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Abstract. The coordination of boron in silicate melts has been extensively studied in synthetic industrial glasses
but rarely in natural volcanic glasses or their synthetic analogues. Because coordination is a controlling factor in
the boron isotope exchange between melts and coexisting phases, it is important to close this knowledge gap. We
synthesized a set of boron-rich (2wt % and 5 wt % B,03) haplogranite glasses with water content from 0 wt %
to 7wt % and a variable alumina—alkali ratio, expressed by the aluminum saturation index (ASI), the molar
ratio of Al,O3 /(CaO + Na,O + K,0). Boron coordination was determined by !'B MAS-NMR analyses and is
expressed as R(IVB), the ratio of tetrahedral (BO4) to tetrahedral and trigonal (BO3) groups.

There is a first-order dependency of boron coordination on the ASI ratio within the studied range of 0.8 to 1.7.
All glasses with ASI > 1.1 showed nearly exclusive trigonal boron regardless of water and boron concentration.
The maximum value of R(IVB) was 7 %. Glasses with lower ASI values showed a steady increase in R(IVB) up
to 90 % in a sample with ASI=0.8. High water contents may favor formation of BO4 groups as suggested by
other glass studies, but there are masking effects related to the quench rates that make this trend inconclusive.

Our results concur with the few existing NMR studies of natural glasses that boron is dominantly in trigonal
coordination in peraluminous melts. The trigonal coordination of boron as B(OH);3 in neutral to acidic aqueous
fluids means that there should be little if any fractionation of boron isotopes between a granitic melt and ex-
solved fluid if the granite is peraluminous. For granites with ASI <1.1, the ratio R(IVB) and thus the B-isotope
fractionation are expected to strongly increase. We present a predictive model based on ab initio fractionation
factors that links AMBeri_finia with ASI in the melt, which suggests a fractionation of —4 %o to —7 %o at 730
and 530 °C, respectively, for a granite with ASI=0.8.

by the coordination of boron within them. The boron coor-

Studies of boron and its isotopes, 1B and !19B, are widely
applied to investigate geologic processes involving aqueous
fluids, magmas, and the minerals crystallizing from them,
in particular tourmaline (Marschall and Foster, 2018; Trum-
bull et al., 2022). The success of these applications hinges on
knowledge of the B-isotope fractionation among the relevant
mineral, fluid, and melt phases, which in turn is controlled

dination and isotope fractionation are reasonably well estab-
lished for minerals and aqueous fluid (Kowalski and Wunder,
2018). However, the case of fluid—melt interaction is more
complex because boron coordination in melts varies with the
melt composition, and this dependency has not been suffi-
ciently studied to predict B-isotope fractionation in natural
systems. That is the aim of the experimental work described
herein.
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There have been many studies of synthetic borate and
borosilicate glasses because of their industrial importance.
The review by Aldermann et al. (2025) summarizes the ex-
tensive literature on binary borate glasses and the methods
used to determine boron coordination. They conclude that
trigonal coordination dominates in all but a few binaries (e.g.,
Te, Bi, Sb) and that 1B MAS-NMR is the method of choice
for quantifying coordination. In her review of boro-alumino-
silicate glasses, Navrotsky (2002) predicted that boron in sil-
icate melts would be dominantly in trigonal coordination,
and this is consistent with NMR analyses of natural rhyo-
lite glasses by Tonarini et al. (2003) and Slejko et al. (2007).
Other studies of boro-alumino-silicate glasses (Dingwell et
al., 2002; Wu et al., 2011; Schmidt, 2004) noted the impor-
tance of the aluminum / alkali ratio on the proportion of trig-
onal (BO3) vs. tetrahedral (BO4) coordination, whereby high
Al contents, by forming AlO4 groups, displace boron from
tetrahedral to trigonal coordination. Furthermore, boron and
water have an important relationship in melts because boron
increases the water solubility, and it also changes the propor-
tion of HoO and (OH) groups, with the latter favoring for-
mation of BO4 groups (Dingwell et al., 2002; Schmidt et al.,
2004).

In this study, therefore, we determined boron coordina-
tion by nuclear magnetic resonance spectroscopy (!B MAS-
NMR) in a set of haplogranite glasses with variable water
content, a variable alumina / alkali ratio, and variable boron
concentration. The implications of our results on boron coor-
dination for predicting the melt—fluid B-isotope fractionation
in natural systems are also discussed.

2 Water and boron concentrations and the
aluminum / alkali ratio in natural granites

Water concentrations in natural granitic magmas vary de-
pending on the source composition and the degree of frac-
tionation. A key parameter is the water solubility in granitic
melts, which depends on pressure but is also enhanced by
high concentrations of volatile, “fluxing” elements like fluo-
rine and boron (Holtz et al., 1993; London et al., 2002). Like
water, these “flux” elements are concentrated by crystal frac-
tionation, but they also lower the solidus temperature of the
melt, thus promoting more fractionation in a positive feed-
back cycle that allows highly fractionated magmas to main-
tain high water contents even at low pressure.

The concentration of boron in natural granitic magmas is
hard to determine from the study of rocks because there are
significant losses of boron by volcanic degassing and volatile
release from crystallizing plutons. Typical whole-rock values
of BoO3 in granites and rhyolites reach tens to low hundreds
of ppm (London et al., 2002; Tonarini et al., 2003; Trum-
bull and Slack, 2018), which are minimum estimates for the
original, magmatic concentration. Melt inclusions in mag-
matic quartz from volcanic rhyolite, which represent non-
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degassed magma, can have several hundred ppm B (Lehmann
et al., 2000; Schmitt and Simon, 2004). Solubility experi-
ments suggest that the presence of tourmaline in granites im-
plies percent-level concentrations of B in the magma (Wolf
and London, 1997; London, 2011), while analysis of melt in-
clusions in highly evolved granites and pegmatites confirms
levels of B in the thousands of ppm (Thomas et al., 2003;
Zajacz et al., 2008; Pichavant et al., 2024).

The alkali / alumina ratio is commonly expressed by the
alumina saturation index or ASI, which is calculated as the
molar ratio Al;O3 / (CaO + NayO + K, 0); see Acosta-Vigil
et al. (2003). Based on the ASI value, granites are classi-
fied as peraluminous (ASI > 1), metaluminous (ASI = 1), and
peralkaline (ASI <1). The majority of granitic magmas mak-
ing up the continental crust — indeed the bulk crust itself —
are metaluminous, having about the same proportion of al-
kali elements and aluminum as the feldspar minerals. Peral-
kaline granites, with an overabundance of alkalis compared
to feldspars, are relatively uncommon. They typically occur
in continental rift settings and are thought to form from ex-
tensive fractionation of alkaline basalts. Although generally
poor in boron, some examples of peralkaline granites and re-
lated pegmatites with borosilicate minerals including tour-
maline have been described (Filip et al., 2012; Sunde et al.,
2020; De la Cruz et al., 2024).

The peraluminous granites are a widespread group, be-
ing found mostly in orogenic settings with thick continental
crust where mid-crustal temperatures were high enough to
cause partial melting of former sedimentary rocks that were
enriched in alumina due to surficial weathering and forma-
tion of clay minerals. Granitic magmas formed in this way
have relatively high contents of volatile elements (water, F,
Li, B), and there is a close global association of peralumi-
nous granites with mineralized pegmatites and magmatic—
hydrothermal ore deposits of Sn, W, Li, U, Nb, and Ta (Bar-
ton, 1996; Cuney, 2014; Romer and Kroner, 2016; Lehmann,
2021). These granites and associated ores are commonly rich
in boron and contain tourmaline group minerals, which is
why they have long been a focus of B-isotope studies aimed
at understanding fluid—rock interaction and ore formation
(Smith and Yardley, 1996; Codeco et al., 2017; Trumbull and
Slack, 2018; Trumbull et al., 2020; Zhao et al., 2022; Sun et
al., 2024).

3 Experimental design and methods

3.1 Synthesis of starting materials

A starting glass with the target composition of water-
free haplogranite (normative Ab4oOrp5Qz35) was prepared
from powdered, reagent-grade SiO,, Al,O3, NayCO3, and
K5COs3. The strongly hydrophilic Al;O3 powder was heated
before use at one atmosphere at 800 °C for 3h to remove
any moisture. The reagents were thoroughly mixed and held
at 1600 °C in an open platinum crucible for 2d to drive off
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CO; and anneal the melt. The crucible was quenched in a
water bath, and the resulting glass was then crushed to pow-
der in an agate mortar and remelted at 1600 °C for 4 d. The
bubble-free glass was then re-crushed and stored in a vacuum
desiccator.

The starting glass has a nominal ASI value (molar
Al,O3 / (CaO + NayO + K;0)) of 1.0 (see Rauscher et al.,
2026, for glass analyses). From aliquots of the powdered
and twice-homogenized starting glass, we prepared two other
mixtures with nominal ASI values of 0.7 and 1.3 by adding
appropriate amounts of Al,O3, Na;CO3, and KoCOs3. These
were fused and ground to powder twice in the same way as
with the starting glass. From each of the anhydrous glass
powders with nominal ASI values of 0.7, 1.0, and 1.3, we
prepared hydrous, boron-bearing glasses in the following
way: the glass powder was mixed with reagent-grade boric
acid and loaded into platinum capsules (5mm diameter,
25 mm length, ca. 50 mg powder) with doubly distilled wa-
ter in sufficient quantity to achieve nominal concentrations
of 2wt % or 5wt % B,03 and 4wt % or 6 wt % H»O. The
water-bearing capsules were welded shut and held for 3d in
internally heated pressure vessels (IHPVs) at 300 MPa and
1100 °C in laboratories of the GFZ Potsdam or the Insti-
tute of Earth System Sciences, Leibniz University Hannover.
The accuracies in temperature and pressure at both institutes
were around £10°C and £5 MPa, respectively. After cold
pre-compression with Ar, samples were heated to 1100° at
a rate of ~30°C min~!. Pressure increased during heating
until reaching the target value or was adjusted if necessary.
The oxygen fugacity (fO») was intrinsically buffered by
the IHPV, yielding a log f O, ~ 4-2.8 relative to the nickel—-
nickel oxide buffer (NNO) for water-saturated samples. The
samples were quenched by turning off the heating power.
Subsequently, the capsules were checked for signs of leakage
and weighed; weight loss or capsule failure were grounds for
rejection.

The water-free glasses with nominal 2wt % and 5wt %
B,03 were prepared in a similar way, but the platinum cap-
sules were crimped shut and not welded, then heated at one
atmosphere to 1600 °C for 3 d and left for 3h at 1100 °C be-
fore quenching in a water bath. The quenched glass beads
recovered from the capsules were washed in doubly distilled
water, dried, and cut in half. One half was mounted in epoxy
resin for optical examination and analysis by electron mi-
croprobe and Raman spectroscopy, while the other half was
ground to powder in an agate mortar for use in NMR analy-
sis. The electron microprobe work was done after a first ses-
sion of NMR analyses, and it revealed a preparation error
such that the six samples with nominal ASI=0.7 in fact had
ASI close to 1.1. Six new glasses were made with the correct
mixtures, and in addition, we prepared duplicate aliquots of
four samples whose NMR results in the first session appeared
anomalous. In total, 29 samples were analyzed by NMR in
the two sessions.
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3.2 Electron microprobe analysis

The polished epoxy mounts with glass samples were carbon-
coated and analyzed at the GFZ microanalytical laborato-
ries using a field-emission microprobe JEOL JXA8530F+
instrument fitted with five wavelength-dispersive spectrom-
eters. The microprobe was operated at 10kV and 40nA,
with a beam size of 20 um, resulting in a current density
of 0.013nA mm~2, for which negligible loss of sodium is
expected (Morgan and London, 2005). Peak measurement
times were 50 s for boron and 10s for all other elements.
The most volatile elements, boron and sodium, were mea-
sured first and simultaneously. The X-ray peak, calibration
standard, and crystals used were as follows — B—Ka (schorl,
LDEB), K—Ka (orthoclase, PETL), Fe-Ka (schorl, LiFL),
Na-Ko (albite, TAPL), Al-Koa (albite, TAPL), Si-Ko (al-
bite, PETH), and P-K« (apatite, PETH). The LDEB mul-
tilayer Mo / B4C crystal produces boron X-ray fluorescence,
which can bias results, especially for low-concentration sam-
ples. We used the calibration-curve procedure of Wilke
(2023) to correct for this effect, adjusting the measured val-
ues downward by between 0.4 wt % and 0.6 wt %. The mi-
croprobe results are summarized in Table 1, and all data are
reported in the data supplement (Rauscher et al., 2026).

3.3 Raman spectroscopy

The polished glass samples (same mounts as for EPMA)
were analyzed for HpO content in situ using a Raman
LabRAM HR 800 spectrometer (HORIBA Jobin Yvon)
equipped with a 532 nm air-cooled Nd : YAG laser, a Peltier-
cooled multichannel CCD detector (1024 pixel), a high-
precision motorized xy translation stage for Raman confo-
cal mapping, and a confocal microscope BX41 (Olympus)
with white light illumination for observation in transmit-
ted and reflected mode. A grating of 300 was used along
with a 100x objective. The spectra were recorded from 100
to 4000cm™! to include both the alumino-silicate (100 to
1350cm™!) and the OH (2900 to 3800 cm™') regions. The
spectrometer was calibrated beforehand to the Si peak at
521 cm~!. A rhyolitic hydrous glass with known water con-
tent of 4.2+ 0.6 wt % H>O by Spallanzani et al. (2022) was
used as a reference sample (LPR200). Line measurements
with 6 to 15 spots, depending on sample size, were conducted
across the samples with an acquisition time of 5s with five
accumulations per spot. The water content was quantified us-
ing the procedure described by Schiavi et al. (2018) for rhy-
olitic glasses using the intensity of the OH stretching bands
between 3000 and 3800 cm™~'. The baseline was subtracted
from the spectra using the anchor points reported in Schiavi
et al. (2018) and Spallanzani et al. (2022). The area A3550
of the OH stretching mode between 2980 and 3780 cm™!
was normalized to the area A500 of the alumino-silicate re-
gion at ca. 500 cm~! (T-O-T bending modes), between 190
and 1250cm™'. The water content was obtained by multi-
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Table 1. Chemical composition of experimental glasses by electron microprobe analysis (EPMA) and Raman spectroscopy, in weight percent.

Sample n mew SD  SiOp SD  AlO3 SD KO SD NayO SD  Subtotal H,O H,O SD TOTAL ASI SD
Number wt % wt % wt % wt % wt % wt%  (diff.) (Raman)

R2 20 1.93 027 77.1 0.58 12.1  0.07 3.69 0.06 3.76  0.07 98.5 1.47 0 06 985 1.19 0.02
K2 15 269 049 71.6 0.31 10.8 0.05 33 0.08 376  0.04 92.1 791 71 1.3 99.2 1.11 0.02
P3 20 147 058 78.6 1.1 11.8 0.07 33 0.07 346 0.04 98.7 1.32 ND 100 128 0.02
L1 15 49 059 70.1 0.35 10.5 0.05 3.18 0.03 3.62 0.04 92.3 7.65 724 1.3 99.6 1.12 0.01
Ml 15 512 051 71.1 0.35 10.7 0.05 3.64 0.03 3.94 0.05 94.5 5.53 458 0.8 99.1 1.03 0.01
Q1 15 1.78 03 774 035 11.6 0.06 357 0.03 3.85 0.03 98.2 1.8 0 06 100 1.14 0.01
A3 14 1.99 053 709 0.5 10.6 0.05 332 0.04 3.35 0.05 90.1 9.86 6.77 1.3 969 1.16 0.02
B3 15 2.14 038 732 0.38 11.1  0.06 32 0.03 3.49 0.06 93.1 6.93 461 0.8 97.7 1.2 0.01
S1 15 3.85 08 751 0.52 11.3 0.1 347 0.04 3.66 0.04 97.4 2.63 0.19 0.6 97.6 1.16 0.01
C3 15 483 033 703 0.71 10.3 0.06 327 0.03 3.27 0.1 91.9 8.06 472 0.9 96.7 1.15 0.02
D4 15 519 026 71.1 043 10.5 0.05 337 0.03 3.51 0.03 93.7 6.31 744 1.4 101.1 1.11 0.01
N1 15 1.77 062 741 0.54 139 0.08 354 0.03 3.83  0.04 97.2 2.84 ND 100 1.37 0.01
N2 16 1.99 062 741 0.39 13.8 0.06 356 0.04 3.81 0.31 97.3 2.67 0.1 0.6 974 1.37 0.09
El13 15 1.83 0.65 70.6 0.59 156 059 353 0.05 3.65 0.06 95.3 4.7 291 0.6 98.2 1.59 0.08
F3 19 2.83 023 70.8 0.23 146 0.08 34 0.04 3.37  0.03 95 5.03 ND 100 1.58 0.01
02 15 473 0.5 72 0.37 134 006 344 0.04 3.76  0.03 97.3 2.65 ND 100 136 0.01
H3 15 5.12 048 675 0.54 15 039 3.03 0.04 3.29 0.06 93.9 6.08 457 0.8 98.5 1.72 0.07
G2 15 493 1.2 721 1.13 137 0.13 339 0.06 3.79 0.05 97.9 2.09 0 06 985 1.39 0.02
P4 15 1.6 045 755 043 11.8 005 484 0.04 543  0.06 99.2 0.8 0 06 99.2 0.83 0.01
I3 15 171 038 729 048 11 006 495 0.04 5.03 0.03 95.6 4.37 3.16 0.6 98.8 0.81 0
J11 15 1.57 055 729 0.35 11.3 004 468 0.04 5 0.03 95.4 4.55 401 0.7 99.5 0.85 0
K3 15 2.07 038 724 0.38 10.8 0.07 4 0.03 4.05 0.04 93.4 6.63 396 0.7 97.3 0.99 0.01
R3 15 464 052 737 0.39 114 005 4.63 0.03 5.24 0.04 99.6 0.42 ND 100 0.84 0.01
L2 11 5.07 068 704 044 109 0.04 453 0.03 485 0.04 95.7 4.27 458 0.8 100.3 0.85 0.01
M2 15 476 042 721 043 11.2  0.03 438 0.02 495 0.06 97.4 2.59 0 06 98.01 0.87 0.01

Mean and standard deviation of “n” analyses (for EPMA). Number of Raman spectra from each sample is between 6 and 15. All data are provided in Rauscher et al. (2026). Total values listed with decimals are based
on HyO from Raman analyses, and values of 100 in italics are based on H,O by difference. * B,O3 by EPMA is adjusted for X-ray fluorescence of the LDEP crystal after Wilke (2023). H,O by difference is
(100 — EPMA subtotal). HyO by Raman spectroscopy; see data supplement Table 2. ND — not determined. ASI: molar ratio Al O3 / (Nay O + K;O).
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plying the ratio A3550 / AS00 by the calibration coefficient
obtained on the reference glass. The H,O values are reported
in Table 1, where the uncertainties include counting statis-
tics on sample and reference glass as well as the uncertainty
in the H,O content of the reference glass. All data from the
samples and reference glass are reported in the data supple-
ment (Rauscher et al., 2026). The standard deviation of H,O
contents from spectra 6 to 15 for each sample was smaller
than the uncertainty (data supplement), indicating a homoge-
neous distribution of H,O in the samples.

3.4 Nuclear magnetic resonance analysis

The coordination of boron in glasses was determined by
"B MAS-NMR spectroscopy (magic angle spinning nu-
clear magnetic resonance) at the Ruhr-Universitit Bochum
in the Geoscience Solid State NMR Spectrometry Facility.
The analyses were performed on a Bruker AVANCE NEO
400 NMR spectrometer (9.34 T). Measurements were made
on powdered samples at a frequency of 128.44 MHz with a
CPMAS H/X WVT double-resonance probe head at a spin-
ning rate of 12.5kHz. For the ''B MAS-NMR experiments,
a short single-pulse duration of 0.6 us (100 W) was used to
ensure homogenous excitation of the central and all satellite
transitions. A recycle delay of 1s was used for the accumu-
lation of 3200 scans. Typically, about 40-60 mg of materials
was transferred and packed into a zirconia rotor and sealed
with a DELRIN turbine cap. Solid NaBH4 was used as a sec-
ondary reference standard (8iso = —42.0 ppm for NaBHy),
measured separately. The "B MAS-NMR spectra were fit-
ted with quadrupolar or Gaussian/Lorentzian line shapes in-
cluding convolution using the DmFit 2010 program (Massiot
et al., 2002). Tolerances were estimated by varying the pa-
rameters in the fit function until a distinct change in x2 took
place. The relative proportions of the BO3 and BO4 species
were determined from the respective area ratios. The error in
area ratios is between 2 % and 5 % depending on the signals.
An illustration of the peak fitting is shown in Fig. 1 for sam-
ple R3, which has a mixed boron coordination, with 66 %
in BO3 and 34 % in BO4 groups. After the initial session of
NMR analyses, repeat analyses of samples K2, P3, L1, and
M1 (aliquots of the same glass powder) were made to con-
firm results that appeared anomalous. In all cases, the repeat
analyses (“R” in the sample number) showed good agree-
ment with the originals (Table 2), and this comparison also
gives a measure of the NMR repeatability.

4 Results

The chemical compositions of 25 experimental glasses de-
rived from multiple microprobe analyses of epoxy-mounted
glass beads are summarized in Table 1, which gives a mean
value and standard deviation of 10 to 20 analyses per sam-
ple. The results demonstrate good homogeneity of each glass
(see also data supplement in Rauscher et al., 2026).

https://doi.org/10.5194/ejm-38-383-2026
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Figure 1. Example of peak fitting the ' B MAS-NMR spectrum of
sample R3, showing the experimental signal (blue), overall theoret-
ical signal (red), quadrupolar line shape of trigonal boron (purple),
and Gaussian/Lorentzian line shape of tetrahedral boron (green).
The ratio of BO3 to BOy in this sample is 66 : 34 (Table 2).

The results of ''B MAS-NMR analysis on 29 samples
(25 glasses and 4 repeat analyses) are shown in Table 2,
which lists the integrated areas and amplitudes of the BO3
and BO4 resonance peaks, with values of isotropic chem-
ical shift, quadrupolar coupling (Cq), and asymmetry pa-
rameter (n). Two exemplary spectra are shown in Fig. 2 for
glasses with dominantly tetrahedral and trigonal boron. The
main features of the '"B MAS-NMR spectra are a broad
pattern caused by second-order quadrupolar interaction re-
lated to trigonal planar BO3 groups (IIIB) and a symmetric,
Gaussian resonance pattern centered around O ppm that cor-
responds to tetrahedral BO4 groups (IVB). Overall, the pro-
portion of IVB varies from 0 % to 92 %. A striking feature of
the data is that all samples with AST > 1.1 have less than 10 %
tetrahedral-coordinated boron, whereas the IVB proportion
increases to 20 % and more for samples with ASI near 1.0
and continues to rise as ASI decreases to the minimum value
in this study at 0.81.

Figures 3 to 5 illustrate the complexity of relation-
ships between boron coordination as expressed by the ra-
tio R(IVB)=1VB / (IVB +1IIB) and the chemical compo-
sition of the glasses. The first-order dependency of boron co-
ordination is on the alumina / alkali ratio. All glasses with
ASI >1.1 essentially have no tetrahedral boron regardless of
their water content (Fig. 3) and their boron concentration
(Fig. 4).

Figure 5 illustrates a feature of the relationship between
alkali content and B coordination in glass that is known from
studies of industrial glasses (see discussion). The plot shows
total alkali concentration in wt % oxide against the concen-
tration of tetrahedral-coordinated boron as wt % B,0O3 (cal-
culated from the R(IVB) ratio from NMR and wt % total
B,03 from EPMA). There is negligible tetrahedral boron for
all alkali concentrations below 7.5 wt % (i.e., samples with

Eur. J. Mineral., 38, 383-396, 2026
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Table 2. Results of !B MAS-NMR analysis of experimental glasses.

Sample Peak  Shift. Co n Peak Peak Boron R(IVB)
(ppm) (kHz) integral  amplitude coordination
R2 1 n/a n/a n/a n/a n/a n/a 0.0
2 140 2646 0.18 3.06E+09 3.90E+06 trigonal 100.0
K2 1 —-1.2 n/a n/a 2.70E4+09 6.69E406 tetrahedral 54.2
2 164 2568 0.22 2.28E+4+09 3.09E+06 trigonal 45.8
K2R 1 —1.2 n/a n/a 2.95E+09 7.24E406 tetrahedral 55.2
2 16.3 2532 0.00 2.40E+409 3.34E+06 trigonal 44.8
P3 1 —-1.7 n/a n/a 6.47E+08 1.26E4+06 tetrahedral 6.7
2 140 2625 0.12 9.04E+09 1.17E+07 trigonal 93.3
P3R 1 —-1.6 n/a n/a 8.72E4+08 1.92E406 tetrahedral 7.6
2 13.9 2614 0.00 1.06E4+10 1.38E+07 trigonal 924
L1 1 -0.6 n/a n/a 2.62E4+09 6.74E4+06 tetrahedral 20.7
2 16.6 2649 0.16 1.00E+10 1.28E+07 trigonal 79.3
L1IR 1 —-0.7 n/a n/a  3.05E+09 7.80E4-06 tetrahedral 21.1
2 16.6 2656 0.16 1.14E4+10 1.45E+07 trigonal 78.9
M1 1 1.1 1129 045 244E+4+09 1.71E4+07 tetrahedral 19.6
2 16.1 2633 0.18 1.00E4+10 1.29E4+07 trigonal 80.4
MIR 1 -0.8 n/a n/a 3.40E+09 8.02E4+06 tetrahedral 23.4
2 16.2 2610 0.19 1.11E4+10 1.46E+07 trigonal 76.6
Ql 1 n/a n/a n/a n/a n/a n/a 0.0
2 14.1 2649 025 4.64E4+10 5.91E+07 trigonal 100.0
A3 1 1.0 894 0.57 4.53E4+09 5.05E4+07 tetrahedral 2.7
2 15.8 2585 0.09 1.62E+11 2.16E408 trigonal 97.3
B3 1 1.1 1135 0.35 6.63E+09 4.60E+07 tetrahedral 43
2 15.5 2569 0.15 1.47E+411 1.99E4+08 trigonal 95.7
S1 1 n/a n/a n/a n/a n/a n/a 0.0
2 13.9 2628 0.25 1.53E4+11 1.98E+08 trigonal 100.0
C3 1 0.5 1055 050 2.40E409 1.93E+07 tetrahedral 3.9
2 156 2603 0.19 5.89E+410 7.76E4+07 trigonal 96.1
D4 1 0.6 1066 0.48 2.95E+09 2.32E+07 tetrahedral 4.7
2 16.0 2576 0.18 593E+10 7.99E+07 trigonal 95.3
N1 1 n/a n/a n/a n/a n/a n/a 0.0
2 13.7 2609 0.00 526E4+10 6.91E+07 trigonal 100.0
N2 1 n/a n/a n/a n/a n/a n/a 0.0
2 13.6 2607 0.00 5.63E4+10 7.40E+07 trigonal 100.0
El13 1 n/a n/a n/a n/a n/a n/a 0.0
2 15.6 2617 0.12 4.78E4+09 6.24E+06 trigonal 100.0
F3 1 n/a n/a n/a n/a n/a n/a 0.0
2 16.4 2645 0.27 4.89E+09 6.25E4+06 trigonal 100.0
02 1 n/a n/a n/a n/a n/a n/a 0.0
2 14.1 2640 0.24 1.13E+11 1.45E+08 trigonal 100.0
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Table 2. Continued.
Sample Peak  Shift. Co n Peak Peak  Boron R(IVB)
(ppm) (kHz) integral  amplitude coordination
H3 1 n/a n/a n/a n/a n/a n/a 0.0
2 155 2616 0.10 1.14E4+10 1.49E407 trigonal 100.0
G2 1 n/a n/a n/a n/a n/a n/a 0.0
2 143 2641 0.25 1.04E410 1.34E+07 trigonal 100.0
P4 1 —-2.0 n/a n/a  2.21E+09 6.09E406 tetrahedral 46.3
2 141 2577 0.00 2.56E+4+09 3.44E406 trigonal 53.7
I3 1 —1.6 n/a n/a  5.03E4+09 1.31E407 tetrahedral 89.8
2 146 2551 0.00 5.73E408 1.01E4-06 trigonal 10.2
J11 1 —-14 n/a n/a  4.93E+09 1.25E407 tetrahedral 91.1
2 150 2271 0.00 4.83E4+08 8.37E405 trigonal 8.9
K3 1 —-13 n/a n/a  4.91E+09 1.26E+407 tetrahedral 87.3
2 16.0 2664 0.00 7.15E4+08 9.00E405  trigonal 12.7
R3 1 —1.8 n/a n/a  4.16E4+09 1.01E4+07 tetrahedral 33.8
2 141 2546 0.00 8.14E409 1.12E4+07 trigonal 66.2
L2 1 —1.1 n/a n/a  6.12E+09 1.38E407 tetrahedral 48.6
2 16.1 2472 0.20 6.47E4+09 9.46E+406 trigonal 51.4
M2 1 -0.9 n/a n/a  6.13E+09 1.42E+407 tetrahedral 453
2 16.5 2518 0.18 7.40E409 1.04E4+07 trigonal 54.7
Shift - isotropic chemical shift (ppm). C — quadrupolar coupling constant. 7 — asymmetry parameter. n/a: not applicable.
100 —
] o ® P 7
80 6
* ] 5 s
@ 60 4 8
E : m 3 %
T 2
@ . 1
= ] 0
20 ] Ho4
0 L&-'_.—n._' H—e0—H —eo— 1 o !
Tﬂ‘l‘l"‘rmTrﬁ‘le‘lTrmTrﬁ‘lTrmTrme‘le‘l—[
J11 2407b 0.8 1.0 1.2 asi 1.4 1.6 1.8
J 91.1% tetrahedr. Boron
N J L Figure 3. Proportion of tetrahedral boron
R(IVB)=1VB /(IVB +1IIB) to ASI (molar
AlO3 /NayO+K0) with water contents represented by
symbol colors (Raman analysis). The error bars on ASI are from
P3 2013 Table 1. Five samples lacking Raman data are not plotted.
92.4% trig. Boron
T I T T T T I T T T T I T T T T I T T T T I 1
-100 -50 0 50 100

ppm

Figure 2. Examples of NMR spectra. The symmetric IVB peak
dominates the spectrum for sample J11 (top), while sample P3 (bot-
tom) shows the characteristic doublet of I1IB.
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ASI >1.1), a steady increase to a maximum of about 2.5 wt %
IVB at 9 wt % to 9.5 wt % alkali oxide, and a decline in tetra-
hedral boron at high alkali concentrations. This pattern is dis-
cussed more fully below.

The coordination of boron in synthetic borate and borosil-
icate glasses has been extensively studied since the 1980s
using ''B MAS-NMR and Raman spectroscopy, which es-
tablish general features of boron coordination as a function
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Figure 5. Weight percent boron in tetrahedral coordination against
total alkali concentration in wt %, with water contents represented
by symbol colors (Raman analysis). The error bars are from Table
1. Five samples lacking Raman data are not plotted. Note the drop
in IVB above 9.3 wt % alkalis.

of composition (e.g., Bray and O’Keefe, 1963; Bray, 1985;
Stebbins and Ellsworth, 1996; Wu and Stebbins, 2010). The
glass compositions in these studies are rarely close to those
of melts in nature, and we are aware of just two experi-
mental NMR studies in natural samples, both conducted on
rhyolite glasses with peraluminous composition from Italy.
Tonarini et al. (2003) studied rhyolites from three different
localities with ASI=1.1 to 1.3 and found that all had domi-
nantly (76 % to 92 %) trigonal boron coordination. Slejko et
al. (2007) conducted NMR analyses of a rhyolite glass with
ASI=1.1 and found a proportion of 75 % trigonal boron.

4.1 Variations in R(IVB) with alumina / alkali ratio

The boron coordination is strongly dependent on the ra-
tio of network-forming and network-modifying cations in
the melt. Considering the reaction of trigonal to tetrahedral
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boron groups, where NBO denotes a non-bridging oxygen,
BO4 <+ BO3 + NBO, (D

it is clear that a conversion of boron from trigonal to tetra-
hedral groups depends on the availability of NBO and thus
on the concentration of network-modifying cations (alka-
lis, alkaline earths). Importantly, however, alkali oxides also
promote formation of AlO4 in melts, and studies of alkali—
aluminosilicate glass have shown that high Al contents re-
duce the proportion of BO4 by competing for the available
alkalis (Wu and Stebbins, 2010). Therefore, the ASI parame-
ter is a key variable. The influence of ASI on B coordination
is shown by our results (Table 2, Figs. 3 and 4), where all
compositions with ASI >1.1 show low to negligible propor-
tions of BO4, while for the others, the proportion of BO4
increases systematically with falling ASI. For strongly per-
aluminous compositions with ASI>1.1, it appears that all
available alkalis are utilized to stabilize AlQy4, and therefore
all boron is in trigonal coordination. It follows from Eq. (1)
that competition for NBOs with network-modifying cations
(alkalis, alkaline earths) will determine the maximum pro-
portion of BO4 reachable for a given composition. The study
of borate glasses by Bray and O’Keefe (1963) showed that
the addition of alkalis increased the proportion of BO4 up
to a maximum at 30 mol % to 40 mol % of alkali oxide, af-
ter which the BO4 proportion fell to near zero at 70 mol %
alkali oxide. This so-called “boron anomaly” was also found
in borosilicate glasses (e.g., Scholze 1988). Although the ad-
dition of aluminum and water complicates the relationship of
the alkali—boron ratio to boron coordination referred to in the
works cited, the observation shown in Fig. 5 suggests that a
phenomenon like the boron anomaly is present in hydrous,
aluminosilicate glasses as well.

4.2 Variations in R (IVB) with water concentration

It is well known that the addition of water to boron-rich melts
leads to formation of OH groups in the melt, which have a
similar network-modifying role to alkalis and a similar low-
ering effect on melt viscosity (Hess et al., 1995; Schulze et
al., 1996). In principle, then, higher water content should en-
hance the formation of BO4 groups, and this was observed
by Schmidt et al. (2004) in dry vs. hydrated albite glass, al-
though the difference in their study was small (2% vs. 6 %
tetrahedral boron, respectively, for O wt % vs. 4.4 wt % H,0).
Our results show no clear correlation of the R(IVB) ratio
with water concentration overall (trigonal coordination pre-
vails in peraluminous glasses regardless of HyO content), but
there is a tendency to higher R(IVB) in hydrous vs. anhy-
drous glasses at low ASI (Fig. 3).

However, there is a complicating factor related to the
quench rate. Gupta et al. (1985) found that lower quench
rates in hydrous glass favored the formation of BO4 com-
pared with faster quenching for the same composition, and
this effect was also reported by Stebbins and Ellsworth
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(1996). There is a strong inherent relationship between the
quench rate and water content because adding water strongly
decreases melt viscosity and lowers the glass transition tem-
perature (Tg) and the fictive temperature (Tf). For example,
the viscosity model for granitic liquids (boron free) as a func-
tion of HoO of Giordano et al. (2008) predicts Tg to be at
ca. 950 to 1050 K for a viscosity of 10'> Pas. The addition
of 4wt % H»O will reduce Tg by ca. 300 K. Dingwell et al.
(1992) showed that addition of B reduces the viscosity of an-
hydrous haplogranitic melts. The effect of B is strongly T
dependent: at 600 °C, 1 wt % of B,O3 will reduce the viscos-
ity by 2 orders of magnitude, whereas at 1000 °C, it will only
reduce the viscosity by 0.5 log units. Given the complexity of
the structural interplay of B with alkali oxides and alumina, it
is not clear how the effect of water addition can be predicted
even semi-quantitatively for the compositions investigated in
our study. An added complication for our study is that dif-
ferent cooling rates were applied for hydrous vs. anhydrous
glasses because the anhydrous melts were produced in open
crucibles at ambient pressure and quenched rapidly, while the
hydrous melts were synthesized in internally heated pressure
vessels and quenching was slower (see methods).

From these considerations, the hydrous glasses will have
lower fictive temperatures compared to the anhydrous ones,
and the reduced fictive temperature will increase the propor-
tion of BO4 in the glass. If so, the higher R(IVB) values
in hydrous vs. anhydrous samples at low ASI (Fig. 3) may
partly reflect the difference in cooling rate, and thus for those
compositions, the R(IVB) values of anhydrous glass might
better approximate those of the melt.

4.3 Variation in R(IVB) with boron concentration

Schmidt et al. (2004) determined boron coordination in syn-
thetic albite melts (NaAlSizOg), with B,O3 concentrations
ranging from 5 wt % to 17 wt % and H,O contents of 0 wt %
or 44wt %. In all glasses the dominant boron coordination
was trigonal. The proportion of tetrahedral boron was 2 %
in water-free glasses regardless of the boron concentration,
while the addition of water increased the proportion to 6 %,
which the authors attributed to the network-modifying effect
of OH groups in the melt. Our NMR results for peraluminous
glasses show negligible R(IVB) regardless of BoO3 variation
of 2wt % to 4 wt %, but the relations for glasses with ASI
lower than 1 are more complex. There is a maximum propor-
tion of 90 % R(IVB) in sample J3, duplicated as J11, which
has ASI=0.81 and 0.85 and BoO3 = 1.7 and 1.6 wt %, re-
spectively. Raising the boron concentration appears to pro-
duce few additional BO4 groups because the R(IVB) value
in sample L2 (5.1 wt % B,03, ASI=0.85) is 49 % (Table 2).
Similarly, the maximum R(IVB) value in metaluminous sam-
ples, i.e., ASInear 1, is 54 % (sample K2 with 2.7 wt % B,03
and ASI=1.1), while its high-boron counterpart concentra-
tion (M1: 5.1 wt % B,03, ASI=1.03) has 20 % R(IVB).
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These examples suggest a limited capacity of metalumi-
nous and peralkaline melts to form BO4 groups, presumably
due to a lack of available NBOs. Increasing the boron con-
centration beyond about 2 wt % B,Os3 results in a lower rel-
ative proportion of tetrahedral boron because the additional
boron forms trigonal groups. In samples with ASI>1.1, the
aluminum binds all available alkali elements with NBOs to
form AlO4 groups, and the proportion of BO4 groups is very
low, with the maximum being 7 % (sample P3 with 1.5 wt %
B203).

5 Implications for B-isotope partitioning

Applications of boron isotopes to granitic magma systems
depend on knowing how the isotopes fractionate between the
melt and other phases, in particular aqueous fluid. This is
critical for ore-forming systems, where fluid exsolution from
granitic magma is thought to be a key process (e.g., por-
phyry Cu—Au-Mo deposits, granite and pegmatite Sn—W-Li
deposits). The B-isotope composition of tourmaline, which is
a common mineral in such deposits, has been used to assess if
fluid exsolution took place (Drivenes et al., 2015; Trumbull
et al., 2013; Maner and London, 2017; Zhao et al., 2019).
However, that assessment depends on knowing the melt—fluid
fractionation factor, and existing experimental constraints
are conflicting. The studies of Hervig et al. (2002) and
Maner and London (2018) predict AYB nert_fivia values of
about —7 %o at 700 °C, while the combined tourmaline—melt
(Cheng et al., 2022) and tourmaline—fluid factors (Meyer et
al., 2008) predict less than 1 %o difference at 660 °C. Our ex-
perimental data on the boron coordination in melts give ad-
ditional constraints that may help resolve this confusion.

The NMR results show conclusively that boron coordina-
tion is dominantly trigonal in all peraluminous glasses exam-
ined (ASI >1.1), regardless of their water and boron concen-
tration. This is in good agreement with the NMR studies of
natural peraluminous rhyolite by Tonarini et al. (2002) and
Slejko et al. (2007), who reported a maximum R(IVB) pro-
portion of 25 %. Thus, for peraluminous compositions, there
should be very little isotopic fractionation between the melt
and other phases with trigonal boron coordination, which
include aqueous fluid and tourmaline. For tourmaline, this
is confirmed by direct tourmaline-melt partitioning data of
Cheng et al. (2022), who found A!'B values less than 1 %o
even at the lowest run temperature run of 660 °C. While we
find no fault in the studies of Hervig et al. (2002) and Maner
and London (2018), the weight of evidence suggests that B-
isotope partitioning between peraluminous melt and coexist-
ing aqueous fluid is small.

However, not all granites and rhyolites are peraluminous,
and our NMR data predict significant melt—fluid fractiona-
tion (A''Ber_fiuia) for metaluminous and peralkaline melts
because of the systematic increase in R(IVB) for glasses
with ASI values below 1 (Fig. 3). The exact dependency of
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AMB eit_fivia on melt ASI should be the subject of isotope
exchange experiments, but an approximation is possible by
combining the relationship between ASI and R(IVB) from
our study with ab initio calculations of isotope fractionation
between trigonal and tetrahedral boron groups in the respec-
tive phases. The latter is based on reduced partition functions
or B factors as follows (Kowalski and Wunder 2018):

Amelt-fiuid = 10001n 8 (melt) — 10001n 8 (fluid). 2)

The B factors for B(OH)3 and B(OH)4 in aqueous fluid
have been computed as a function of temperature by Kowal-
ski et al. (2013) and Li et al. (2020), while g factors for BO3
and BO4 groups in silicate melts at different temperatures
were published by Li et al. (2021). Combining these factors
results in predicted values of AYB ert_fiuia based on Eq. (2).
The uncertainty estimates on A!'B values calculated in this
way are less than 10 % according to Li et al. (2021). The next
step is to predict the proportions of trigonal and tetrahedral
boron groups in the fluid and melt phases.

For aqueous fluid the proportion of boron complexes
B(OH)3 and B(OH), depends on pH. Studies at low T—p
show that the trigonal complex is dominant at neutral and
low pH, with equal proportions at pH = 8.6 (Dickson, 1990).
Schmidt et al. (2005) determined boron speciation through
Raman spectroscopy in aqueous fluid by varying salinity and
alkalinity at high pressure and temperature of 2 GPa and
600 °C, respectively. They concluded that trigonal coordina-
tion remains dominant over a wide range of p—T—pH con-
ditions typical for crustal rocks, noting that both high salin-
ity and high temperature act to suppress B(OH)4, while high
pressure has the opposite effect. Unfortunately, their study
could not quantify the ratio of trigonal to tetrahedral species
as a function of fluid pH, 7, and p, so for a lack of better
information, we assume two values for R(IVB) in the fluid
phase: 0% and 30 %. For the melt phase, we calculated 8
(melt) factors for the full range of R(IVB) from 0 % to 100 %
using the BO3 and BOy4 factors of Li et al. (2021).

The curves in Fig. 6 show the predicted variation in
AUB eii_fiuia as a function of melt R(IVB) and ASI (lower
and upper x axes, respectively). The relation between ASI
and R(IVB) was derived from linear regression of the
R(IVB) values determined in our experimental glasses (Ta-
ble 2, Fig. 4) as follows:

R(IVB) = —88.3 x ASI+125.1
(R2 = 0.52, standard error = 20). 3)

The solid and dashed curves in Fig. 6 represent fluid
R(IVB) values of 0 % and 30 %, respectively, and the colors
represent exemplary temperatures of 527, 727, and 850 °C.
This plot can be used to predict the value of AMBrelifluid
for granitic melts as a function of ASI value and temperature.
The shift from 0 % to 30 % tetrahedral boron in fluid offsets
AUB heltfiuid by 1 %o to 3 %o depending on temperature.
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Figure 6. Modeled boron isotope fractionation factors for melt and
aqueous fluid (A“B) based on combined B factors from Li et al.
(2021) for fluid R(IV) of 0% and 30 % and melt R(IVB) from 0
to 100. The correspondence of ASI values along the top x axis is
calculated from R(IVB) according to Eq. (3).

The Macusani rhyolite glass (Pichavant et al., 2024) has
ASI=1.3, and based on our results, the value of R(IVB)
should be near 10 %, and A" B ei_quiq at 727 °C (red curve)
should be near 0 %o to 1 %o depending on fluid coordination.
In contrast, the experimental melt—fluid fractionation value
for Macusani glass reported by Maner and London (2018) is
—7.5%o0 at 750 °C. The authors noted that this strong frac-
tionation implies dominant tetrahedral coordination in the
melt, and they wrote that (p. 24) “Spectroscopic studies of
these glasses would be the logical next step to quantifying the
coordination number of boron oxyanions in hydrous, granitic
melt”. That step has not been taken for Macusani glass, but
Singer et al. (2025) determined the boron coordination by
I'B MAS-NMR in synthetic “pegmatite-forming melts”, i.e.,
peraluminous, hydrous granitic melts rich in B, Li, F, and
P, and found dominant trigonal coordination. Likewise, our
NMR results on haplogranite glasses and the rhyolite stud-
ies of Tonarini et al. (2003) and Slejko et al. (2007) indicate
that boron in peraluminous melts is mostly in trigonal coordi-
nation. For these compositions, then, boron isotope fraction-
ation between melt and aqueous fluid should be small. For
other compositions, pending new experimental studies, the
relations in Fig. 6 can be used to approximate A'Beiifuid
from the ASI value of the melt.
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6 Conclusions

A set of haplogranitic glasses has been synthesized with vari-
able water contents between O wt % and 7.2 wt %, ASI val-
ues of 0.8 to 1.7, and boron concentrations between 1.5 wt %
and 5.2 wt % B,03. The boron coordination in the quenched
glasses was analyzed by !'B MAS-NMR.

Boron in all glasses with ASI >1.1 is nearly completely in
trigonal coordination (BO3 groups) regardless of water con-
tent, boron concentration, and ASI value. For other glasses
there is a strong negative correlation between ASI and the
proportion of tetrahedral boron R(IVB). The maximum value
of R(IVB) was 90 % in a glass with ASI=0.85wt% and
1.7 wt % B,0O3. A second-order effect of water on boron co-
ordination was found in samples with low ASI values, sug-
gesting that (OH) in the melt favors the formation of tetrahe-
dral BO4 groups. However, this effect can also be explained
by lower quench rates in the water-rich samples.

Because the boron coordination in melts is a controlling
factor in the B-isotope fractionation between melt and a co-
existing fluid phase, the results of this study can be applied to
boron isotope studies of granitic/rhyolitic systems undergo-
ing fluid exsolution/degassing. For peraluminous composi-
tions with ASI >1.1, boron is dominantly in trigonal coordi-
nation regardless of water content, and isotope fractionation
will be minimal, of the order of 1 %o at 700 °C. For metalu-
minous and peralkaline melts, we derived a graphical method
to predict A B elt_fluia from the relationship between melt
ASI and R(IVB) established in this study and published ab
initio models of boron isotope § factors in silicate melt and
aqueous fluid as a function of temperature.
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