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Abstract
Sediment recycling has important impacts on the differentiation of the continental crust, and is considered to mainly occur in arc settings. In
collisional orogenic belts, however, sediment recycling processes are comparatively less well understood. In general, sedimentary rocks or
tourmaline with continental affinities have boron (B) isotope compositions that differ from marine sedimentary rocks, magmatic rocks un-
dergoing seawater alteration or tourmaline originating from these rocks or fluids. This study uses laser-ablation multi-collector, inductively
coupled plasma-mass spectrometry (LA-MC-ICPMS) for in-situ B isotope analyses of tourmaline from the northern and southern margins of
Tibet. Tourmalines from the Hudongliang Pliocene two mica rhyolites in the Songpan-Gangzi block and the Cuonadong Miocene two mica
granites in the Himalayan Block have d11B values of �10.47 ± 0.54‰ and �12.48 ± 1.04‰, respectively. Combined with petrological and
NdeSr isotope data, we suggest that these strongly peraluminous magmatic rocks from the northern and southern margins of Tibet were mainly
generated by partial melting of subducted or overridden metasedimentary rocks with continental affinities due to the contraction caused by the
collision between the Indian and Asian plates. Given the widespread occurrences of strongly peraluminous Neogene magmatic rocks in the
southern and northern margin of Tibet, we suggest that the recycling of sediments with continental affinity played an important role in the
evolution of continental crust during the collisional orogenic process.
Copyright © 2017, Guangzhou Institute of Geochemistry. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Sediment recycling has important impacts on the differen-
tiation of the continental crust (Plank and Langmuir, 1993;
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Hawkesworth et al., 1997; Chauvel et al., 2008; Behn et al.,
2011; Hacker et al., 2011; Liu and Rudnick, 2011;
Marschall and Schumacher, 2012). Volcanic arc zones are
commonly considered as the most important sites for the
recycling of subducted marine sediments into the continental
crust via arc magmatism (Kay, 1978; Plank and Langmuir,
1993; Hawkesworth et al., 1997; Shimoda et al., 1998;
Chauvel et al., 2008; Behn et al., 2011). In collisional
orogenic belts, however, except for element recycling (Canna�o
et al., 2015) and fluiderock interaction (Halama et al., 2014)
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in the Alps, sediment recycling processes have been compar-
atively less well understood.

Boron (B) is a quintessentially crustal element (Marschall
and Jiang, 2011). Its average abundance in the mantle is
relatively low, whereas rocks of the continental crust show
relatively high average abundances, containing a large fraction
of Earth's B budget (Dutrow and Henry, 2011; Chaussidon and
Albar�ede, 1992). The primitive mantle had a relatively low
d11B (�10 ± 2‰) (Chaussidon and Marty, 1995). In general,
marine sedimentary rocks and magmatic rocks undergoing
seawater alteration, or tourmaline originating from these rocks
or fluids, are enriched in 11B but depleted in 10B relative to the
mantle and continental crust (Leeman and Sisson, 1996;
Marschall et al., 2006; Marschall and Jiang, 2011). Conse-
quently, relatively high 11B/10B ratios in rocks and minerals
imply derivation of boron from average value of B in seawater,
whereas lower 11B/10B ratio suggests a continental source of
the boron (Marschall and Jiang, 2011). Therefore, this
distinctive geochemical characteristic of B isotopes is widely
used to assess several important geological processes, e.g.,
oceanic slab subduction or evolution of continental crust (e.g.,
Chaussidon and Albar�ede, 1992; Ishikawa and Nakamura,
1994; Bebout and Nakamura, 2003; Leeman and Sisson,
1996; Kasemann et al., 2000; Marschall and Jiang, 2011;
Martin et al., 2016). For example, in volcanic arcs, contin-
uous dehydration of micas from subducted slabs and boron
transport via fluid into the mantle wedge is generally consid-
ered to have been responsible for the boron isotopic signature
(e.g., Wunder et al., 2005).

As a borosilicate containing ~3 wt.% B, tourmaline has
significant chemical variability because of the variety of sites
in the structure and the ease with which several of these sites
can incorporate a wide variety of chemical species (Hawthorne
and Dirlam, 2011). Once formed, tourmaline is highly stable
in a variety of rock types over an exceptionally large PeT
range, extending from near surface conditions to pressures in
the diamond stability field and to temperatures above 700 �C
(Marschall et al., 2009a; Dutrow and Henry, 2011; Marschall
and Jiang, 2011; Van Hinsberg et al., 2011a,b). Because of
this compositional sensitivity, tourmaline is an excellent in-
dicator of conditions in its host environment (Van Hinsberg
et al., 2011a,b). With the development of in situ analytical
techniques, in situ B isotopic analyses of tourmalines have
been widely applied to provide valuable information on flu-
iderock interaction, fluid or magma origin and evolution and
the sources of ore deposits (e.g., Jiang and Palmer, 1998; Jiang
et al., 1999, 2002, 2008; Marschall and Jiang, 2011; van
Hinsberg et al., 2011a,b; Yang and Jiang, 2012).

Tourmaline is a very common mineral in peraluminous
granites and rhyolites, which often occur in collisional
orogenic belts, e.g., HimalayaneTibetan Orogenic Belt.
Neogene tourmaline-bearing two-mica granites occur widely
in the Himalayan Block on the southern margin of the Tibetan
Plateau (e.g., Le Fort et al., 1987; Inger and Harris, 1993;
Harris and Massey, 1994; Guillot and Le Fort, 1995; Harris
et al., 1995; Pati~no Douce and Harris, 1998; Knesel and
Davidson, 2002; Zhang et al., 2004, 2012; Liao et al., 2007;
Guo and Wilson, 2012; Gao and Zeng, 2014; Liu et al.,
2014, 2016a,b; Wu et al., 2015), but only minor Mioce-
neeQuaternary tourmaline-bearing two-mica rhyolites are
distributed along the northern margins of the Tibetan Plateau
(Burchfiel et al., 1989; McKenna and Walker, 1990; Wang
et al., 2012, 2016). Some researchers suggest that the leu-
cogranites in the Himalayan Block crystallized from highly
fractionated magmas, which originated from undetermined or
weakly constrained sources, and underwent assimilation of
crustal materials during their ascent (Wu et al., 2015; Liu
et al., 2016a,b; Zheng et al., 2016). However, most re-
searchers believe that these Neogene tourmaline-bearing two-
mica granites or rhyolites on the northern and southern mar-
gins of the HimalayaneTibetan Orogenic Belt were generated
by dehydration melting of metasedimentary rocks involving
biotite or muscovite or both (e.g., Le Fort et al., 1987;
Burchfiel et al., 1989; McKenna and Walker, 1990; Inger
and Harris, 1993; Harris and Massey, 1994; Guillot and Le
Fort, 1995; Harris et al., 1995; Pati~no Douce and Harris,
1998; Knesel and Davidson, 2002; Zhang et al., 2004, 2012;
Liao et al., 2007; Guo and Wilson, 2012; Wang et al., 2012;
Gao and Zeng, 2014). Therefore, the issue of source rock
components needs to be further constrained. In particular, the
question of whether the sedimentary rocks formed in either
marine or continental settings, which has not ever been
addressed before, needs to be resolved.

In this study, we undertook in-situ boron isotopic analyses
of tourmalines from Neogene magmatic rocks in the northern
and southern margins of Tibet in order to further constrain
their source rock components.

2. Geological setting and sample characteristics

From South to North, the Tibetan Plateau mainly comprises
the Himalaya, Lhasa, Qiangtang, and Songpan-Ganzi Blocks
(Yin and Harrison, 2000; Chung et al., 2005) (Fig. 1a). The
Himalayan Block lies between the Indian shield to the south
and the Indus-Yalu suture to the north, and consists mainly of
PrecambrianeMesozoic sedimentary and metasedimentary
rocks with some Cambrian to Early Ordovician and Eoce-
neeMiocene granites (Yin and Harrison, 2000; Zeng et al.,
2011; Hou et al., 2012). The Songpan-Ganzi Block is boun-
ded by the Jinshajiang suture to the south, and the Any-
imaqeneKunluneMuztagh suture to the north (Yin and
Harrison, 2000; Zeng et al., 2011; Hou et al., 2012; Guo and
Wilson, 2012). The exposed Songpan-Ganzi Block consists
mainly of Triassic and younger strata with some Early
Mesozoic granites and MioceneeQuaternary volcanic lavas
(Yin and Harrison, 2000; Weislogel et al., 2006; Ding et al.,
2013; Zhang et al., 2014; Wang et al., 2005, 2011, 2012).

In this study, rock samples were collected from the Cuo-
nadong Miocene (~16.7 Ma) tourmaline-bearing two-mica
granites in the Himalayan Block (Yunnan, 2004) and ~3.0 Ma
Hudongliang tourmaline-bearing two-mica rhyolites in the
northern Hoh Xil area of the central Songpan-Gangzi Block
(Wang et al., 2012), respectively (Fig. 1aec). The Hudon-
gliang tourmaline-bearing two mica rhyolites are located near



Fig. 1. (a) Sketch map of the Tibetan Plateau showing location and ages of magmatic bodies (after Yin and Harrison, 2000; Chung et al., 2005). (bec) Geological

map of the Cuonadong area in the Himalayan block and the Hoh Xil area of the Songpan-Ganzi block, showing the sampling locations. The age data are after Wang

et al. (2008, 2010, 2012, 2016). AKMSdAnyimaqeneKunluneMuztagh; JSdJinshajiang; BSdBangong; ISdIndus.
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Taiyang Lake (Fig. 1c), and contain potassium feldspar, albite,
biotite, quartz, muscovite, and tourmaline phenocrysts, and
similar microlitic minerals in the groundmass along with
cryptocrystalline-glassy materials (Fig. 2a and b). The Cuo-
nadong tourmaline-bearing two-mica granites are geographi-
cally located to the south of Nariyongcuo Lake (Fig. 1b), and
consist of potassium feldspar, albite, biotite, quartz, musco-
vite, and tourmaline (Fig. 2c and d) and minor zircon and
apatite. In the Cuonadong granites, tourmaline grains are in
direct contact with potassium feldspar, plagioclase, and quartz
(Fig. 2c and d), indicating that these four minerals most likely
crystallized contemporaneously. All tourmaline grains, which
are similar to the primitive tourmalines found in the crust-
derived strongly peraluminous granites (London et al.,
1996), occur as disseminated grains in both rhyolites and
granites (Fig. 2aed) in the studied areas, indicating that they
crystallized directly from granitic magmas. Backscattered
electronic images (Fig. 2e and f) indicate that tourmalines
from both the rhyolites and granites have no compositional
zoning and relatively homogeneous textures.

3. Analytical methods

Tourmaline grains of 0.1e1 mm in size were separated for
each ca. 1 kg sample using standard density separation tech-
niques. Tourmaline grains were handpicked and mounted in an
epoxy resin disc, and then polished. Microscopic and back-
scattered electron images were taken at the State Key



Fig. 2. Photomicrographs of the Hudongliang Pliocene two mica rhyolites in the Songpan-Gangzi block (aeb) and the Cuonadong Miocene two mica granites in

the Himalayan Block (ced). (a) Porphyry texture of the Hudongliang tourmaline-bearing two-mica rhyolite (sample 1P2JD7-1, crossed polarized light (xpl)). (b)

Potassium feldspar, albite, quartz, muscovite, and tourmaline in the Hudongliang rhyolite (sample 1P2JD7-1, plane-polarized light (ppl)). (c) Potassium feldspar,

plagioclase, albite, biotite, quartz, muscovite, and tourmaline in the Cuonadong Miocene two mica granites (sample 11SN36, xpl). (d) Potassium feldspar,

plagioclase, albite, biotite, quartz, and tourmaline in the Cuonadong Miocene two mica granites (sample 11SN36, ppl). (e) Backscattered electronic image and

analytical spots for major element compositions of tourmalines from the Hudongliang tourmaline-bearing two-mica rhyolite (sample 1P2JD7-1). 1, 2 and 3 are the

analytical spots for the tourmaline compositions in Table 1. (f) Backscattered electron image and analytical spots for major element compositions of tourmalines

from the Cuonadong Miocene two mica granites. 1, 2, 3, 4, 5 and 6 are the analytical spots for the tourmaline compositions in Table 1. Ab-albite; Bt-biotite; Kf-

potassium feldspar, Mus-muscovite; Pl-plagioclase; Q-quartz; Tm-tourmaline, ppl-plane polarized light, xpl-cross polarized light.
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Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (SKLaBIG GIG
CAS) with a JEOL JXA-8100 Superprobe for inspecting in-
ternal morphology of individual tourmalines. Before B isotope
analyses, the analyses for the compositions of the tourmaline
grains were carried out at the SKLaBIG GIG CAS with a
JEOL JXA-8100 Superprobe. Operating conditions were as
the follows: 15 kV accelerating voltage, 20 nA beam current,



Table 2

Detailed operating conditions for the laser ablation system and the MC-ICP-

MS instrument.

Laser: RESOlution M-50

Laser type ArF Excimer

Wavelength 193 nm

Repetition rate 5 Hz

Crater size 44um

Ablation time 30 s

Carrier gas He flow rate 700 mL/min

Energy density (fluence) on target 4.0 J/cm2

Pulse length ~20ns

Transport tubing Nylon, 4 mm diameter;

~3 m length

ICP-MS: Neptune Plus

Forward power 1250 W

Cool gas flow rate 14 L/min

Auxiliary gas flow rate 1.0 L/min

Carrier make up gas flow rate 0.98 L/min

Integration time 0.133 s

Data blocks collected 500
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1e2 mm beam diameter, 10 s counting time and ZAF
correction procedure for data reduction. The analytical pro-
cedures were described in detail in Huang et al. (2007). The
mineral composition data are listed in Table 1.

Tourmaline in situ B isotope analyses were conducted on a
Neptune Plus multicollector inductively coupled plasma mass
spectrometer (MC-ICP-MS) and a matching RESOlution M-
50 laser ablation system, at the SKLaBIG GIG CAS. The MC-
ICPMS is fitted with a collector block containing 9 variable
position Faraday cups and 8 Ion Counters (compact discrete
dynamic multiplier, CDD or SEM). Detailed operating con-
ditions (Table 2) for the laser ablation system and the MC-
ICP-MS instrument and data reduction were approximately
similar to those described by Hou et al. (2010), Míkov�a et al.
(2014), Guo et al. (2014) and Martin et al. (2015). The laser
ablation system generated an ultraviolet laser of 193 nm. After
laser homogenization, the energy was focused on the surfaces
of samples with the laser output frequency of 5 Hz, and with
an ablation diameter of 45 mm. During the analysis, both B
isotope signals (L3: 10B; H3: 11B) were collected simulta-
neously by Faraday cups. The cup positions were adjusted and
the masses were calibrated by using a 2 mg/mL H3BO3 solu-
tion (a product of Alfa Company) before connecting to the
laser ablation system. The aerosol produced by laser ablation
was blown out with He as the carrier gas, and after passing a
T-cock, it was mixed with Ar gas and the mixture was injected
into the plasma of the MC-ICP-MS for ionization. Before the
analysis of samples, the instrumental parameters were opti-
mized with IAEA B4 (a certified tourmaline reference for B
isotopes from the International Atomic Energy Agency
(Tonarini et al., 2003a)).

The data for m/z 10 and m/z 11 were collected simulta-
neously on L3 and H3 Faraday cups. Their on-peak-zero was
measured for 27 s before the laser was on. After the laser was
powered on, the measurements were taken in 400 cycles for
each spot, and the integration time for each cycle was of
0.131 s. The 11B/10B of each spot was calculated after sub-
tracting the on-peak zero on m/z 10 and m/z 11. Corrections for
instrumental drift, mass bias between 10B and 11B were both
conducted by a “standard-sample-standard” bracketing
external standardization technique. One piece of standard
tourmaline IAEA B4 with a size of ~3 � 3 � 2 mm was used
Table 1

The compositions for the tourmalines from Cenozoic magmatic rocks in Tibet.

Spots SiO2 TiO2 Al2O3 FeO MnO MgO

Sample 1P2JD7-1

1 34.19 0.75 31.37 11.50 0.12 2.62

2 33.98 0.68 31.76 11.70 0.13 2.58

3 34.00 0.81 31.67 11.12 0.10 2.93

Sample 11SN36-6

1 33.82 0.58 29.71 13.73 0.22 1.93

2 34.12 0.21 30.31 14.06 0.38 0.92

3 33.82 0.71 29.68 13.57 0.20 1.95

4 33.84 0.26 29.93 14.83 0.35 0.80

5 33.50 0.24 30.40 14.27 0.40 1.01

6 33.66 0.21 30.10 13.61 0.28 1.30
for this purpose. Two spots on the IAEA B4 were measured
before and after each 10 spots measurements of unknown
samples, and the mass bias of the 11B/10B of the unknown
samples were calibrated by reference to the mean of the four
11B/10B ratios of the IAEA B4 to its certificate value
(Gonfiantini et al., 2003; Le Roux et al., 2004).

Off-line data reduction (including selection and integration
of background and analyte signals) was performed by a
spreadsheet program created in house by the authors. The
time-resolved signal of single isotopes and isotope ratios was
carefully inspected to verify the presence of perturbations
related to inclusions, fractures and mixing of different sample
domains. The final result of the B isotopic analyses is
expressed in terms of d11B, which is defined as follows: d11B
(‰) ¼ [(11B/10B)Sample/(

11B/10B)Standard-1] � 1000, where the
standard was NIST SRM 951 boric acid from the National
Institute of Standard Technology (11B/10BNIST SRM

951 ¼ 4.05003 (Ishikawa and Tera, 1997; Ishikawa et al.,
2001). The internal precision for each spot after calculated
into d11B was generally better than 0.1‰ (1s).

Two international tourmaline reference standards (dravite
(#108796) and schorl (#112566)) (Dyar et al., 2001; Leeman
CaO Na2O K2O Cr2O3 NiO Total

0.21 1.87 0.06 0.06 0.00 82.75

0.19 1.94 0.04 0.06 0.00 83.05

0.24 1.78 0.05 0.13 0.00 82.83

0.28 1.88 0.05 0.01 0.02 82.22

0.13 1.88 0.01 0.02 0.00 82.02

0.26 1.87 0.04 0.00 0.00 82.10

0.16 1.96 0.04 0.00 0.00 82.18

0.15 1.98 0.05 0.02 0.00 82.01

0.17 2.02 0.06 0.12 0.00 81.52



Table 3

Boron isotope compositions of series Boron isotope standards determined by

LA-MC-ICP-MS.

Reference

sample

Analyzed d11Ba

value (2s) (‰)

in this study

(n ¼ 15b)

Reference d11Ba

value (2s) (‰)

Reference

Dravite

(#108796)

�6.89 ± 0.35 �6.6 ± 0.2 Dyar et al., 2001;

Leeman and Tonarini, 2001

Schorl

(#112566)

�13.21 ± 0.53 �12.50 ± 0.1 Dyar et al., 2001;

Leeman and Tonarini, 2001

IMR RB1 �13.59 ± 0.43 �12.96 ± 0.97 Hou et al., 2010

IMR RB2 12.57 ± 0.35 �12.53 ± 0.57 Hou et al., 2010

a The values are the d11B (‰) values normalized to NIST SRM 951.
b The analyzed times (n) for Boron isotope standards are 15.

Table 4

LA-MC-ICPMS in-situ boron isotopic data on tourmaline from Neogene

magmatic rocks from the northern and southern margins of Tibet.

Spots 11B/10B ratios d11B (‰) 1s (‰)

Tourmaline from the Hudongliang pliocene two mica rhyolite sample

(1P2J7D) in northern Tibet

1P2J7D-1 4.0093 �10.06 0.10

1P2J7D-2 4.0074 �10.54 0.09

1P2J7D-3 4.0077 �10.45 0.08

1P2J7D-4 4.0085 �10.24 0.11

1P2J7D-5 4.0092 �10.08 0.08

1P2J7D-6 4.0054 �11.03 0.10

1P2J7D-7 4.0091 �10.11 0.12

1P2J7D-8 4.0072 �10.57 0.09

1P2J7D-9 4.0073 �10.56 0.10

1P2J7D-10 4.0077 �10.45 0.10

1P2J7D-11 4.0058 �10.93 0.08

1P2J7D-12 4.0081 �10.34 0.12

1P2J7D-13 4.0059 �10.89 0.08

1P2J7D-14 4.0071 �10.59 0.08

1P2J7D-15 4.0088 �10.18 0.07

1P2J7D-16 4.0088 �10.19 0.09

1P2J7D-17 4.0072 �10.58 0.09

1P2J7D-18 4.0078 �10.43 0.10

1P2J7D-19 4.0074 �10.52 0.09

1P2J7D-20 4.0076 �10.47 0.08

1P2J7D-21 4.0071 �10.59 0.07

Tourmaline from the Cuonadong Miocene two mica granite sample

(11SN36) in southern Tibet
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and Tonarini, 2001) and two laboratory tourmaline standards
(IMR RB1 and IMR RB2) (Hou et al., 2010) were repeatedly
measured along with the samples to monitor the quality of the
measurements. The external precision of the d11B was
generally better than ±0.5‰ (2 SD), and their values are all
identical to the reported reference values within analytical
errors (Table 3), demonstrating the reliably of the analytical
procedure.

4. Analytical results

11SN36-4-1 3.9991 �12.57 0.07

11SN36-4-2 3.9987 �12.68 0.08

11SN36-4-3 4.0006 �12.20 0.10

4.1. Mineral geochemistry
11SN36-4-4 4.0004 �12.26 0.10

11SN36-4-5 4.0015 �11.98 0.09

11SN36-4-6 3.9968 �13.13 0.08

11SN36-4-7 3.9991 �12.57 0.09

11SN36-4-8 3.9979 �12.86 0.09

11SN36-4-9 3.9961 �13.31 0.08

11SN36-4-10 3.9944 �13.73 0.07

11SN36-4-11 3.9995 �12.48 0.07

11SN36-4-12 3.9986 �12.69 0.08

11SN36-4-13 3.9975 �12.96 0.08

11SN36-4-14 3.9978 �12.89 0.11

11SN36-4-15 4.0007 �12.19 0.11

11SN36-4-16 4.0031 �11.60 0.09

11SN36-4-17 4.0025 �11.74 0.09

11SN36-4-18 3.9989 �12.62 0.11

11SN36-4-19 4.0005 �12.23 0.08
From core to rim (Fig. 2e; Table 1), the tourmalines from
the Hudongliang rhyolites exhibit consistent SiO2

(34.0e34.196 wt.%), Al2O3 (31.37e31.76 wt.%) and FeO
(11.12e11.70 wt.%) and low MgO (2.58e2.93 wt.%), indi-
cating homogeneous compositions. From core to rim (Fig. 2e;
Table 1), the tourmalines from the Cuonadong granites exhibit
consistent SiO2 (33.50e34.12 wt.%) and Al2O3

(29.68e30.40 wt.%) and slightly variable and FeO
(13.57e14.82 wt.%) and MgO (0.80e1.93 wt.%). Compared
with the tourmalines from the Hudongliang rhyolites, the
tourmalines from Cuonadong granites have relatively high
FeO and low MgO contents, indicating some geochemical
differences.
11SN36-4-20 3.9997 �12.43 0.13

11SN36-4-21 3.9992 �12.55 0.10

11SN36-4-22 4.0023 �11.78 0.10
4.2. B isotope compositions of tourmalines
11SN36-4-23 4.0016 �11.96 0.11

11SN36-4-24 4.0040 �11.36 0.09

11SN36-4-25 4.0017 �11.92 0.09

11SN36-4-26 4.0030 �11.62 0.09

11SN36-4-27 3.9993 �12.52 0.11

11SN36-4-28 4.0006 �12.20 0.10

11SN36-4-29 4.0003 �12.27 0.11

11SN36-4-30 4.0018 �11.90 0.11

11SN36-4-31 3.9984 �12.74 0.09

11SN36-4-32 3.9995 �12.48 0.11

11SN36-4-33 3.9989 �12.62 0.08

11SN36-4-34 3.9972 �13.05 0.09

11SN36-4-35 3.9982 �12.81 0.10
Tourmaline B isotopic data are listed in Table 4. 21
analyzed spots for tourmalines of the Hudongliang Pliocene
two mica rhyolite sample (1P2JD7-1) in the Songpan-Gangzi
block exhibit homogeneous 11B/10B ratios ranging from
4.0054 to 4.0093 and consistent d11B values ranging from
�11.03 to �10.06‰ (Table 4) with a mean of
�10.47 ± 0.54‰ (Fig. 3a and b), which is in agreement with
their homogeneous major element compositions from core to
rim (Table 1; Fig. 2e). 35 analyzed spots for tourmalines
of the Cuonadong Miocene two mica granite sample (11SN36)
in the Himalayan Block also exhibit approximately



Fig. 3. d11B mean values of tourmalines from the Hudongliang two mica rhyolites (aeb) and the Cuonadong two mica granites (ced).
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homogeneous 11B/10B ratios ranging from 3.9944 to 4.0040
and consistent d11B values ranging from �13.73 to �11.36‰
(Table 4) with a mean of �12.48 ± 1.04‰ (Fig. 3c and d).
Therefore, the tourmalines from the Hudongliang rhyolites
exhibit slightly higher d11B values than the tourmalines from
the Cuonandong two mica granites (Table 4 and Fig. 3a and c),
which is in agreement with their homogeneous major element
compositions from core to rim (Table 1; Fig. 2f).

5. Discussion

Boron isotope fractionation between tourmaline, aqueous
fluid and granitic melt is a highly controversial topic that has
received much discussion in the literature (e.g., Palmer et al.,
1992; Jiang and Palmer, 1998; Hervig et al., 2002; Tonarini
et al., 2003b; Meyer et al., 2008; Trumbull et al., 2008;
Marschall et al., 2009b; London, 2011; Marschall and Jiang,
2011). Based on studies on volcanic glasses, Tonarini et al.
(2003b) suggest that B isotope fractionation is mostly
related to the relative amount of trigonal and tetrahedral boron
sites in the glass network rather than to other processes,
including the speciation of hydrous species in the glass
structure. A basic consensus is that the nature and extent of
isotopic fractionation between tourmaline and fluids is
different from that between tourmaline and melts (Leeman and
Sisson, 1996; Marschall and Jiang, 2011). Trigonally co-
ordinated B(OH)3 is the only significant species that occurs
in a solution or fluid due to their low pH (Palmer et al., 1992),
but B generally occurs as tetrahedral co-ordinated B(OH)4

� in
a melt (Jiang and Palmer, 1998). In general, 11B is preferen-
tially partitioned into aqueous fluids during heating and
decomposition of hydrous minerals (clay minerals and white
mica) or during fluiderock interaction (e.g., Jiang and Palmer,
1998; Marschall and Jiang, 2011). Thus, tourmaline directly
crystallizing from a fluid has higher d11B values than the clays
and micas from which the fluid originated (Marschall and
Jiang, 2011). However, if granitic tourmaline crystallized
directly from a melt, there should be relatively little isotopic
fractionation as the change in the boron symmetry during
tourmaline crystallization is small; i.e., the d11B values of
granitic tourmalines would be similar to those of the melt
(Jiang and Palmer, 1998).

In this study, petrographic characteristics (Fig. 2aed) sug-
gest that the tourmalines from the Hudongliang and Cuona-
dong Neogene magmatic rocks directly crystallized from
felsic magmas, and their d11B values should be similar to those
of the magmas. The tourmalines of the Hudongliang Pliocene
two mica rhyolite sample (1P2JD7-1) have a mean d11B value
of �10.47 ± 0.54‰, which is consistent with those
(�9.71 ± 0.04) of whole rock sample (1P2JD7-1) within the



Fig. 4. Measured B isotope composition as a function of host rock type (colored boxes) and inferred B sources (grey bands) (after Marschall and Jiang (2011)).

Isotopically heavy B (¼ high d11B value) is ultimately sourced from seawater and may enter a rock via fluids or melts derived from a subducting slab or from

carbonate or evaporite sequences in the crust, or directly from seawater circulating through the rocks. Isotopically light B (¼ low d11B value) is typically sourced

from nonmarine evaporites or produced by isotopic fractionation between solids and fluids during metamorphic dehydration (Marschall and Jiang, 2011).

Tur ¼ tourmaline; MORB ¼ mid-ocean ridge basalt. The range of whole-rock d11B values of the Himalayan leucogranites is from Jiang et al. (2003). The d11B

value range for tourmalines from the Himalayan leucogranites is from Chaussidon and Albar�ede (1992) and Yang et al. (2015).

50 G.-N. Gou et al. / Solid Earth Sciences 2 (2017) 43e54



51G.-N. Gou et al. / Solid Earth Sciences 2 (2017) 43e54
range of errors (Wang et al., unpublished data). The tourma-
lines from the Cuonadong Miocene two mica granite sample
(11SN36) in the Himalayan Block have a mean d11B value of
�12.48 ± 1.04‰, which is in the range of tourmaline d11B
values (�16.3 to �10.3‰) of the Himalayan leucogranites
(Chaussidon and Albar�ede, 1992; Yang et al., 2015) (Fig. 4).

The d11B values of granitic tourmalines were commonly
considered to be similar to those of the melt (Jiang and Palmer,
1998; Jiang et al., 2008; Talikka and Vuori, 2010; Zhao et al.,
2011; Yang and Jiang, 2012; Yang et al., 2015). The tourma-
lines of both the Hudongliang rhyolites and Cuonandong
granites have d11B values ranging from �12.48 to �10.47‰,
which are clearly lower than those (>0 in general) of marine
sedimentary rocks or magmatic rocks undergoing seawater
alteration or tourmalines from above rocks or fluids from them
(Fig. 4) (Marschall and Jiang, 2011). E.g., the metasomatic
tourmaline owing to influx of hydrous fluids released from the
subducted oceanic slab in the Syros Island has exceptionally
high d11B (þ18 to þ28‰) (Marschall et al., 2006). However,
their d11B values are similar to those (�10.3 to �15.4‰) of
magmatic tourmalines from continental crust-derived granites
and volcanic rocks (Fig. 4) (Jiang, 2001; Jiang et al., 2008;
Talikka and Vuori, 2010; Zhao et al., 2011; Yang and Jiang,
2012; Guo et al., 2014; Yang et al., 2015), and very close to
those (�10 ± 3‰) of average continental crust (Fig. 4)
(Marschall and Jiang, 2011). Alternatively, some other studies
have suggested that the d11B values of tourmaline may be
higher than those of melt (e.g., Macgregor et al., 2013), which
would imply that the melts of both the Hudongliang rhyolites
and Cuonandong granites had d11B values lower than �12.48
to �10.47‰. In other words, both the Hudongliang rhyolites
and Cuonandong granites may have had crustal sources with
lower d11B values than those of the tourmalines or the
(�10 ± 3‰) average continental crust (Fig. 4) (Marschall and
Jiang, 2011).

MioceneePliocene peraluminous lavas including the
Hudongliang rhyolites in the Songpan-Ganzi block have
higher εNd (�5.8 to �8.6) and lower 87Sr/86Sr
(0.7125e0.7178) (McKenna and Walker, 1990; Wang et al.,
2012; Zhang et al., 2012) than the respective values (�13.0
to �20.0 and 0.7256 to 0.8547) for Late OligoceneeMiocene
leucogranites, including the Cuonandong granites in the Hi-
malayan block (e.g., Inger and Harris, 1993; Harris and
Massey, 1994; Guillot and Le Fort, 1995; Harris et al., 1995;
Knesel and Davidson, 2002; Zhang et al., 2004; Liao et al.,
2007; Guo and Wilson, 2012; Gao and Zeng, 2014; Liu
et al., 2014; Wu et al., 2015). This indicates that Neogene
peraluminous rocks in the northern and southern margins of
Tibet were generated by partial melting of metasedimentary
rocks with different components. Petrological and SreNd
isotopic data also suggest, however, that they were both most
likely derived from PrecambrianeMesozoic metasedimentary
rocks (e.g., metapelites or metagreywackes) on the northern
and southern margins of Tibet, respectively (e.g., Le Fort et al.,
1987; Burchfiel et al., 1989; McKenna and Walker, 1990; Inger
and Harris, 1993; Harris and Massey, 1994; Guillot and Le
Fort, 1995; Harris et al., 1995; Pati~no Douce and Harris,
1998; Knesel and Davidson, 2002; Zhang et al., 2004, 2012;
Liao et al., 2007; Guo and Wilson, 2012; Wang et al., 2012;
Gao and Zeng, 2014; Liu et al., 2014; Wu et al., 2015). The
question of whether their source rocks were sedimentary rocks
formed in marine or continental settings has been more diffi-
cult to resolve. Our new results demonstrate that the Hudon-
gliang rhyolites and Cuonandong granites exhibit tourmaline
d11B values close to those of average continental crust or
continental crust-derived granites (Fig. 4), indicating that they
were mainly generated by partial melting of the metasedi-
mentary rocks with continental affinities. Moreover, these
source rocks were most probably subducted or overridden in
the northern and southern margins of Tibet during contraction
associated with the collision of the Indian plate with the Asian
plate (Yin and Harrison, 2000; Tapponnier et al., 2001; Ding
et al., 2003; Kapp et al., 2003, 2005).

Traditionally, volcanic arcs are considered to be the most
important sites for the recycling of subducted marine sediments
into the continental crust via arc magmatism (Kay, 1978; Plank
and Langmuir, 1993; Hawkesworth et al., 1997; Shimoda et al.,
1998; Chauvel et al., 2008; Behn et al., 2011). Given the
widespread occurrences of Neogene peraluminous magmatic
rocks in the southern and northern margin of Tibet, however,
we suggest that the recycling of sediments with continental
affinity played an important role in the formation of these
peraluminous magmatic rocks and the evolution of continental
crust during the collisional orogenic process.
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