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Tourmaline is the most common boron-rich mineral in magmatic systems. In this
study, we determined experimentally the fractionation of boron isotopes between
granitic melt and tourmaline for the first time. Our crystallisation experiments were
performed using a boron-rich granitic glass (B2O3≈ 8wt.%) at 660−800 °C, 300MPa,
and aH2O = 1, in which tourmaline occurs as the only boron-hosting mineral. Our
experimental results at four different temperatures show a small and temperature-
dependent boron isotope fractionation between granitic melt and tourmaline
(Δ11Bmelt–Tur=þ0.90 ± 0.05 ‰ at 660 °C and þ0.23 ± 0.12 ‰ at 800 °C), and the
temperature dependence can be defined as Δ11Bmelt–Tur= 4.51 × (1000/T [K])−
3.94 (R2= 0.96). Using these boron isotope fractionation factors, tourmaline can serve

as a tracer to quantitatively interpret boron isotopic ratios in evolved magmatic systems. Our observation that 11B is enriched in
granitic melt relative to tourmaline suggests that the δ11B of late-magmatic tourmaline should be higher than tourmaline that
crystallised at an early stage, if B isotope fractionation is not affected by other processes, such as fluid loss.
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Introduction

Boron is an incompatible trace element that can be highly
enriched in granitic melts and aqueous fluids (London et al.,
1996). The large difference in atomic mass by 10 % between
the two stable isotopes of boron, 10B and 11B, results in significant
variations in δ11B of natural rocks that can be up to ca. 100 ‰.
The separation of B-rich phases such as tourmaline and aqueous
fluid from silicatemelt is expected to produce B isotope fractiona-
tion due to the different B coordination (11B at trigonal site and
10B at tetrahedral site) in coexisting B-bearing phases (e.g.,
Trumbull et al., 2013; Siegel et al., 2016). Thus, B isotopes are
a sensitive tool to trace magmatic–hydrothermal processes (such
as fractional crystallisation, degassing, ore formation) and meta-
morphic fluid source, and tourmaline, as the most common
B-hosting mineral in granitic magma, can serve as a useful tracer
for such processes. The negligible intra-crystalline diffusion rate
leads to the consequence that B isotopic composition of tourma-
line is not easily overprinted by late magmatic or hydrothermal
events and therefore ideal to record the evolution history ofmag-
mas (e.g., Marschall and Jiang, 2011). B isotope fractionation fac-
tors (Δ11Bmelt–Tur) between silicate melt and tourmaline are a
prerequisite to quantitatively interpret the B isotope composition
of tourmaline in granitic systems. To our knowledge, so far, B
isotope fractionation between granitic melt and tourmaline
has not been directly determined by experiments. In previous
studies (e.g., Trumbull et al., 2013; Siegel et al., 2016), Δ11Bmelt–

Tur values were indirectly calculated from the combination of
experimental results on B isotope fractionation between hydrous

melt and aqueous fluid (Δ11Bmelt–fluid) (Hervig et al., 2002; Maner
and London, 2018) and between tourmaline and aqueous fluid
(Δ11BTur–fluid) (Palmer et al., 1992; Meyer et al., 2008). However,
these experimental studies differ in the experimental and ana-
lytical methods, the P-T conditions, and the fluid compositions.
Such discrepancies can lead to great uncertainties if these exper-
imental results are used to calculate Δ11Bmelt–Tur values. In addi-
tion, theoretical studies have suggested that the magnitude of
Δ11BTur–fluid depends on the composition of tourmaline, with a
larger fractionation for dravite than for schorl (Li et al., 2020),
which further increases the uncertainty for indirectly calculated
Δ11Bmelt–Tur values.

In this paper, we report results of tourmaline crystallisa-
tion experiments conducted for B-rich granitic systems in the
temperature range of 660 to 800 °C and at 300MPa. The analyti-
cal data of the B isotopic distribution between the experimental
glasses and tourmalines provide direct constraints on the B iso-
tope fractionation between granitic melt and tourmaline at mag-
matic temperatures.

Methods

Five tourmaline crystallisation experiments were performed at
660−800 °C, 300 MPa, fO2 ≈ NNO for ∼15–30 days in water-
pressurised, cold-seal pressure vessels. A B-rich peraluminous
granitic glass (B10 glass, B2O3 ≈ 8.8 wt. %), which was synthes-
ised by melting mixed powders of a B-free glass (BDG-1) and
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boric acid powder, was used as starting material. Four water-
saturated experiments (aH2O = 1) and one water-undersaturated
experiment (aH2O ≈ 0.7) were conducted. The activity of water
was decreased by adding a fluid composed of mixed H2O and
CO2 (added as silver oxalate). Major element compositions of
the starting glass and experimental products were measured
by electron microprobe analyser (EMPA) using a Cameca SX-
100microprobe. Boron isotope compositions of the starting glass
and experimental products were measured in situ using a
Thermo Scientific Neptune Plus, which was connected to a
Spectra-Physics Solstice femtosecond laser ablation system.
Details on the experimental and analytical methods are reported
in Supplementary Information (SI).

Results

Experimental conditions and products are listed in Table 1.
Tourmaline was observed in all experiments and homo-
geneously distributed in melts as dark-green euhedral and col-
umnar crystals, with a common size of ∼100 μm in length and
∼50 μm in width (Fig. 1). In back-scattered electron (BSE)
images, most tourmalines show a variation in darkness even
within one crystal (Fig. 1b), and some grains are characterised
by faceted hourglass sector zoning (see details in SI) (Fig. 1e, f).
The Mg/[Mg þ Fe] ratio is ca. 0.35–0.55 (Fig. S-2), which is
typical for schorl and consistent with that of common igneous
tourmalines in nature. Minor amounts of magnetite are evenly
distributed in experiments. Bubbles were found in runs DC-28
and DC-87. Experimental melts (quenched as glasses) are per-
aluminous (ASI ≈ 1.1–1.4) and show a narrow range in B2O3

content (∼7.7–8.0 wt. %). Additional details about experimental
products and phase compositions are given in SI.

Boron isotopic compositions of the experimental tourma-
lines and glasses, as well as the calculated isotopic fractionation
factors between them, are listed in Table 1. The starting glass
(B10) shows a homogeneous B isotope composition within error,
with δ11B values of þ0.92 ± 0.03 ‰ (Table S-5). The B isotope
composition of experimental glasses (δ11Bmelt) is close to that
of the starting glass but displays a positive trendwith temperature,
increasing from þ0.78 ± 0.04 ‰ at 660 °C to þ1.10 ± 0.07 ‰

at 800 °C (Table 1). The low δ11B value of DC-87 glass relative
to starting glass may result from the occurrence of a fluid phase
in this experiment because 11B is expected to be preferentially

partitioned into fluid relative to granitic melt (Maner and
London, 2018). The B isotopic compositions of the experimental
tourmaline (δ11BTur) show a positive correlationwith temperature,
increasing from −0.11 ± 0.04 ‰ at 660 °C to þ0.86 ± 0.10 ‰ at
800 °C (Table 1). The calculated B isotope fractionation factors
between melt and tourmaline (Δ11Bmelt–Tur) increase from
þ0.23 ± 0.12 ‰ at 800 °C to þ0.90 ± 0.05 ‰ at 660 °C
(Table 1), and data regression indicates that the temperature
dependence on Δ11Bmelt–Tur can be described as Δ11Bmelt–Tur=
4.51× (1000/T [K])− 3.94 (R2= 0.96) (Fig. 2a). In addition, the
two experiments performed at 800 °C with different water activ-
ities (DC-27 andDC-28) show identicalΔ11Bmelt–Tur values within
uncertainties.

Discussion

Several lines of evidence suggest that near equilibrium condi-
tions in terms of both major elements and B isotopes were
reached between melt and tourmaline in our experiments: (1)
microscopic observation shows that tourmaline is evenly distrib-
uted within the glass matrix for all experiments (Fig. 1a); (2) the
major element compositions (seven to ten analytical points for
each run) and B isotopic compositions (more than five analytical
points) of experimental glasses from each experiment collected
at different locations are identical within error (Tables S-2 and
S-6); (3) apart from the hourglass sector zoning, no composi-
tional zoning is observed in tourmaline; (4) no variation in B iso-
tope composition is observed in experimental glasses next to the
contact with tourmaline and far from the crystals (two or three
points).

Our experimental data reveal a small and temperature-
dependent B isotopic fractionation between granitic melt and
tourmaline at magmatic temperatures. The degree of B isotopic
fractionation between different phases at given P-T conditions is
considered to be mainly controlled by the coordination of B in
each phase, with trigonal site favouring 11B and tetrahedral site
favouring 10B (Kowalski and Wunder, 2018). B in tourmaline is
almost exclusively coordinated at the trigonal site ([3]B); [4]B is
expected in very Al-rich tourmaline (>1.2 atoms Al per formula
unit at the Y site) and at high pressures (>1000 MPa) and low
temperatures (Ertl et al., 2018). Our experimental tourmaline
is thus assumed to contain negligible amounts of tetrahedrally
coordinated B. However, the δ11BTur values show a systematic

Table 1 Experimental conditions and boron isotopic fractionation factors and partition coefficients.

Runa
B2O3

content
(wt. %)b

T
(°C)

P
(kbar)

aH2O
c Duration

(days)
Phasesd ASIe

Δ11Bmelt

(‰)
s.d.
(‰)

n
Δ11BTur

(‰)
s.d.
(‰)

n
Δ11Bmelt–Tur

(‰)
s.d.
(‰)

α 1000lnα

DC-27 7.8 800 3 1.0 15 Tur (6.7),
oxi (tr)

1.37 þ1.10 0.07 5 þ0.86 0.10 4 þ0.23 0.12 1.0002 0.2308

DC-28 8.0 800 3 0.7 15 Tur (7.4),
oxi (tr), fl

1.23 þ1.10 0.02 5 þ0.85 0.08 5 þ0.25 0.09 1.0003 0.2559

DC-10 8.0 750 3 1.0 20 Tur (9),
oxi (tr)

1.10 þ0.96 0.08 6 þ0.42 0.11 4 þ0.54 0.13 1.0005 0.5459

DC-11 7.8 700 3 1.0 25 Tur (8.8) 1.20 þ0.93 0.03 5 þ0.31 0.11 4 þ0.62 0.12 1.0006 0.6283

DC-87 7.7 660 3 1.0 30 Tur (10.8),
oxi (tr), fl

1.24 þ0.78 0.04 7 −0.11 0.04 4 þ0.90 0.05 1.0009 0.9077

a Starting glass of all experiments was B10 glass.
b Boron contents of experimental glasses were measured by EMPA and calibrated based on data for synthesised glasses with different boron contents (B4, B6, and B10).
c Initial water activity in the experimental runs; aH2O=H2O/(H2OþCO2) on a molar basis.
dNumbers in parentheses represent phase abundances inwt.%,whichwere calculated bymass balance; tr, trace amount, but abundance not determined. Phase abbreviations:
Tur, tourmaline; oxi, oxide; fl, fluid.
e Aluminum saturation index in the experimental glass; ASI =Al2O3/(Na2OþK2OþCaO) on a molar basis.
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increase with increasing temperature, which could be inter-
preted as a positive temperature effect on stabilising [4]B at the
T-site of tourmaline (Ertl et al., 2018). In hydrous silicate glasses,
B occupies both trigonally and tetrahedrally coordinated sites,
and the proportions of [3]B and [4]B depend on melt composition
(especially on B content), temperature, and pressure (Dingwell
et al., 1996). Previous spectroscopic measurements indicate that
the amount of [4]B in both natural and synthetic glasses is minor
and probably negligible (Tonarini et al., 2003). Since most B in
magmatic tourmaline is at trigonal sites, the small Δ11Bmelt–Tur

value implies that B should also be predominantly at 3-fold coor-
dinated sites in the peraluminous B-rich granitic melts of this
study. The slight increase in δ11Bmelt with increasing temperature
in our experiments may be interpreted as the effect of temper-
ature promoting the reaction [BO4] ➝ [BO3]þNBO in silicate

melts (Wu and Stebbins, 2013). It is noteworthy that some pre-
vious experimental studies observed a large B isotope fractiona-
tion between granitic melt and aqueous fluid, and interpreted it
as an indication of a large proportion of [4]B in the melt (Hervig
et al., 2002; Maner and London, 2018). This interpretation is
inconsistent with both the result of this study and the spectro-
scopic studies.

This study provides a direct constraint on the B isotope
fractionation between silicate melt and tourmaline and indicates
a slightly positive value of Δ11Bmelt–Tur. The Δ11Bmelt–Tur esti-
mated from fluid-melt and fluid-tourmaline fractionation factors
indicate a slight fractionation between granitic melt and tourma-
line, but the sign of Δ11Bmelt–Tur is controversial (Fig. 2b). A
Δ11Bmelt–Tur of −3 ‰ at 500 °C was applied by Trumbull et al.
(2013) and Siegel et al. (2016), whereas Ribeiro da Costa

Figure 1 Representative images of experimental products. (a) Tourmaline is evenly distributed inmelts (runDC-11, plane-polarised). (b, c, d)
Representative BSE images of runs DC-10, DC-28, andDC-11, respectively, showing the positions of analysed areaswith laser-ablation. (e) BSE
image of a tourmaline grain with hourglass sector zoning from DC-87, section nearly parallel to the c-axis. Three zones can be recognised in
this crystal: cþ, c−, and a sectors (see details in SI). (f) BSE image of a tourmaline grain from DC-11 with hourglass sector zoning, section
perpendicular to the c-axis. The image shows faceted compositional sector zoning splitting the crystal into light and dark areas.
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et al. (2014) used a positive factor to calculate the variation in B
isotope composition of magma with tourmaline crystallisation.
The inconsistency probably results from the difference in exper-
imental and analytical methods as well as from different fluid
compositions in the experimental studies on fluid-melt and
fluid-tourmaline fractionation (Palmer et al., 1992; Hervig et al.,
2002; Meyer et al., 2008; Maner and London, 2018). Such prob-
lems could be overcome in this study. In addition, the composi-
tion of tourmaline formed in our experiments is similar to natural
magmatic tourmaline (Figs. S-1 and S-2), which allows us to
apply our results to granitic and pegmatitic systems.

Implications for Tracing Magma
Evolution with Boron Isotopes

Boron isotope fractionation is expected to occur during mag-
matic–hydrothermal processes due to the difference in co-
ordination of B between melt, fluid, and B-bearing minerals.
As the most common B-rich mineral in granite and pegmatite,
tourmaline is widely studied to trace processes at the mag-
matic–hydrothermal transition by measuring its B isotope com-
position. The results of this study show small slightly positive
temperature-dependent Δ11Bmelt–Tur values. Thus, the B isotope
composition of tourmaline crystallising from a granitic melt

could approximately reflect that of the silicate melt, especially
at high temperatures (∼700–800 °C).However, since the residual
melt will be progressively enriched in 11B with ongoing crystal-
lisation of tourmaline in a closed system, as indicated by the
Rayleigh fractionation model (Fig. 3a), the δ11B of late-magmatic
tourmaline should be higher than that of tourmaline crystallising
at an early stage. Such an increasing trend of δ11B values from
early- to late-stage tourmaline has been observed in pegmatite
(Mikova et al., 2010; Siegel et al., 2016), based on the analysis of
δ11B in core and rim of tourmalines, reflecting the evolution from
early- to late-stage crystallisation. Our calculation applying a
Rayleigh fractionation model and the new fractionation factors
show that the consumption of ∼62–78 % B in melt (as a result
of tourmaline crystallisation) could explain the observed B iso-
topic variation of tourmaline between core and rim (Fig. 3b).
Differently, some other studies reported a decrease of δ11B from
early- to late-stage tourmaline in granites and pegmatites
(Trumbull et al., 2013; Drivenes et al., 2015; Zhao et al., 2019),
which were ascribed to the preferential partitioning of 11B in
tourmaline relative to the coexisting melt because negative
Δ11Bmelt–Tur values were assumed for the modelling (Fig. 3a, col-
oured lines). However, such an explanation is inconsistent with
the positive Δ11Bmelt–Tur value determined in this study.
Alternatively, a kinetically driven B isotope fractionation during
fluid exsolution is a potential interpretation for the decrease of
δ11B observed in these studies (Kowalski and Wunder, 2018).

Conclusions

We determined the temperature-dependent equilibrium B iso-
tope fractionation between peraluminous granitic melt and tour-
maline at 660 to 800 °C and 300 MPa, which can be expressed as
Δ11Bmelt–Tur= 4.51 × (1000/T [K])− 3.94 (R2= 0.96). Our experi-
ments, for the first time, provide directmeasurements of the frac-
tionation factors that can be used for tracing B isotopes of granitic
melt from the records in tourmaline.
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Figure 2 (a) Boron isotopic fractionation factors between granitic
melt and tourmaline versus reciprocal temperature. The dashed
line represents anOrdinary Least Square regression of the five frac-
tionation values obtained from our experiments. (b) Comparison
of Δ11Bmelt–Tur values from this study and Δ11Bmelt–Tur applied in
previous studies to interpret δ11B values analysed in tourmaline.
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Starting Materials 
 
Crystallisation experiments were conducted using a B-rich peraluminous granitic glass (B10 glass). Glass synthesis and 

crystallisation experiments were conducted at the Leibniz University of Hannover. The nominally B-free glass (BDG-

1) was produced by melting the powder of a peraluminous tourmaline-free two-mica granite from the Himalayan orogen 

with Na2O/(Na2O + K2O) of 0.45 (values in wt. %, see Table S-1). The powder was placed in a platinum crucible at 

1600 ℃ for 2 h and then quenched. The obtained glass was then milled into fine-grained powder in an agate mortar. 

The melting process (same temperature) was repeated two times for achieving a homogeneous glass (BDG-1). The B-

rich glass was synthesised by melting powder of BDG-1 glass with boric acid (H3BO3) at 1600 ℃ for 2 h, and the 

melting process was repeated three times. The added amount of H3BO3 was assigned to generate a target B2O3 content 

of 10 wt. % in the B10 glass, but the final B2O3 content in this glass is slightly lower (8.8 wt. %) due to loss of B during 

glass melting (Holtz et al., 1993). However, the B content is still much higher than the B2O3 content of peraluminous 

rhyolitic melts in equilibrium with tourmaline (~2 wt. % at 750 ℃, 200 MPa, 𝑎!!" ≈ 1, fO2 ≈ NNO) (e.g., Wolf and 

London, 1997; London, 1999). The measured compositions of BDG-1 and B10 glasses are listed in Table S-1. 
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Experimental Techniques 
 
Fine-grained starting glass powder (<100 μm) was used for crystallisation experiments. The target amount of water was 

set as 8 wt. % for the experiments performed at 300 MPa (except for experiment DC-87, with ~10 wt. % added water). 

The addition of 8 wt. % H2O is sufficient to achieve water saturation for B-free rhyolitic melt (e.g., Holtz et al., 2001), 

but the addition of B2O3 is expected to increase the water solubility (Holtz et al., 1993). Therefore, the experiments with 

8 wt. % H2O were likely slightly undersaturated in H2O. For investigating the influence of 𝑎!!" on the B isotope 

fractionation, one experimental run (DC-28) with an assigned 𝑎!!" of ~0.7 was prepared by adding a fluid composed 

of a mixture of H2O and CO2 (added as silver oxalate). The starting materials were loaded in gold capsules (15 mm long, 

2.8 mm internal diameter, and 0.2 mm wall thickness), and subsequently sealed by arc welding. Prior to experiments, 

the welded capsules were kept at 110 ℃ overnight to check for leakage. 

Crystallisation experiments were performed at 660 to 800 ℃ and 300 MPa in water-pressurised cold-seal 

pressure vessels. The run durations were 30 days at 660 ℃, 25 days at 700 ℃, 20 days at 750 ℃, and 15 days at 800 ℃ 

(Table 1). Reverse-direction experiments were not performed here due to the negligible diffusion of tourmaline. The 

temperature error is expected to be less than ±10 ℃ (Holtz et al., 2004). Oxygen fugacity (fO2) was not controlled, but 

the intrinsic fO2 of the pressure vessels, made from a Ni-rich alloy, is close to the Ni-NiO buffer. Experiments were 

quenched isobarically with a flux of compressed air, allowing a cooling rate of ca. 300 ℃ within 1 minute (Holtz et al., 

2004). Quenched capsules were weighted to check for potential leakage during the experiments. 

 

 
Analytical Methods 
 
Electron microprobe analysis (EMPA) 

Major element compositions of starting glasses and experimental products were analysed by electron microprobe 

analysis (EMPA) using a Cameca SX-100 microprobe at the Leibniz University of Hannover. Glasses and tourmalines 

were measured for Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, using 15 kV accelerating voltage, 15 nA beam current, and a spot 

size of 2 μm and 10 μm was used for tourmalines and glasses respectively. Boron and fluorine were analysed with the 

same accelerating voltage and spot size, but a higher beam current (100 nA) was applied. A PC3 crystal was used for 

detecting B. The following standards were used for calibration: jadeite (Na), MgO (Mg), orthoclase (K), wollastonite 

(Ca and Si), TiO2 (Ti), Fe2O3 (Fe), Mn3O4 (Mn), Kyanite (Al), SrF2 (F), and dravite (B). Additional details on analytical 

conditions with EPMA were reported in Cheng et al. (2019).	Tourmaline structural formulas were calculated in an Excel 

spreadsheet on the basis of 31 anions, assuming stoichiometric amounts of B2O3 (B = 3 apfu), H2O (OH + F = 4 apfu), 

and Li2O (Li = 15 − [T + Z + Y]), and assuming that all Fe is present as Fe2+ (Henry and Dutrow, 1996). In order to 

verify the reliability of EMPA for B2O3 content in the experimental glass, four reference glasses (B1, B4, B6, and B10 

glasses with B2O3 content of 8.54, 5.37, 3.74, and 0.94 wt. %, respectively) were analysed by both Laser ablation 

Inductively coupled plasma mass spectrometry (LA-ICP-MS) and EMPA, the good agreement between LA-ICPMS and 
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EPMA data confirms the accuracy of EPMA for B2O3 contents as low as ∼	0.2 wt. % (Fig. 7a in Cheng et al., 2019). In 

this study, the above four reference glasses were also analysed during the measurement of experimental glasses for 

monitoring data quality and calibrating the B2O3 content data of experimental glasses. The complete datasets of 

experimental glasses and tourmalines are listed in Supplementary Tables S-2 and S-3, respectively. 

 

Laser ablation multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) 

B-isotope compositions of starting glasses and experimental products were measured using a Thermo Scientific Neptune 

Plus which was connected to a Spectra-Physics Solstice femtosecond laser ablation system at the Leibniz University of 

Hannover. A detailed description of in situ B isotopic measurements is provided in Cheng et al. (2021). The laser was 

operated with a fluence of about 1 J/cm2 at a repetition rate of 10 Hz with a laser spot diameter of 30 μm. The analyses 

on the experimental glasses were carried out in raster mode, and tourmaline measurements were performed in point or 

line mode (depending on the crystal size and shape). Instrumental mass bias was monitored using the standard-sample 

bracketing method. The tourmaline schorl (#112566, δ11B = −12.5 ± 0.05 ‰ relative to NIST SRM 951) (Dyar et al., 

2001) was used as bracketing standard for the B isotope analysis of both glass and tourmaline due to the similar B 

concentration between experimental glass (~8 wt. %) and tourmaline (~10 wt. %). B isotope composition of samples 

are expressed relative to NIST SRM 951 as follows: 

 

δ11B = {[(11B/10B)sample/(11B/10B)NIST SRM 951] − 1} × 1000    Eq. S-1 

 

B isotope ratios of all samples were determined as δ11B values relative to tourmaline schorl and recalculated relative to 

NIST SRM 951 using the following equation: 

 

δ11B = δ11Bsample/schorl + δ11Bschorl/NIST SRM 951 + (δ11Bsample/schorl × δ11Bschorl/NIST SRM 951)/1000  Eq. S-2 

 

where δ11Bsample/schorl is the measured δ11B value of the sample relative to schorl (#112566), and δ11Bschorl/NIST SRM 951 is the 

δ11B value of the schorl (#112566) relative to NIST SRM 951. The repeatability of the data was monitored using 

tourmaline dravite (#108796, δ11B = −6.6 ± 0.1 ‰) and elbaite (#98144, δ11B = −10.4 ± 0.2 ‰) (Dyar et al., 2001). The 

dravite and elbaite yields an average δ11B value of −5.3 ± 0.1 ‰ (2 s.d., n = 6) and −11.0 ± 0.2 ‰ (2 s.d., n = 13), 

respectively, in this study (Table S-4). The analytical precision is estimated to be better than 0.2 ‰ based on replicate 

analyses of monitored tourmalines. The B-isotope compositions of starting glasses and experimental products are listed 

in Supplementary Tables S-5–S-7. 

B isotopic fractionation factors between granitic melt and tourmaline can be expressed with α and Δ notation 

as: 

α = (11B/10B)melt/(11B/10B)Tur      Eq. S-3 

Δ11Bmelt–Tur = δ11Bmelt − δ11BTur.      Eq. S-4 
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The above two terms can be related using the following expression: 

 

1000ln(α) ≈ Δ11B.      Eq. S-5 

 
 
Run Products and Major Element Compositions 
 
Microscopic observation and mass-balance calculation show that the amount of tourmaline in experiments increases 

with decreasing experimental temperature. Biotite was not observed in the experimental products, indicating that 

tourmaline is the main ferromagnesian mineral. Bubbles were found in runs DC-28 and DC-87, and we propose that the 

occurrence of bubbles in the former run resulted from the addition of CO2 in the form of silver oxalate, whereas the 

bubbles of the latter run were mainly composed of water because this run was saturated in water. 

There is no large variation in composition of glasses because tourmaline is the main mineral phase in all 

experimental runs. The Al2O3, FeO, and MgO contents of glasses decrease with decreasing temperature, which is due 

to a higher proportion of tourmaline with decreasing temperature. It can be noted that B2O3 contents are much higher 

than those determined by Wolf and London (1997) from experiments in which tourmaline was coexisting with melt and 

other residual minerals (partial melting experiments), including especially biotite and/or cordierite. In this study, nearly 

all the Fe and Mg present in the peraluminous system is incorporated in the tourmaline phase. The high B2O3 contents 

in the melts can be explained by the absence of other ferromagnesian phases in our experiments, which is in agreement 

with observations of London (1999) who concluded that peraluminous granitic systems that only contain tourmaline as 

ferromagnesian phases (e.g., Fe/Mg ratios not buffered by biotite) can contain extremely high B2O3 contents. 

As revealed by EPMA data (Table S-3), tourmalines from all experiments are rich in Fe relative to Mg, with 

molar Mg/(Mg + Fe) within 0.35−0.55, which is consistent with that of natural magmatic tourmalines (Figs. S-1 and S-

2). For the high-temperature experiments (800 °C), all analytical data of tourmaline plot in the area of schorl, but the 

composition varies towards the dravite end member with decreasing temperature (Fig. S-2a). The other element 

concentrations (such as Al, Ti, Na, and Ca) of tourmaline do not show any correlation with temperature (Figs. S-1 and 

S-2). 

Some tourmaline grains display well-developed hourglass sector zoning patterns (Fig. 1e, f). Hourglass sector 

zoning has been identified in natural (e.g., van Hinsberg et al., 2006) and experimental tourmalines (Maner et al., 2019), 

which was considered as a result of mineral’s asymmetric polar properties and could result in a compositional variation 

in different sectors (van Hinsberg et al., 2006). In the cross-section parallel to the c axis, three zones can be recognised 

in BSE images: c+, c−, and a sectors (Fig. 1e). And in the cross-section perpendicular to the c axis, the tourmaline is 

divided into two compositional sectors (Fig. 1f), which is likely related to the growth on the m and a faces. The c+ 

sector is Ca- and Ti-poor and Mg-rich relative to the c– sector, and the light sector in the cross-section perpendicular to 

the c-axis contains higher Ti and Fe but lower Al compared with the dark sector (Fig. S-2). Van Hinsberg and Marschall 

(2007) first observed a small fractionation of B isotope between different sectors (Δ11Bc–/c+ < 1.8 ± 0.6 ‰) in natural 
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metamorphic sector-zoned tourmaline, they attributed this fractionation to the local variations in host medium along the 

growth surface resulting from preferred uptake of elements, and they suggested that the composition of a sector could 

represent the composition of environment where tourmaline formed. Similar fractionation (Δ11Bc–/c+ ≈ 1.5 ‰) was also 

found in metasomatic tourmaline by Trumbull et al. (2009). In this study, Due to the small size of the synthesised 

tourmaline (<100 μm long and <50 μm wide) and the large beam size of the laser (~30 μm, but most analyses on the 

experimental tourmaline were carried out in line mode), the analyses cannot only focus on the a sector. However, there 

are good reasons to believe that the sector zoning effect on the B isotope data of tourmaline in this study could be 

neglected. First, van Hinsberg and Marschall (2007) observed that the Δ11Bc–/c+ value decreases from the core to the rim 

of the tourmaline grain, since the tourmaline grain shows prograde growth, they concluded that the sector zoning effect 

on δ11B decreases with increasing temperature. The Δ11Bc–/c+ value at the rim lower than 0.5 ‰ (close to the measurement 

error of the SIMS), combing a formation temperature of about 600 ℃ for the rim (calculated by the single crystal 

thermometer from van Hinsberg and Schumacher (2007), the sector zoning effect on δ11B probably very small when the 

formation temperature of tourmaline exceeds 600 ℃. Second, the analytical points are randomly distributed in the 

tourmaline grains, but the δ11B value of B isotope composition of tourmalines formed in given temperature experiment 

is identical, with a standard deviation lower than 0.1 ‰ (Table S-7), suggesting that the measurement location did not 

impact the B isotope composition results of tourmaline, even though it shows obvious sector zoning. 

 

 

Rayleigh Fractionation Model 
The B isotope fractionation of the residual melt with tourmaline crystallisation or fluid exsolution in a closed system 

can be modelled using a Rayleigh fractionation law: 

 

δ11Bf = (δ11Bi + 1000) × Fα−1 − 1000     Eq. S-6 

 

where F is the fraction of B remaining in the melt, α is the temperature-dependent B isotope fractionation factor, which 

can be calculated using Equation S-5. δ11Bf and δ11Bi are the final and initial B isotope compositions of the melt, 

respectively. The δ11B values of melt can be calculated by: 

 

δ11Bm = δ11Btur + Δ11Bmelt–Tur      Eq. S-7 

 

where δ11BTur is the B isotope compositions of the tourmaline coexisting with melt, Δ11Bmelt–Tur is the B isotope 

fractionation between melt and tourmaline. 
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Supplementary Tables 
 

Table S-1 Average major element compositions (wt. %) of synthesised glasses recalculated on an anhydrous basis 

(from Cheng et al., 2019). Total iron content is expressed as Fe2+. 

Element BFG-1 B10 
SiO2 74.09 68.18 

TiO2 0.14 0.13 

Al2O3 15.17 13.58 

FeO 1.19 1.15 

MnO 0.03 0.03 

MgO 0.27 0.19 

CaO 0.88 0.82 

Na2O 3.69 3.44 

K2O 4.53 3.72 

B2O3 0.00 8.76 

F n.d. n.d. 

Total 99.06 97.54 
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Table S-2 Average major element compositions (wt. %), modal compositional end members, and ASI of 

experimental glasses. Total iron content is expressed as Fe2+. H2O content is calculated as 100 – total. Numbers in 

parentheses are standard deviations. 

Element 
DC-27 glass 

(n = 8) 

DC-28 glass 

(n = 7) 

DC-10 glass 

(n = 10) 

DC-11 glass 

(n = 10) 

DC-87 glass 

(n = 10) 

SiO2 62.76 (0.45) 64.97 (0.39) 64.95 (0.36) 62.69 (0.14) 64.37 (0.29) 

TiO2 0.11 (0.02) 0.12 (0.02) 0.08 (0.01) 0.09 (0.01) 0.08 (0.02) 

Al2O3 12.19 (0.08) 12.03 (0.17) 11.60 (0.14) 11.47 (0.11) 11.27 (0.11) 

FeO 0.79 (0.05) 0.74 (0.04) 0.53 (0.04) 0.78 (0.04) 0.32 (0.03) 

MnO 0.03 (0.01) 0.03 (0.02) 0.03 (0.03) 0.02 (0.02) 0.04 (0.03) 

MgO 0.18 (0.03) 0.12 (0.03) 0.08 (0.04) 0.11 (0.05) 0.07 (0.02) 

CaO 0.72 (0.03) 0.74 (0.05) 0.76 (0.04) 0.73 (0.03) 0.71 (0.02) 

Na2O 2.47 (0.11) 2.85 (0.10) 3.16 (0.06) 2.77 (0.15) 2.52 (0.11) 

K2O 3.26 (0.05) 3.46 (0.07) 3.64 (0.06) 3.39 (0.04) 3.40 (0.04) 

B2O3 7.8 (0.2) 8.0 (0.2) 8.0 (0.1) 7.8 (0.1) 7.7 (0.2) 

F 0.03 (0.02) 0.04 (0.02) 0.03 (0.02) 0.03 (0.02) 0.02 (0.02) 

Total 90.35 93.11 92.87 89.89 90.50 

H2O 9.69 6.88 7.17 10.15 9.47 

Qtz 40.63 38.58 35.92 38.07 42.15 

An 4.32 4.32 4.42 4.42 4.00 

Ab 25.30 28.35 31.56 28.60 25.81 

Or 23.34 24.05 25.35 24.41 24.29 

ASI 1.37 1.23 1.10 1.20 1.24 
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Table S-3 Major element compositions of experimental tourmalines. 

 DC-27 DC-28 DC-10 DC-11 DC-87 

Element (n = 8) (n = 8) Core 
(n = 5) 

Dark 
(n = 4) 

Light 
(n = 5) 

Core 
(n = 4) 

Dark 
(n = 2) 

Light 
(n = 7) 

a 
(n = 2) 

c+ 
(n = 7) 

c– 
(n = 2) 

SiO2 33.84 32.74 34.55 31.95 32.53 35.16 33.46 33.23 35.22 33.65 32.99 

TiO2 0.55 0.83 0.74 0.74 1.04 0.77 0.88 1.44 0.45 0.38 0.66 

Al2O3 33.11 33.86 32.63 36.06 33.53 34.46 37.85 35.45 29.87 34.74 32.72 

FeO 11.05 10.05 9.84 9.16 10.66 7.92 6.71 8.16 9.99 8.35 10.19 

MnO 0.02 0.01 0.03 0.00 0.03 0.02 0.04 0.01 0.03 0.04 0.02 

MgO 4.07 4.27 4.45 3.60 3.78 4.60 3.88 3.76 6.36 4.90 4.84 

CaO 1.10 1.64 1.10 1.87 1.78 0.89 1.45 1.51 0.80 1.34 1.57 

Na2O 1.36 1.35 1.38 1.24 1.28 1.39 1.01 1.14 1.93 1.51 1.48 

K2O 0.06 0.06 0.06 0.05 0.06 0.04 0.04 0.04 0.08 0.07 0.05 

B2O3
# 10.48 10.71 10.11 10.72 10.23 9.90 10.41 10.01 10.02 10.08 10.07 

F 0.02 0.01 0.10 0.04 0.15 0.00 0.08 0.12 0.02 0.09 0.12 

Total 95.66 95.55 94.98 95.45 95.08 95.15 95.81 94.87 94.76 95.15 94.72 

H2O* 3.54 3.54 3.52 3.54 3.45 3.64 3.63 3.55 3.53 3.55 3.47 

B2O3
* 10.29 10.27 10.34 10.33 10.22 10.56 10.64 10.45 10.25 10.42 10.21 

Li2O* 0.05 0.15 0.19 0.27 0.20 0.32 0.41 0.41 0.00 0.19 0.07 

Total 99.05 98.80 98.92 98.87 98.72 99.77 100.09 99.27 98.53 99.24 98.39 

O=F 0.01 0.01 0.04 0.02 0.06 0.00 0.04 0.05 0.01 0.04 0.05 

Total* 99.04 98.79 98.88 98.85 98.65 99.77 100.05 99.22 98.52 99.20 98.34 

T site            

Si 5.72 5.54 5.81 5.38 5.53 5.79 5.47 5.53 5.97 5.61 5.62 

Al 0.28 0.46 0.19 0.62 0.47 0.21 0.53 0.47 0.03 0.39 0.38 

Z site            

Al 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 5.94 6.00 6.00 

Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 
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Table S-3 continued 

 DC-27 DC-28 DC-10 DC-11 DC-87 

Element (n = 8) (n = 8) Core 
(n = 5) 

Dark 
(n = 4) 

Light 
(n = 5) 

Core 
(n = 4) 

Dark 
(n = 2) 

Light 
(n = 7) 

a 
(n = 2) 

c+ 
(n = 7) 

c– 
(n = 2) 

Y site            

Al 0.31 0.29 0.28 0.53 0.25 0.47 0.75 0.48 0.00 0.44 0.19 

Ti 0.07 0.11 0.09 0.09 0.13 0.10 0.11 0.18 0.06 0.05 0.08 

Mg 1.02 1.08 1.11 0.90 0.96 1.13 0.94 0.93 1.54 1.22 1.23 

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 

Fe2+ 1.56 1.42 1.38 1.29 1.52 1.09 0.92 1.13 1.42 1.16 1.45 

Li* 0.03 0.10 0.13 0.19 0.14 0.21 0.27 0.28 0.00 0.13 0.05 

B* 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.02 3.00 3.00 

X site            

Ca 0.20 0.30 0.20 0.34 0.32 0.16 0.25 0.27 0.15 0.24 0.29 

Na 0.45 0.44 0.45 0.40 0.42 0.44 0.32 0.37 0.63 0.49 0.49 

K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 

Xv 0.34 0.25 0.34 0.25 0.24 0.39 0.42 0.35 0.20 0.26 0.21 

W site            

OH* 3.99 3.99 3.95 3.98 3.92 4.00 3.96 3.94 3.99 3.95 3.94 

F 0.01 0.01 0.05 0.02 0.08 0.00 0.04 0.06 0.01 0.05 0.06 

Total Al 6.59 6.75 6.47 7.15 6.72 6.68 7.29 6.95 5.97 6.83 6.57 
Mg

(Mg	+	Fe)
 0.40 0.43 0.45 0.41 0.39 0.51 0.51 0.45 0.52 0.51 0.46 

Na
(Na	+	Ca)

 0.69 0.60 0.69 0.54 0.56 0.74 0.56 0.58 0.81 0.67 0.63 

Xv
(Na	+	Xv)

 0.43 0.36 0.43 0.38 0.36 0.47 0.57 0.49 0.24 0.34 0.30 

Na + K 0.46 0.46 0.46 0.42 0.44 0.45 0.33 0.38 0.65 0.50 0.50 
#Measured B2O3 content in experimental tourmalines. 
*H2O, B2O3, and Li2O contents calculated for experimental tourmalines based on crystal chemistry. 



 
 
	

Geochem. Persp. Let. (2022) 20, 37–42 | https://doi.org10.7185/geochemlet.2206   SI-10 

	

Table S-4 Summary of boron isotopic analyses of reference tourmalines. IMF, instrumental mass fractionation. 

Standard 11B/10B IMF δ11B vs. 951 (‰) s.e. (2σ) (‰) 

Elbaite 98144 (11B/10B = 4.001 and δ11B = −10.5) 

031218_Elbaite_003 4.4694 1.1171 −11.18 0.05 

031218_Elbaite_005 4.4629 1.1154 −11.17 0.08 

031218_Elbaite_007 4.4742 1.1183 −11.22 0.08 

031218_Elbaite_083 4.4530 1.1130 −11.07 0.04 

031218_Elbaite_086 4.4530 1.1130 −11.05 0.04 

041218_Elbaite_002 4.4684 1.1168 −10.98 0.03 

041218_Elbaite_004 4.4640 1.1157 −11.10 0.03 

041218_Elbaite_006 4.4607 1.1149 −11.06 0.03 

041218_Elbaite_056 4.4717 1.1176 −11.01 0.03 

041218_Elbaite_115 4.4577 1.1142 −10.95 0.03 

041218_Elbaite_118 4.4664 1.1163 −11.09 0.03 

041218_Elbaite_141 4.4730 1.1180 −10.88 0.03 

041218_Elbaite_156 4.4592 1.1145 −10.88 0.03 

Dravite 108796 (11B/10B = 4.017 and δ11B = −6.6) 

031218_Dravite_009 4.4952 1.1190 −5.27 0.05 

031218_Dravite_011 4.4962 1.1193 −5.39 0.04 

031218_Dravite_013 4.4970 1.1195 −5.33 0.04 

041218_Dravite_008 4.4929 1.1185 −5.35 0.03 

041218_Dravite_010 4.5093 1.1226 −5.39 0.03 

041218_Dravite_012 4.5091 1.1225 −5.35 0.03 

 

 

Table S-5 Summary of LA-MC-ICP-MS boron isotope data of synthesised glasses. 

Analysis no. 11B/10B δ11B s.e. (2σ)  δ11B vs. 951 (‰) s.d. (‰) 

B10 glass-1 4.5224 13.54 0.03 0.87 
 

B10 glass-2 4.5209 13.61 0.03 0.94 
 

B10 glass-3 4.5147 13.58 0.03 0.91 
 

B10 glass-4 4.5189 13.59 0.03 0.92 
 

B10 glass-5 4.4969 13.63 0.03 0.96 
 

Average 
   

0.92 0.03 



 
 
	

Geochem. Persp. Let. (2022) 20, 37–42 | https://doi.org10.7185/geochemlet.2206   SI-11 

	

Table S-6 Summary of LA-MC-ICP-MS boron isotope data of experimental glasses. 

Analysis no. 11B/10B δ11B (‰) s.e. (2σ) (‰) δ11B vs. 951 (‰) 
DC-27 

    

DC-27 glass-1 4.5305 13.70  0.04 1.03 
DC-27 glass-2 4.5259 13.79  0.04 1.12 
DC-27 glass-3 4.5332 13.83  0.03 1.16 
DC-27 glass-4 4.5287 13.67  0.03 1.00 
DC-27 glass-5 4.5283 13.85  0.03 1.18 

DC-28 
    

DC-28 glass-1 4.5050 13.76  0.05 1.09 
DC-28 glass-2 4.5137 13.81  0.05 1.14 
DC-28 glass-3 4.5097 13.77  0.05 1.10 
DC-28 glass-4 4.5089 13.78  0.05 1.11 
DC-28 glass-5 4.5043 13.75  0.04 1.08 

DC-10 
    

DC-10 glass-1 4.5150 13.69  0.04 1.02 
DC-10 glass-2 4.5128 13.61  0.04 0.94 
DC-10 glass-3 4.5102 13.54  0.05 0.87 
DC-10 glass-4 4.5154 13.74  0.04 1.07 
DC-10 glass-5 4.5138 13.54  0.04 0.87 
DC-10 glass-6 4.5130 13.68  0.04 1.01 

DC-11 
    

DC-11 glass-1 4.5203 13.58  0.05 0.91 
DC-11 glass-2 4.5235 13.60  0.05 0.93 
DC-11 glass-3 4.5256 13.65 0.05 0.98 
DC-11 glass-4 4.5180 13.57 0.05 0.90 
DC-11 glass-5 4.5194 13.60 0.05 0.93 

DC-87 
    

DC-87 glass-1 4.5203 13.38 0.03 0.71 
DC-87 glass-2 4.5132 13.48 0.03 0.81 
DC-87 glass-3 4.5114 13.50 0.03 0.83 
DC-87 glass-4 4.5096 13.45 0.03 0.78 
DC-87 glass-5 4.5129 13.47 0.03 0.80 
DC-87 glass-6 4.5242 13.45 0.03 0.78 
DC-87 glass-7 4.5205 13.43 0.03 0.76 

 



 
 
	

Geochem. Persp. Let. (2022) 20, 37–42 | https://doi.org10.7185/geochemlet.2206   SI-12 

	

Table S-7 Summary of LA-MC-ICP-MS boron isotope data of experimental tourmalines. 

Analysis no. 11B/10B δ11B (‰) s.e. (2σ) (‰) δ11B vs. 951(‰) 
DC-27 

    

DC-27 Tur1 4.5939 13.65 0.05 0.98 

DC-27 Tur2 4.5911 13.46 0.07 0.79 

DC-27 Tur3 4.6237 13.61 0.10 0.94 

DC-27 Tur4 4.4998 13.41 0.06 0.74 

DC-28 
    

DC-28 Tur1 4.5638 13.53 0.04 0.86 

DC-28 Tur2 4.6346 13.54 0.07 0.87 

DC-28 Tur3 4.5985 13.65 0.08 0.98 

DC-28 Tur4 4.4655 13.46 0.05 0.79 

DC-28 Tur5 4.5603 13.40 0.04 0.73 

DC-10 
    

DC-10 Tur1 4.5294 13.23 0.06 0.56 

DC-10 Tur2 4.5156 13.16 0.04 0.50 

DC-10 Tur3 4.5238 12.98 0.05 0.32 

DC-10 Tur4 4.4803 12.98 0.05 0.32 

DC-11 
    

DC-11 Tur1 4.5227 13.04 0.05 0.38 

DC-11 Tur2 4.5169 13.12 0.04 0.46 

DC-11 Tur3 4.5135 12.88 0.04 0.22 

DC-11 Tur4 4.5162 12.84 0.05 0.18 

DC-87 
    

DC-87 Tur1 4.5174 12.59 0.08 −0.07 

DC-87 Tur2 4.5157 12.55 0.03 −0.11 

DC-87 Tur3 4.5127 12.49 0.06 −0.17 

DC-87 Tur4 4.5347 12.55 0.04 −0.11 
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Table S-8 Boron isotopic compositions of different stage tourmalines assuming boron isotopic fractionation 

factors from the literature. The tourmaline data and the fractionation factors in this table are used to draw the evolution 

of δ11B in the melt with ongoing crystallisation of tourmaline in Figure 3. 

δ11B Tur core 

(early stage) (‰) 

δ11B Tur rim 

(late stage) (‰) 

Δ11Bmelt–Tur 

(‰) 

T 

(°C) 
Reference 

−8.9 −12.6 −2.8 650 
Drivenes et al. (2015) 

−8.9 −12.6 −3.0 550 

−9.1 −14.9 
−3 500 Trumbull et al. (2013) 

−13.9 −20.2 

−9.3 −14.4 −4.2 680 Zhao et al. (2019) 

−20 −17 

1.9* 500 Mikova et al. (2010) −9.5 −7.3 

−13.5 −11.5 

−12.9 −8.4 1.9* 500 Siegel et al. (2016) 
*Fractionation factor from this experimental study. 
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Supplementary Figures 
	
 

 
 

Figure S-1 (a) Al-Fe-Mg ternary classification diagrams of tourmalines after Henry and Guidotti (1985). Labelled 

fields are: (1) Li-rich granitoids, pegmatites, and aplites; (2) Li-poor granitoids, pegmatites, and aplites; (3) Fe3+-rich 

quartz-tourmaline rocks (altered granitoids); (4) metapelites and metapsammites with Al-saturating phase; (5) 

metapelites and metapsammites lacking Al-saturating phase; (6) Fe3+-rich quartz-tourmaline rocks, calcsilicate rocks, 

and metapelites; (7) low-Ca metaultramafic rocks and Cr-V-rich metasediments; and (8) metacarbonates and meta-

pyroxenites. (b) Ternary diagram of tourmaline groups based on X site occupancy (Hawthorne and Henry, 1999). Data 

sources for natural magmatic tourmalines: Ribeiro da Costa et al. (2014), Huang et al. (2016), Albert et al. (2018), 

Harlaux et al. (2020), Li et al. (2020), Cheng et al. (2021), Zhao et al. (2021). 
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Figure S-2 Chemical compositions of experimental tourmalines in this study and natural magmatic tourmalines 

expressed in terms of (a) Mg/(Mg + Fe) vs. Xv/(Na + Xv), (b) Mg/(Mg + Fe) vs. Ti (apfu), (c) Mg/(Mg + Fe) vs. Al 

(apfu), and (d) Mg/(Mg + Fe) vs. Na/(Na + Ca). Xv, X site vacancy. Data sources for natural magmatic tourmalines: 

Ribeiro da Costa et al. (2014), Huang et al. (2016), Albert et al. (2018), Harlaux et al. (2020), Li et al. (2020), Cheng 

et al. (2021), Zhao et al. (2021). 
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