The global B isotope database and 
MDS map (Fig. 6) indicate that these tourmalines have an affinity with 
leucogranite. Consequently, they might be first-cycle Miocene leucog-
ranites, which are rich in tourmaline. 

However, the sedimentaclastic signatures of the feldspa-
tho–quartzo–lithic to feldspatho–litho–quartzose Nianchu and Pumchu 
sands indicate the extensive recycling of Tethys Himalayan sedimentary 
rocks (Fig. 1) (Guo et al., 2020; Liang et al., 2020). This suggests that 
some of the tourmaline grains in the Nianchu and Pumchu sands were 
recycled from Paleozoic–Mesozoic sandstones in the Tethys Himalayan 

Fig. 6. Multidimensional scaling map based on the B isotope signatures of 
detrital tourmaline from the Lhasa, Nianchu, and Pumchu river sands with 
potential host rocks included in the global B isotope database, The closest and 
second-closest neighbors are linked by solid and dashed lines, respectively. 
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Fig. 7. Assessment of the relative effectiveness of optical properties, geochemical signatures, and B isotope values for identifying the origin of tourmaline grains in 
the Lhasa, Nianchu, and Pumchu river sands. 
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sequence. Several studies have documented the geochemical similarities 
of Miocene leucogranites and lower Paleozoic granites (Cawood et al., 
2007; Gao et al., 2015; Wang et al., 2012; Zhang et al., 2014a). We 
therefore conclude that the latter represented an important supply of 
tourmaline grains to the Tethys Himalaya sandstones through the late 
Paleozoic and Mesozoic. 

5.2. Detrital tourmaline from the Lhasa Block 

The Lhasa River sand mainly yielded black and green shorlitic 
tourmaline grains with stout, slender, or prismatic morphology, which 
indicate a magmatic source (Fig. 2; Table 1). In the Fe–Mg–Al diagram, 
low-Al and low-Mg grains plot in the Li-poor granite field, low-Al and 
high-Fe grains plot in the Fe-rich metamorphic rock field, and the few 
grains with high Al and high Mg plot in the metapelite and meta-
psammite field (Fig. 3). Grains with B isotope values clustering between 
− 12‰ and − 13‰ or between − 15‰ and − 16‰ have a granite prove-
nance, whereas grains with values between − 2‰ and +2‰ may be 
derived from metafelsite, granite, or possibly metapelite, as suggested 
by MDS analysis (Figs. 4–6). The Lhasa River sand, with its lith-
o–felspatho–quartzose composition and hornblende-dominated heavy- 
mineral assemblage, was derived mainly from granitoid rocks (Garzanti 
et al., 2019). There were fewer tourmaline grains in the Lhasa River sand 
than in the Nianchu and Pumchu sands, indicating that the granitoid and 
orthogneisses of the Lhasa Block have low tourmaline fertility. 

6. Detrital tourmaline as a provenance tracer 

The provenance of tourmaline grains can be discriminated using 
three criteria: optical features, major-element geochemistry, and B 
isotope values. Researchers have previously tried to establish a rela-
tionship among these properties. For example, Malinko et al. (1982) 
noted that B isotope values did not correlate with either the mineral- 
formation temperature or major-element composition, which is consis-
tent with the results of the present study. In the Lhasa River sand, we 
observed that Fe-rich grains are brown or green (Table 1), which is 
inconsistent with the long-held view that high Fe contents in tourmaline 
correspond to a black or dark blue color (Mange and Maurer, 1992). In 
this study, we found no apparent relationship between the color and B 
isotope composition of detrital tourmaline, as we note that different- 
colored tourmaline grains from the Pumchu and Nianchu sands could 
have the same B isotope value, and that tourmaline grains with the same 
color in the Lhasa River sand could have different B isotope values. 

Given that there were no strict relationships between grain color, 
major-element geochemistry, and boron isotope values, we attempted to 
establish which of these criteria is the most valuable for source tracing. 
To do this, we quantitatively assessed the ability of each criterion to 
identify the most appropriate source rock. 

Analysis of the optical features showed that two-thirds to three- 
fourths of the entire set of analyzed tourmaline grains could be inter-
preted as magmatic (63%, 71%, and 92% from granite in the Lhasa, 
Nianchu, and Pumchu river sands, respectively) and the rest were 
metamorphic. The Fe–Mg–Al diagram confirmed that only a minority of 
grains were from metamorphic rocks (Figs. 3, 6, 7). The B isotope values 
indicate that most tourmaline grains had a granite source, 80% of the 
tourmaline in the Lhasa River sand was from granitoid rocks, and that 
the majority of the detrital tourmaline in both the Nianchu and Pumchu 
sands was from leucogranite bodies. 

Through this analysis, we showed that the three criteria provide 
indications of provenance that were generally correct. However, the 
precision of the diagnosis can be improved considerably by using B 
isotope values, which suggests that it is the most powerful method for 
determining the source rocks of detrital tourmaline. Leucogranite and 
granite sources, for instance, were best defined from the global B isotope 
database. None of the criterion, however, can distinguish between first- 
cycle grains derived from igneous or metamorphic rocks and multicyclic 

grains derived from siliciclastic rocks, which holds true for any detrital 
mineral and so remains a major challenge for provenance research. 

7. Conclusion 

We examined the optical properties, geochemical signatures, and B 
isotope values of 230 tourmaline grains separated from sand collected 
from active river bars in the terminal tracts of the Lhasa River, and the 
Nianchu and Pumchu in South Tibet. We compiled a database of 2724 
boron-isotope data points for tourmaline crystals from various rocks in 
37 countries, to promote the use of B isotope values as a provenance 
tool. 

Unlike zircon and other minerals containing radioactive elements, 
tourmaline cannot be dated and the age of the source rocks cannot be 
established, which means that an alternative method is required to track 
the origin of tourmaline grains. This study demonstrates how the B 
isotope approach can be used to detect the leucogranite source for 
Himalayan-derived Nianchu and Pumchu tourmalines, a task which 
could not be achieved by U-Pb dating of detrital zircon and rutile. The B 
isotope method also allowed us to determine that 80% of the tourmaline 
grains in the Lhasa River sand were derived from the Gangdese arc 
batholith and 20% were from metamorphic rocks in the Nyainqen-
tanglha Range. Our study also highlights the limited validity of tour-
maline color, traditionally used to indicate the source, as it is only 
loosely correlated with the geochemical composition and can only 
provide qualitative information on provenance. Instead, the B isotope 
method, complemented by element geochemistry, can provide more 
detailed information on the types of igneous or metamorphic source 
rocks and is therefore recommended as the most reliable criterion for 
analyzing the source of detrital tourmaline. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lithos.2021.106360. 
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