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Abstract. A novel experimental setup was developed to simulate the transport processes of Li and B and their
isotopes via a fluid phase in a flux-rich pegmatitic system (1.7 % Li2O, 2.5 % B2O3). The transport capacity of
the fluid was estimated by the determination of Li and B in two melt reservoirs, an Li- and B-rich source melt,
and an initially Li- and B-free sink melt. These melts were physically separated by a coarse-grained (250–180 µm
fraction) porous filling material containing the fluid phase that acted as the transport medium. The effectivity of
Li and B transport was investigated at 100 MPa by changing various parameters in the experimental setup. The
impact of the chemical composition of the filling material was tested using either quartz or zircon. Different fluid
compositions containing either NaCl or CsCl were investigated with a constant Cl concentration of 0.17 mol kg−1

in the fluid. Two different temperature distribution scenarios were investigated: (1) isothermal conditions of
850 °C along the sample and (2) a temperature gradient from the source to the sink melt varying from ca. 830 to
770 °C. The duration of the experiments was varied between 1 and 96 h.

The results of the experiments indicate that the effectivity of Li and B transport between the two melts via a
fluid phase is influenced by a complex interplay of experimental duration, temperature distribution, and reactive
surface area (between melt and fluid). The amount of Li and B in the sink melt generally correlates positively with
experimental duration, which can be explained by a gradual mobilization of these elements from the source melt.
For experiments with a temperature gradient between source and sink, higher Li and B concentrations in the sink
melt were observed compared to experiments conducted under isothermal conditions. The sink melt was enriched
in the heavier 7Li, which can be best explained by equilibrium isotope fractionation between silicate melt and
fluid. These findings demonstrate experimentally, for the first time, the preferential partitioning of 7Li into a
fluid phase compared to silicate melt. For B, possible isotope effects are smaller than our analytical uncertainty
(±4.7 ‰), which is likely related to the high experimental temperature and similar bonding environments of B
in melts and fluids. There is no evidence for kinetic isotope fractionation during transport of Li and B in the
fluid which, expectedly, would result in an enrichment of light isotopes in the sink. Our experimental results
indicate that equilibrium for Li isotopes can be established rapidly between a melt and a fluid phase. This may
be important for the interpretation of isotope data in pegmatite minerals and the role of a fluid phase during their
formation by disequilibrium crystallization caused by strong undercooling.
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1 Introduction

Lithium and B are among the lightest metals in the peri-
odic table. Both elements are commonly enriched in mag-
matic fluids but have very different geochemical properties.
In aluminosilicate melts, Li acts as a network modifier and
contributes to the formation of non-bridging oxygens, while
B is considered to be a network former and occurs in either
trigonal or tetrahedral coordination (Geisinger et al., 1988).
Owing to their vastly different structural roles in aluminosil-
icate melt networks, their diffusion rates differ by several or-
ders of magnitude in silicate melts (review by Zhang et al.,
2010; Singer et al., 2023, 2025). Both Li and B are incom-
patible during mantle melting and are significantly enriched
in the continental crust (on average 24 ppm Li and 17 ppm
B compared to 1.6–1.8 ppm Li and 0.07–0.10 ppm B in the
upper mantle; Ottolini et al., 2004; Rudnick and Gao, 2014).
High concentrations of Li and B are observed in highly frac-
tionated peraluminous igneous glasses, such as the Macu-
sani obsidian (0.74 wt % Li2O, 0.62 wt % B2O3; Pichavant et
al., 1988). Among magmatic rocks, rare-metal granites and
rare-metal pegmatites of the Li–Cs–Ta (LCT) type exhibit
the most outstanding enrichment of Li and B (Černý, 1991;
Černý and Ercit, 2005; Černý et al., 2005). In pegmatite-
hosted fluid inclusions, which are likely related to exsolu-
tion of a fluid phase from a pegmatite melt, Li concentrations
of up to 12 000–16 000 ppm (2.6–3.4 wt % Li2O; Maloney et
al., 2008; Hulsbosch and Muchez, 2020) and B concentra-
tions up to 10.4 wt % B2O3 (32 000 ppm B; Thomas, 2002)
were reported. Pegmatites are therefore an important poten-
tial reservoir for rare elements like Li, Cs, and Ta, which
have been characterized by a soaring demand in recent years,
partly due to their role in the green-energy transition.

It is generally accepted that granitic pegmatites form
by disequilibrium crystallization of an undercooled granitic
melt (London, 2005; Sirbescu et al., 2017; Devineau et al.,
2020). After emplacement of the melt, crystallization of
quartz and feldspar starts along the contacts with surround-
ing rocks, where the undercooling is greatest. During crys-
tallization, incompatible elements and fluxes (such as H2O,
B, P and F) remain in the melt and are successively enriched.
The final portions of the pegmatite-forming melt can form
miarolitic cavities or pockets in the central zone of a dyke
(London, 2008). The role of H2O and fluids has been one
of the most debated aspects of pegmatite formation during
the last decades (Nabelek et al., 2010). One model attributes
the formation of pegmatites to the mechanism of constitu-
tional zone refining (London, 2005, 2008), building upon the
model proposed by Jahns (1953). According to this mech-
anism, incompatible elements and fluxes accumulate ahead
of the crystallization front and form a boundary layer. The
accumulation of incompatible elements and fluxes leads to a
decrease in viscosity, which enables the fast diffusion of el-
ements to growing crystals. In this model, the melt remains
water-undersaturated, and fluid exsolution is not required to

generate typical pegmatitic textures (London et al., 1989).
In contrast, Jahns and Burnham (1969) proposed a model
in which the residual melt reaches saturation with respect to
H2O in an early phase due to the progressing crystallization
of anhydrous phases. This separate fluid phase then enables
the rapid transport of elements from the melt to the grow-
ing crystals (Maneta and Anderson, 2018). Independently of
the proposed models, a fluid phase must be present at some
stage of pegmatite crystallization. The phase separation and
subsequent element exchange between melt and fluid are ex-
pected to have a crucial influence on the mobilization and en-
richment of incompatible and fluid-mobile elements like Li
and B (e.g. van Lichtervelde et al., 2007). As a consequence,
many studies have investigated the element partitioning be-
tween fluid and melt at equilibrium (e.g. London et al., 1988;
Zajacz et al., 2008; Iveson et al., 2019). However, the kinet-
ics of this chemical exchange at the interface between fluid
and melt remain unexplored.

In this study, we present a novel experimental setup
designed to explore the interaction between a pegmatite-
forming melt and an exsolved fluid and the fate of Li and
B during this interaction. Our study focusses on the transfer
kinetics of these elements from a melt to a fluid phase during
exsolution. To simulate this process at the laboratory scale,
we used a pegmatitic source melt (for Li and B) that interacts
with a fluid phase. Since the fluid phase is not quenchable
and difficult to analyse, the transport of Li and B in a molten
system via a fluid phase was emulated by using two melt
batches (one Li- and B-bearing and one essentially free of
Li and B) physically separated from each other by an inert
porous filling material containing the fluid phase. Therefore,
all transport between the two melts must occur via the fluid
phase. We investigated the effect of different parameters such
as fluid composition, experimental time, and temperature dis-
tribution. The transport efficiency was qualitatively assessed
by measuring the concentrations of Li and B in the sink melt.
With both of these elements having two stable isotopes (6Li,
7Li, 10B, and 11B), we also investigated stable isotope frac-
tionation during transport. With this approach, we aim to
shed light on physical and chemical parameters controlling
the kinetics of elemental transport of Li and B between co-
existing melts and fluid in late-stage pegmatitic systems, as
well as the potential isotope fractionation for both elements.

2 Methods

2.1 Starting materials

The melt composition selected for our experiments is repre-
sentative of a pegmatite-forming melt that has already under-
gone some crystallization, as well as a significant enrichment
in incompatible elements, such as Li, B, P, and F. This com-
position PEG2 (Table 1) was already used by Bartels et al.
(2011), who studied the influence of fluxes, such as Li2O,
B2O3, P2O5, F, and H2O, on the viscosity of a pegmatite-
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forming melt. The same composition was also used in two
preliminary studies investigating the chemical diffusion co-
efficients of Li and B under dry and hydrous conditions
(Singer et al., 2023, 2025). For this study, the synthetic
glasses PEG2-blue and PEG2-base from Singer et al. (2025)
were used and will hereafter be referred to as PEG2-src and
PEG2-snk, respectively. PEG2-src acts as a source for Li
and B, while PEG2-snk is essentially free of these elements.
The glasses were synthesized from mixtures of SiO2, Al2O3,
Na2CO3, K2CO3, and (NH4)H2PO4 and AlF3 (both glasses),
as well as Co3O4 (0.2 wt %), LiAlSi2O6, and H3BO3 (only
PEG2-src). The weighed components were mixed mechan-
ically and melted at 1400 °C for 2 h in a Pt crucible inside
a chamber furnace. After being quenched in air, the glasses
were crushed in a steel mortar. The resulting glass powders
were then remelted at 1400 °C, and this melting–crushing
procedure was repeated three times to obtain homogeneous
glasses.

The major element compositions were analysed by an
electron probe micro-analyser (EPMA). Li and B concen-
trations, as well as the Li and B isotope ratios, were mea-
sured in situ utilizing a femtosecond laser ablation (fs-LA)
system coupled to sector field inductively coupled plasma
mass spectrometry (SF-ICP-MS) and multicollector (MC-
)ICP-MS, respectively. All starting glasses are homoge-
neous (Table 1). From these results, the aluminium satu-
ration index (ASI) can be calculated as the molar ratio of
Al / (Na+K) or, including Li as a highly abundant alkali, as
Al / (Na+K+Li) (ASILi, Bartels et al., 2011). According to
this, the starting glasses have an ASI in the range of 1.05 to
1.31 and an ASILi of 0.94 to 1.05.

2.2 Experimental procedure

With our experimental setup, Li and B are expected to be
transported by a fluid phase from the source melt to the sink
melt. In the following section, this experimental setup is ex-
plained in detail. Au capsules were used for transport exper-
iments with inner and outer diameters of 4.0 and 4.4 mm,
respectively, and an initial length of ca. 9 cm. Cylinders of
hydrous PEG2-snk and PEG2-src were loaded in the bottom
and the top ends of the capsule, respectively (Fig. 1). Pre-
hydrated glasses were used to prevent the flow of free fluid
into the glass cylinders under experimental conditions (de-
tails on the synthesis of hydrous glasses are given in Sup-
plement S1). The space in between the glass cylinders was
tightly loaded with a filling material in order to create a sta-
ble porous transport medium for the fluid. Initially, quartz
was used as a filling material, but it exhibited very high re-
activity with the melts during the experiments (see Sect. 3.2
and Fig. 2). Therefore, zircon was used as a substitute in sub-
sequent experiments. These powders were produced from a
synthetic quartz and natural zircon crystals by crushing the
crystals in a steel mortar and sieving them to different grain
size fractions. The 180–250 µm fraction was used for exper-

Table 1. Major element and isotopic composition and densities
of PEG2-snk and PEG2-src starting compositions compared to the
composition used by Bartels et al. (2011).

PEG2a PEG2-snk PEG2-src

SiO2 59.73 61.46 (0.24) 60.10 (0.23)
Al2O3 19.56 19.86 (0.15) 20.21 (0.11)
Na2O 6.81 8.29 (0.07) 6.96 (0.09)
K2O 4.01 4.86 (0.05) 3.70 (0.04)
P2O5 2.46 2.97 (0.04) 2.72 (0.04)
F 5.46 5.01 (0.23) 3.52 (0.03)
Li2Ob 1.68 1.74 (0.04)
B2Ob

3 2.75 2.45 (0.1)
2F= 0 −2.30 −2.11 −1.48
Total 100.16 100.33 99.93
ASI 1.26 1.05 1.31
ASILi 0.92 1.05 0.94
δ7Li (‰)c 13.72 (0.35) 3.37 (0.17)
δ11B (‰)c

−4.00 (1.97) 0.77 (0.36)
ρ (g cm−1) 2.34a 2.370 (0.004)

a From Bartels et al. (2011); ρ refers to their PEG2 with 0.07 wt % H2O. If
not mentioned otherwise, values refer to the mean of ≥ 12 electron
microprobe measurements, given as a weight percent (wt %). ASI signifies
molar ratio of Al / (Na+K) and ASILi =Al / (Li+Na+K). b Measured
by fs-LA-SF-ICP-MS. c Measured by fs-LA-MC-ICP-MS. The 1σ
standard deviation is given in parentheses.

iments to avoid clogging of the pore space due to finer grain
sizes. The distance between PEG2-snk and PEG2-src was
adjusted to ca. 6 cm in order to maintain reproducible ex-
perimental conditions throughout our study. A tiny piece of
Au foil (ca. 1 mm× 3 mm) was added as a marker directly
between the glass cylinders and the quartz/zircon powder to
mark the initial position of this contact. To determine the
amount of fluid added to the capsules, the porosity of the fill-
ing material was estimated to be∼ 26 vol % (assuming close-
packing of equally sized spheres), and the fluid density at
experimental conditions (850 °C, 100 MPa) was assumed to
be 0.213 g cm−3 (Pitzer and Sterner, 1994). The solution was
injected into the pore space of the quartz/zircon powder. The
amount of added solution was calculated to be 45 mg so that
the entire pore space is filled under experimental conditions.
Cl was added to the system via the fluid as a complexing
agent in the forms of CsCl or NaCl, with concentrations of
3.1 wt % CsCl and 1.0 wt % NaCl, respectively. These con-
centrations were selected so that the molar Cl concentration
was the same in all experiments (0.17 mol kg−1).

In order to probe the fluid composition during the exper-
imental runs, three pre-treated quartz cylinders were placed
within the quartz/zircon powder filling at equidistant posi-
tions in one experiment (labelled L1) to produce synthetic
fluid inclusions. In the remaining experiments, only one
quartz cylinder was added. The quartz cylinders were drilled
to a diameter of 2.5 mm and a length of ca. 2 mm from a
synthetic quartz crystal. They were pre-treated in order to
increase the size and the amount of fluid inclusions follow-
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Figure 1. Experimental assemblage used in this study. (a) Sketch of the capsule setup with source and sink melts at the top and bottom,
respectively. The sketch is not to scale. (b) Photograph of the interior of experiment L1 after experimental run. The capsule was cut into
three parts: the top, middle, and bottom parts are embedded in the left, middle, and right positions, respectively. (c) Photograph of the entire
experimental assemblage after annealing the capsule. The entire assemblage has a length of ca. 70 mm and an outer diameter of 4.4 mm. See
the text for details on the assemblage. PEG2-src is blue due to the addition of ca. 0.2 wt % Co to allow for easier differentiation between the
top and bottom of the capsule.

ing the procedure described by Derrey et al. (2017). For this
purpose, the cylinders were heated to 350 °C in a muffle fur-
nace, quenched in distilled water, and dried. Subsequently,
they were immersed in concentrated (40 %) hydrofluoric acid
for 10 min and thoroughly cleaned in deionized water.

All experiments in this study were performed at the In-
stitute of Earth System Sciences (IESW), Leibniz Univer-
sity Hannover (LUH). Sealed capsules were compacted at
∼ 30 MPa in a cold-seal pressure vessel (CSPV) at room tem-
perature prior to the experimental runs. This was done to en-
sure that capsules were gas-tight and to consolidate the as-
semblage inside the capsule. A rapid-heat and rapid-quench
(RH/RQ) CSPV (with a design similar to that described by
Matthews et al., 2003; our setup is described in detail in
Singer et al., 2023) was used to perform the transport ex-
periments. The RH/RQ CSPV was heated using a Carbo-
lite TZF 12/38/400 three-zone furnace equipped with three
Eurotherm 2132 temperature controllers to individually con-
trol the top, centre, and bottom heating zones. The auto-
clave extends ca. 30 cm into the 45 cm long ceramic tube
of the furnace; therefore, the top of the autoclave is located
at the transition between the top and central heating zones.
Experiments were performed either under isothermal con-
ditions (850 °C, all three zones set at the same tempera-
ture) or by applying a temperature gradient to the capsule
(ca. 832 and 778 °C at the top and bottom of the capsule,
respectively). The temperature differences between the top

and bottom of experimental charges were ca. 4 and 54 °C
in isothermal and gradient experiments. Details on the tem-
perature distribution and calibration are given in Supplement
S2. The pressure in the autoclave was adjusted to 100 MPa
using Ar as the pressure medium. The pressure was mon-
itored using a strain gauge manometer. Temperatures were
monitored during experiments using a K-type thermocouple
placed in an external drill hole on the top side of the auto-
clave. The maximum uncertainties of temperature and pres-
sure are ±5 °C and ±5 MPa, respectively. The experimental
duration was 1, 24, and 96 h (Table 2). The oxygen fugacity
was not controlled during our experiments since there were
no redox-sensitive elements present in the samples. However,
the oxygen fugacity is estimated to be close to NNO+ 1.7
(Matthews et al., 2003).

After experimental runs, capsules were weighed to check
for potential water loss during experiments. The capsules
were then pierced and dried at 110 °C for at least 1 h to re-
move the remaining fluid and calculate the amount of free
fluid in the capsules after experiments. The weight of water
released after experiments was always ca. 9 %–10 % lower
than what was initially added to the capsule. For the first ex-
perimental run (L1), the entire pore space was filled up with
epoxy resin to preserve the assemblage after the experiment
as a whole (Fig. 1b). Subsequently, the capsule was cut in
half along the cylindrical axis and polished to a roughness
of 1 µm. For the remaining run products, ca. 1 cm was cut
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Table 2. Experimental conditions for isothermal and gradient experiments.

No. Type T T a
1 T a

2 1 T t Fillingb Fluid
(°C) (°C) (°C) (K) (h) (–) (–)

L1 iso 850 846 842 4 27.7 qtz CsCl
L2 iso 850 846 842 4 1.0 qtz CsCl
L4 iso 850 855 851 4 24.0 zrn NaCl
L7 grad GRAD 828 774 54 24.0 zrn NaCl
L8 iso 850 853 849 4 24.0 zrn CsCl
L9 iso 850 854 850 4 96.1 zrn NaCl
L10 grad GRAD 829 775 54 96.0 zrn NaCl

a T1 and T2 refer to the temperatures on the top and bottom of each capsule, calculated based on
the calibrations done prior to experiments. b qtz and zrn denote quartz and zircon, respectively.

from the top and bottom of all experimental charges in or-
der to examine the glasses and the contact regions between
the glasses and quartz/zircon powders. These pieces were
then filled with epoxy resin, cut in half along the cylindri-
cal axis, and polished to 1 µm. Reflected light images of all
experimental samples are given in the Supplement S3. From
the other halves, doubly polished 300 µm sections were pre-
pared to determine the water contents in the glasses using
Fourier transform infrared spectroscopy (FTIR). The glasses
were crystal-free, indicating that the experimental tempera-
tures were above the liquidus. The quartz/zircon filling ma-
terial was collected for subsequent analysis. The recovered
quartz cylinders were cleaned, dried, cut, and polished to
wafers of ca. 300 µm thickness, which were used for fluid
inclusion analysis.

2.3 Analytical methods

2.3.1 Compositional analysis

Starting glass compositions and the run product glasses were
analysed using a Jeol JXA 8200 EPMA at the Institute of
Geosciences, Johannes Gutenberg University, Mainz, and a
Jeol JXA-iHP200F HyperProbe at the IESW (LUH) with re-
spect to SiO2, Al2O3, Na2O, K2O, P2O5, and F. Major ele-
ments were measured with an acceleration voltage of 15 keV,
a beam current of 10 nA and a beam size of 20 µm. With this
setting, no beam damage was detected for sensitive elements
like Na and F within the acquisition time on the same analy-
sis spot on our experimental glasses. Element concentrations
were measured as line scans perpendicular to the interface
with step sizes between 30–60 µm. Further analyses were
conducted on sufficiently large glassy areas, where the melt
migrated into the filling material (Fig. 2). To ensure the qual-
ity of the measurements, the following reference materials
were repeatedly analysed during sample investigation: albite,
apatite, glasses VG-2 and VG-A99 (Mainz) and K0411, sev-
eral in-house basalt standards, glass mm3, and CaF2 (LUH).

Lithium and B concentration profiles were determined us-
ing an in-house-built fs-LA system (Spectra-Physics Sol-

stice) operated in deep UV at 194 nm (Horn et al., 2006;
Zhang et al., 2017) coupled with an SF-ICP-MS (Thermo
Scientific Element XR) at the LUH. Furthermore, the ele-
ments Si, Al, Na, K, P, Cs, and Zr were analysed simul-
taneously with Li and B. Analyses were conducted with a
constant repetition rate of 20 Hz. The laser spot size during
ablation was ∼ 20 µm. To improve the analytical precision,
∼ 100 µm long line scans were measured perpendicular to the
expected direction of element transport (i.e. parallel to the in-
terface). These analyses were conducted with a total integra-
tion time of 120 s, consisting of ∼ 45 s of background (laser
off) and ∼ 75 s of sample analysis (laser on). The scan speed
was set to 5 µm s−1, and each line scan was ablated up to four
times. The acquired signal was then integrated and represents
the elemental concentration at the respective distance to the
interface. Continuous line scans perpendicular to the inter-
face were also acquired on some samples. The integration
times and scan speeds were adjusted to accommodate the ex-
pected lengths of the diffusion profiles. The exact positions
of the line scans were determined afterwards using an optical
microscope. The ablated material was transported from the
ablation cell by He gas that was subsequently mixed with Ar.
SiO2 and Na2O concentrations determined by EPMA were
used for internal standardization (29Si and 23Na) for paral-
lel lines and continuous line scans, with both giving iden-
tical results. Na was favoured for continuous line scans be-
cause Na2O concentrations were usually constant throughout
the glasses. The NIST SRM 610 reference glass (350 ppm B,
468 ppm Li; Jochum et al., 2011) was used for external stan-
dardization and quantification of Li and B concentrations.
Data reduction was accomplished using the Iolite software
package (Woodhead et al., 2007; Paton et al., 2011).

2.3.2 Isotope analysis

Lithium and B isotopic compositions were measured in situ
utilizing the fs-LA system combined with a Thermo Scien-
tific Neptune Plus MC-ICP-MS. Two different detector se-
tups were employed for both Li and B isotope composi-
tions (see also Steinmann et al., 2019; Singer et al., 2023;
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Figure 2. Reflected-light images and backscattered electron image (c) of selected experimental run products using quartz (qtz)+CsCl (a)–
(c) and zircon (zrn)+NaCl (d)–(f). Experimental conditions are given in the top of each image. The abbreviations iso and grad denote
isothermal and gradient conditions; see the text for details. The extent of the reaction rim is marked by the dashed orange lines and the arrow
in each image. Panel (c) shows the highly heterogeneous structures within the transition region. For scale, the capsule is ca. 4 mm wide in
(a), (b), and (d)–(f).

Singer et al., 2025). For high Li concentrations (> 80 ppm),
two Faraday cups, equipped with 1011� and 1013� ampli-
fiers, were used for 7Li and 6Li, respectively. For low Li
concentrations (< 80 ppm), the 1013� Faraday cup was used
in conjunction with a secondary electron multiplier for 7Li
and 6Li. Similarly to Li, high B concentrations (> 150 ppm)
were measured using two Faraday cups equipped with 1011

� amplifiers for both 11B and 10B. Low B concentra-
tions (< 150 ppm) were analysed using two Faraday cups
equipped with 1011� and 1013� amplifiers for 11B and 10B.

Lithium and B isotope profiles were obtained by measur-
ing ca. 300 µm long line scans parallel to the interface with a
scan speed of 5 µm s−1. Repetition rates were adapted during
measurements in order to keep the intensities at the detectors
as constant as possible. The laser spot size during ablation
was ∼ 20 µm. Data were acquired using a standard–sample
bracketing protocol. Signals were collected for a total time
of 180 s, including 40 s of background prior to the ablation.
The setups described for low concentrations of Li and B were
usually applicable in PEG2-snk glasses, while PEG2-src was
measured using the high concentration setups for Li and B.
Since higher-resistance amplifiers have a slower signal re-
sponse, a τ correction was applied as described by Steinmann

et al. (2019) for all analyses involving the 1013� amplifier.
δ7Li and δ11B values are reported in ‰ relative to IRMM-
016 and NIST951, respectively, according to

δ7Li=


(

7Li
6Li

)
sample(

7Li
6Li

)
IRMM-016

− 1

 · 1000, (1)

δ11B=


(

11B
10B

)
sample(

11B
10B

)
NIST951

− 1

 · 1000. (2)

Since PEG2-src and PEG2-snk span a large range of Li and B
concentrations from > 8000 ppm down to ∼ 3 ppm, different
bracketing and secondary reference glasses were selected.
The following materials were used: ARM-1 and ARM-2 (511
and 1230 ppm Li and 463 and 10500 ppm B, respectively;
Wu et al., 2019), NIST610 (468 ppm Li, 350 ppm B; Jochum
et al., 2011), and GOR132-G and T1-G (9.4 and 20.0 ppm Li,
respectively; Jochum et al., 2006; De Hoog, 2018), where
the latter two were only used for Li. For high Li concen-
trations, ARM-2 was employed as the bracketing reference
glass, which was the material with the highest Li concen-
tration, and ARM-1 and NIST610 were employed as sec-
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ondary reference glasses. In the low-concentration glasses,
GOR132-G and T1-G were used as bracketing and secondary
reference glasses, respectively. For high and low B concen-
trations, ARM-2 and ARM-1 were used as bracketing stan-
dards, respectively. NIST610 was employed as a secondary
reference material in all B analyses. Replicate analysis of
these secondary reference materials was taken as a measure
for the accuracy and reproducibility of fs-LA-MC-ICP-MS
measurements. Values of δ7Li and δ11B were initially cal-
culated relative to their corresponding bracketing standards.
Subsequently, they were recalculated and reported relative to
IRMM-016 and NIST951, assuming a δ7Li value of 8.9 ‰
for GOR132-G and 2.59 ‰ for ARM-2 relative to IRMM-
016 (Wu et al., 2021; Singer et al., 2023). For δ11B, we
used values of −12.63 ‰ and −11.82 ‰ for ARM-2 and
ARM-1, respectively, relative to NIST 951 (Wu et al., 2021).
The measurements were mainly performed during two ses-
sions within 5 months. Each session consisted of 2 consec-
utive days for Li and B isotopes, respectively. For the sec-
ondary reference materials, the following values were ob-
tained during repeated measurements for Li: 0.91± 0.47 ‰
for ARM-1 (N = 10) and 4.01± 0.62 ‰ for T1-G (N = 11).
For B, the following values were obtained for the secondary
reference glasses: 0.20± 0.41 ‰ for NIST610 (N = 12) us-
ing the high-concentration setup and −0.33± 0.57 ‰ for
NIST610 (N = 11) in the low-concentration configuration.
These values are consistent with values published elsewhere
(Li: Jochum et al., 2006; Wu et al., 2021; B: Kasemann et al.,
2001; Kimura et al., 2016). There is no detectable difference
between the values obtained during both analytical sessions.

2.3.3 Fluid measurements

Synthetic fluid inclusions were examined by microthermom-
etry using a Linkam FTIR600 heating and freezing stage.
The final ice-melting temperatures (Tm) were determined af-
ter cooling the wafers to −60 °C until the inclusions were
frozen. Subsequently, they were heated at a low heating rate
until the ice disappeared. At least four inclusions were in-
vestigated on each wafer. All three wafers gave similar Tm
values of −(0.8–0.9) °C. Using the model of Bodnar (1993),
the NaCl-equivalent salinity was calculated as 1.40 wt %–
1.57 wt % NaCleq. The Li concentrations of synthetic fluid
inclusions were analysed using the same instrumentation as
described in Sect. 2.3.1. along with a modified INSTEC heat-
ing and freezing stage with a cell volume of 3 cm3. Prior to
laser ablation, fluid inclusions were frozen at −60 °C, fol-
lowing the analytical protocol proposed by Albrecht et al.
(2014). The fluid inclusions were opened and ablated with
repetition rates in the range of 167–250 Hz. Data were col-
lected for a total of 5 min, ideally including the signals of
quartz, frozen fluid inclusion, and quartz again. The acquired
data were evaluated using the SILLS data reduction software
(Guillong et al., 2008). The NaCleq values determined by mi-
crothermometry were used for internal standardization. This

approach was not pursued further after experiment L1 be-
cause it is unclear at what time the fluid inclusions close,
and, during the experiments, the concentration of the fluid
might continuously change. A more detailed fluid inclusion
investigation was beyond the scope of this study. The fluid
inclusion analyses performed in experiment L1 yielded sim-
ilar results for Li and B on the three different wafers within
the respective errors. Average Li concentrations were deter-
mined as 419 ppm (±219 ppm; nine measurements), while
the average B concentrations of 532 ppm (±241 ppm; nine
measurements) were slightly higher.

2.3.4 Water content analysis in glasses

The water content in our experimental glasses was deter-
mined at two stages: (1) after producing the water-bearing
glasses for transport experiments to ensure that the synthesis
was successful and (2) after performing the transport experi-
ments. This was done to ensure that the glasses were water-
saturated during the experiments and have consistent water
contents throughout our experimental series. In order to de-
termine water contents by FTIR, knowledge of glass den-
sity and linear molar absorption coefficients is necessary. For
PEG2-src, the density was determined to be 2.370 g cm−3

for the nominally dry glass, and the linear molar absorption
coefficients were determined to be εH2O = (1.35± 0.08) and
εOH = (1.06± 0.14) L mol−1 cm−1 (Singer et al., 2025). For
PEG2-snk, the density and the absorption coefficients were
not determined; however, the data of PEG-src were used as a
close approximation. This is further supported by the fact that
only the relative water contents of our experimental glasses
need to be evaluated, for which a comparative approximation
is sufficient.

A Bruker IFS88 with an attached IRscope II was em-
ployed for the determination of water contents in experi-
mental glasses. The slit aperture was set to an area of ca.
100× 100 µm2 in the focus plane. The analytical setup in-
cluded a tungsten light source, a CdF2 beam splitter, and
an MCT detector. On each sample, ca. 4–10 points were
measured in the contact region and the interior of the glass
to check for homogeneous water distribution within in the
glasses. A total of 100 scans were accumulated for each spec-
trum, with a spectral resolution of 4 cm−1. The two bands at
4500 and 5200 cm−1 correspond to the number of OH groups
bound to tetrahedral cations and molecular H2O, respectively
(e.g. Behrens et al., 1996). A linear tangential baseline was
subtracted from the acquired spectra. The peak heights of
these bands were used to quantify the speciation of water
and the total water concentration. The thickness of doubly
polished sections was measured with a digital micrometre
(Mitutoyo), with a precision of ±2 µm. The concentrations
of OH and H2O can be determined by applying the Lambert–
Beer law:
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cOH =
1802 ·A4500

d · ρ · ε4500
, (3)

cH2O =
1802 ·A5200

d · ρ · ε5200
, (4)

where cOH and cH2O denote the content of water dissolved as
OH groups and molecular H2O in wt %, respectively.A is the
absorbance at the peak height of the corresponding peaks, d
is the thickness in cm, ρ is the density in g L−1, and ε denotes
the linear molar absorption coefficients of the corresponding
species in L mol−1 cm−1. The total water content can be cal-
culated as follows:

cH2O,t = cOH+ cH2O. (5)

3 Results

The general appearance of our assemblage did not change
significantly before and after the experiments. However, a
transition zone formed at the interface between the glasses
and the quartz/zircon filling, in which the pore space be-
tween quartz or zircon was filled by glass (Fig. 2). In the
short-term experiment L2 with quartz (1 h duration), the melt
trapped between the quartz grains is strongly heterogeneous
(Fig. 2c). The thickness of the transition zone depends on the
experimental duration, the temperature, and the filling mate-
rial. It became larger with increasing run duration and with
quartz (compared to zircon) as filling material. The quartz
grains are characterized by rounded shapes, while the zir-
con grains retained their initial sharp edges. In experiments
where Au markers are exposed, they are located at the im-
mediate contact between the main glass body and the filling
material (Fig. 2a, b), indicating that the melt phase percolated
through the mineral assemblage. However, in some experi-
ments, the quartz/zircon powder moved along the sides of the
glass cylinders and also into the interior of the glasses (e.g.
experiments L4, L8, L9; Fig. 2). The glass cylinders were
deformed in some experiments (e.g. L7, L9, L10, Fig. 2e).

3.1 Major element concentrations in the source and sink
melts

Depending on the filling material, the major element compo-
sition of the glasses can be divided into two groups. In exper-
iments with quartz as filling material, a strong enrichment of
SiO2 (up to ≥ 70 wt %) is observed in the first ca. 250 µm of
the main glass body adjacent to the transition zone (Fig. 3a,
b) and within the transition zone itself. This SiO2 enrichment
is coupled to a decrease in concentration of all other major
elements (i.e. dilution effect; Fig. 3a–c) and is interpreted
to be the result of the dissolution of quartz in the initially
SiO2-undersaturated melt. In experiments with zircon as fill-
ing material, the major element concentrations are generally
constant over the entire length of the glass bodies (Fig. 3d, e).

Table 3. Measured water concentrations of experimental glasses.

No. T t cH2O,PEG2-src cH2O,PEG2-snk
(°C) (h) (wt %) (wt %)

L1 850 27.7 6.3± 0.1 7.6± 0.3
L2 850 1.0 6.0± 0.2 7.8± 0.4
L4 850 24.0 6.3± 0.1 7.5± 0.4
L7 GRAD 24.0 6.2± 0.1 8.2± 0.5
L8 850 24.0 5.9± 0.6 n.d.
L9 850 96.1 5.7± 0.3 7.0± 0.3
L10 GRAD 96.0 6.1± 0.6 8.4± 1.1

Note that n.d. denotes not determined because no glass volume was large
enough for FTIR determination.

The glasses within the transition zone show a moderate en-
richment in SiO2 (≤ 63 wt % (Fig. 3f), also coupled to a de-
crease in all other major elements. This enrichment in SiO2
is interpreted to be the result of a transport of silica from the
quartz cylinder to the melt via the fluid phase.

The water contents of glasses are reported for each ex-
periment in Table 3. The water contents determined in the
PEG2-src glasses were in the range of 5.7± 0.3 wt % to
6.3± 0.1 wt % H2O, averaging at 6.1± 0.5 wt %. The water
contents determined for PEG2-snk were significantly higher,
ranging from 7.0± 0.3 to 8.4± 1.1, with an average value of
7.8± 1.0 wt % H2O. This difference can be explained by the
very high alkali content of ca. 8.3 wt % Na2O and 4.9 wt %
K2O of PEG2-snk. This observation also implies that the wa-
ter solubility models of classical granitic melts cannot be ap-
plied for alkali-rich compositions, even if the ASI is close
to 1. The higher water solubility observed in gradient exper-
iments L7 and L10, where PEG2-snk has a lower tempera-
ture than PEG2-src, can be explained by the negative corre-
lation of solubility with temperature at 100 MPa (Holtz et al.,
1995).

3.2 Element distribution in the source and sink melts
separated by zircon filling material

The concentrations of Li and B in glasses, as well as those of
additional trace elements (Zr and Cs), are first described for
experiments with zircon filling material as no changes in the
major element compositions of PEG2-src to PEG2-snk oc-
curred. The PEG2-src glasses of the five corresponding ex-
periments (L4 to L10, Table 2) exhibited either minor deple-
tions in Li or B towards the interface in the first few µm of the
main glass body (Fig. 4c, d, f) or no change at all (Fig. 4e). In
the transition zone glasses adjacent to PEG2-src that could be
analysed (L4 and L7), the Li and B concentrations were not
significantly different from the inner part of the glass body
(Fig. 4c and d). These concentrations are in the same range
as the starting materials. For one sample, the B concentra-
tion is lower (L8), which may be due to heterogeneities of
the starting material.
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Figure 3. Major element concentrations in glasses representative for experiments using quartz (a)–(c) or zircon (d)–(f) as filling material.
The upper panels show concentration profiles of SiO2, Al2O3, Na2O, K2O, P2O5, and F in the main glass bodies. The profiles start at the
contact between glass and filling material (x = 0 µm), and the value of x increases towards the interior of the glass bodies. The corresponding
source and sink glasses belonging to one experimental run are shown opposite each other, e.g. PEG2-src (a) and PEG2-snk (b) of experiment
L1. The lower panel shows the concentrations of Al2O3 vs. SiO2 in wt % obtained within the transitional zone from experiments using quartz
(c) or zircon (f). This demonstrates that the compositional variability in the transitional zone can be reproduced by a direct mixing between
the starting glasses (top-left corner) and SiO2 from quartz dissolution. The scientific colour map “batlow” by Crameri (2023) is used for
visualization of most data.

In PEG2-snk, the Li concentrations are very low compared
to the source and <130 ppm in the main glass body (Table
4). The Li concentrations are homogeneous throughout the
entire length of the sink glass body. The Li concentrations
in 24 h glasses from experiments without a gradient (L4 and
L8) are very low, with Li concentrations below 5 ppm. The
Li concentrations in the glass obtained after 96 h (L9) are
higher, reaching ∼ 20 ppm. In contrast, Li concentrations are
higher in experiments with a thermal gradient and reach∼ 30
and∼ 100 ppm for run durations of 24 and 96 h, respectively.
The B concentrations in PEG2-snk are generally higher than
those of Li and can reach ∼ 600 ppm close the fluid–melt
interface (Table 4). The concentrations are higher close to
the fluid–melt interface (Fig. 4), which indicates that the dif-
fusivity of B is lower than that of Li. Boron concentrations

far away from the fluid–melt interface (∼ 800 µm) are in the
range of 0 to 20 ppm. The concentration gradients are more
pronounced in the two glass bodies obtained from experi-
ments with thermal gradients (higher concentrations close
to the interface and lower concentrations far from the inter-
face when compared to isothermal experiments). It can also
be noted that B concentrations are strongly heterogeneous
within the transition zone.

The dissolution of zircon from the filling material also
leads to an enrichment of Zr in the source and sink melts
(and likely the fluid phase). The Zr concentration profiles
extended deep into the interior of the main glass bodies
(Fig. 5). The profiles exhibited localized high-concentration
spikes and a wavy overall shape and rarely approached a
clear plateau value (Fig. 5b). The average Zr concentrations

https://doi.org/10.5194/ejm-38-497-2026 Eur. J. Mineral., 38, 497–518, 2026



506 C. R. Singer et al.: A novel experimental approach to investigate element transport

Figure 4. Trace element profiles of Li and B in all experimental run products. Each horizontal array corresponds to one experimental run. For
(a)–(g), the panels on the left and right show the concentrations in PEG2-src and PEG2-snk, respectively, and their corresponding transitional
regions. Mind the different y scales between the left and right halves, as well as between the different PEG2-snk glasses in the right half
of the figure. The profiles start at the interface between the main glass body and the quartz or zircon filling (x = 0 µm). For the PEG2-snk
glasses in experiments L4 and L8, the maximum B concentration was measured at a short distance from x = 0; this is likely an analytical
artefact caused by the initial ablation of filling material and glass and enhanced by the long wash-out times of the ablation cell and the fast
scan speeds of the line scans. For the transitional regions, the measurement points are in the order of distance from the fluid–melt interface.
For empty panels, no data were acquired.
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Table 4. Maximum Li and B concentrations in the sink glass and at various distances from the interface.

T t cLi (ppm) at distance× from interfacea cB (ppm) at distance× from interfacea

No. (°C) (h) max. cb 50 µm 250 µm max. cb 50 µm 250 µm

L1 850 27.7 136 101 132 61 2 3
L2 850 1.0 16 16 13 4 <LOD <LOD
L4 850 24.0 12 5 4 191 128 10
L7 GRAD 24.0 51 24 25 337 5 6
L8 850 24.0 11c 4 4 75 38 16
L9 850 96.1 51 21 20 304 26 14
L10 GRAD 96.0 122 102 95 610 84 63

a Distance from the interface refers to the contact between the main glass body and the filling material. b Maximum concentration obtained
from the transition zone or from the main glass body. c A single point during the line scan was at 27 ppm. LOD denotes limit of detection.

are in the range of 300–500 ppm in PEG2-src and PEG2-snk.
The only exceptions are experiments L4 and L8, where lower
average Zr concentrations in the range of 30–50 ppm have
been observed. The Zr concentrations in the transition zones
were exceptionally high, which was probably caused by a
combined ablation of melt and zircon in the melt pools dur-
ing fs-LA-SF-ICP-MS analyses (ablation through the glass
into the underlying zircon).

3.3 Element distribution in the source and sink melts
separated by quartz filling material

The Li and B concentrations in the glasses of the 24 h exper-
iment conducted with quartz filling material (L1) differ from
the experiments with zircon filling material. In the sink glass
body, Li is higher (up to 130 ppm), and B is lower (compare
Fig. 4a, e). Concentration profiles for Li in the sink and for Li
and B in the source can be observed. These gradients could
be an experimental artefact resulting, in part, from the dis-
solution of quartz (see above) and the coupled dilution of all
other elements. However, an additional process may have to
be considered because the concentrations gradients of the Li
and B are longer than those of the major elements (∼ 500 µm
for Li and B; ∼ 250 µm for major elements). The Li and B
concentrations in the sink glasses of the 1 h experiment are
lower compared to the 24 h experiment (Li: 12–16 ppm; B is
below detection limit; Fig. 4b). In the source, the Li and B
concentrations are similar to the starting glass, except very
close to the interface (a few µm), with slightly lower val-
ues. The source glasses within the quartz filling material are
heterogeneous, but Li and B are coupled, which can be ex-
plained by different dilution effects resulting from quartz dis-
solution.

Another parameter that separates these experiments from
most experiments using zircon is the CsCl-bearing fluid. The
presence of a CsCl-bearing fluid leads to an enrichment of
the source and sink melts in Cs. The Cs concentration was al-
ways> 4000 ppm close to the interfaces. High Cs concentra-
tions extended deep into the main glass bodies, with a signif-

icant enrichment still detectable at > 4000 µm distance from
the interface in PEG2-src and PEG2-snk. This was also ob-
served for the experiment conducted with zircon filling mate-
rial and a CsCl fluid (experiment L8). The Cs concentration
is higher in PEG2-snk compared to PEG2-src at the same dis-
tance from the interface. The Cs concentrations in the transi-
tion zones of PEG2-snk are more than 2 times higher than in
the glass bodies, whereas, in PEG2-src, they are only slightly
increased compared to the main glass body.

3.4 Li and B isotope composition

Lithium and B isotope analyses were conducted in both the
source and sink main glass bodies and the adjacent transition
zones in all experiments. For B isotope measurements in the
sink, analyses were performed only very close to the filling
material contact or within the adjacent transition zone in or-
der to obtain a sufficiently strong signal. Nevertheless, the
uncertainties of B isotope analyses are relatively high (on the
order of ±5 ‰). In general, PEG2-src exhibited no change
in δ7Li or δ11B in the main glass body or in the adjacent
transition zone throughout our experimental series (Fig. 6a,
c). In PEG2-snk, however, δ7Li was generally higher com-
pared to PEG2-src, with values ranging between ca. 4 ‰ and
23 ‰ (Fig. 6b). While δ7Li in the sink glass differed between
different experimental runs, it was usually homogeneously
distributed throughout the main glass body and the adjacent
transition zone in the individual samples. In the sink melt,
a crude negative correlation between the Li concentrations
and the δ7Li values can be observed (Fig. 7); i.e. increasing
Li concentrations are associated with decreasing δ7Li values
(e.g. experiments L4 and L8) and vice versa (e.g. experiment
L1). A δ7Li gradient was only observed in the 1 h experi-
ment L2, with δ7Li decreasing from ∼ 15 ‰ at the interface
towards ∼ 5 ‰ in the interior of the glass (Fig. 6b). In con-
trast, δ11B values in PEG2-snk overlap, with a few excep-
tions with the values obtained in PEG2-src and also with the
δ11B values in the starting glasses, within analytical uncer-
tainties (Fig. 6c, d).
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Figure 5. Selected trace element concentration profiles highlighting the enrichment of the initially Cs- and Zr-free glasses in the respective
elements. Panels on the left side show Cs profiles in PEG2-src in experiments using quartz filling material (a, c). Panels on the right side
show Zr profiles in PEG2-snk in experiments using zircon filling material (b, d). The position x = 0 marks the contact between the glass and
the filling material.

4 Discussion

The transport of Li and B in our experiments involved several
successive steps, including (1) transport within the source
melt to the melt–fluid interface via diffusion, (2) trans-
fer from source melt to fluid at the interface, (3) transport
through the fluid, (4) transfer from fluid to the sink melt at the
interface, and (5) transport within the sink melt via diffusion.
Isotope fractionation can occur during all of these transport
steps. Several parameters influencing the element transport
were systematically investigated, such as the fluid composi-
tion (CsCl vs. NaCl with c (Cl−)= constant), the temperature
distribution (isothermal vs. gradient), and the experimental
duration. Our results further indicate that the filling material
(quartz vs. zircon) also influenced Li and B transport. The
presented results clearly show that, while certain combina-
tions of parameters appear to have favoured the transport of
Li and B via the fluid phase, no substantial transfer occurred
under other conditions. The individual effect of parameters
on the efficiency of Li and B transport is discussed in detail
in the following sections.

4.1 Kinetic processes occurring at the interface
between melt, fluid, and filling material

In all our experiments, a transitional zone has formed, in
which melt migrated into the pore space of the filling ma-
terial. The formation of this transitional zone is caused by
a complex combination of different mechanisms involving
the low softening point of the glasses (estimated to be be-
tween 380 and 250 °C for water contents between 4 wt %
and 9 wt %, respectively), density changes, and differences
in the expansion of glass and fluid during the heating phase.
The presence of interstitial melt after only 1 h (experiment
L2) indicates that a short-lived turbulent mingling stage be-
tween melt and filling-material phase may have occurred dur-
ing the heating phase. This is evidenced by the high Zr and
Cs concentrations in the main glass bodies that extend up to
several 1000 µm from the fluid–melt interface (Fig. 5b, d).
Due to the low diffusivities of Zr and Cs in silicate melts
(review by Zhang et al., 2010, and references therein), these
elements cannot show such high penetration depths by diffu-
sion alone. Thus, convection or chaotic mixing processes in
the melt phase (with possible mingling between mineral and
melt) have to be assumed to explain the fast transfer of Cs
and Zr from the fluid and filling material, respectively, to the
melts.
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Figure 6. Isotope compositions of the PEG2-src and PEG2-snk with respect to δ7Li (a, b) and δ11B (c, d). The differently coloured symbols
indicate the individual experimental runs L1–L10. Filled circles and triangles are measurements in the main glass bodies and the transitional
regions, respectively. The horizontal blue and grey boxes indicate the isotopic compositions of the starting glasses PEG2-src and PEG2-snk
(before experiments), respectively, with the 2σ standard deviation (2 SD) and the corresponding standard errors (2 SE). The blue boxes in
(a)–(b) and (c)–(d) are the same. The order of measurements (from left to right) for individual experimental runs corresponds to an increasing
distance from the fluid–melt interface (e.g. the first and last points are closest to and farthest from the fluid–melt interface, respectively).

Based on the comparison of Zr and B concentrations in
the glasses, this turbulent mingling stage occurred mainly
in the early phases of the experiments. In the investigated
melts, Zr and B diffusivities are similar (Behrens and Hahn,
2009; Singer et al., 2025). However, the B concentration pro-
files in the main glass bodies are significantly shorter (several
100 µm), indicating that Zr was already distributed through-
out the whole melt phase (source and sink) before the be-
ginning of the transfer process of B from the source to the
sink melt. Another observation indicating that melt perco-
lates faster within the filling material in the early stage of the
experiment is related to the evaluation of the thickness of the
transitional zone. The increase in the thickness of the tran-
sitional zone is not linear with run duration. The thickness
reaches ∼ 0.8 mm after only 1 h (L2) and ∼ 2 mm after 24 h
(L1). As the run duration increases further, the increase in
the thickness of the transitional zone tends to become linear,
suggesting that the melts creep continuously into the pore
space. In one experiment (L10, 96 h), the main glass body
seems to have migrated entirely into the pore space of the

filling material as there is only a tiny patch of connected
glass observable. This could be related to the very low vis-
cosities at high temperatures (logη = 2.2–2.4 at 800 °C and
6 wt %–7 wt % H2O; Bartels et al., 2011), which are caused
by the high number of fluxes and the high water contents in
the melts. However, the interpretation of the evolution of the
size of the transitional zone needs to be done with caution
because it also depends on the initial distribution of minerals
around the glass cylinder during the loading of the capsule.

Another kinetic process that was observed is related to the
chemical interaction between the quartz filling material and
the melt. The dissolution of quartz is recorded by the sur-
rounding glass, which has a heterogeneous chemical com-
position (Figs. 2c, 3). In experiments L1 and L2, the source
and sink melts are strongly enriched in SiO2 (> 70 wt % SiO2
close to the contact) at the expense of all other major ele-
ments. In these two experiments, the significant impact of
quartz on the chemical composition of the melts (leading
to an increase in the melt polymerization) could lead to a
change in the partitioning behaviour of Li and B between
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melt and fluid. This adds an additional degree of complexity
to the kinetic processes.

In experiments with zircon filling material, the zircon is
also dissolved in the melts and the fluid. However, the total
amount of dissolved zircon remains significantly lower. Ac-
cording to zircon solubility models, which were calibrated
for a range of compositions (mostly andesitic to rhyolitic),
our melts are saturated with respect to zircon at the experi-
mental temperature of 850 °C (at 850 °C, Zr concentration is
in the range of 300 to 430 ppm; e.g. Watson and Harrison,
1983; Borisov and Aranovich, 2019; Crisp and Berry, 2022).
However, due to its low solubility, the zircon dissolution has
a negligible effect on the melt composition compared to the
quartz dissolution. In experiments with zircon filling mate-
rial, the SiO2 concentrations in glasses from the transitional
zone are higher than those of the starting glasses (Fig. 3f).
These higher SiO2 concentrations can only be explained by
the dissolution and transport of SiO2 from the quartz cylin-
ders (placed within the zircon powder) to both ends of the
capsule via the fluid phase (Fig. 1).

The melts were affected by the chemical composition of
the added fluids. The CsCl-bearing fluid led to an enrichment
of Cs in the melts of > 4000 ppm Cs after the experiments.
Using a mass balance calculation (based on the amount of
Cs-free glass and Cs-bearing fluid added to the capsule) and
assuming a Cs concentration of 4000 pm in the melts, the
fluid–melt partitioning coefficient DCs is 0.3, where

D
fluid/melt
Cs =

cCs,fluid

cCs,melt
, (6)

and cCs is the concentration of Cs in the fluid and the melt.
This fluid–melt partitioning is in agreement with previous
studies, which suggest that Cs is moderately compatible in
the melt with DCs ranging from ca. 0.1 to 0.5 (London et al.,
1988; Webster et al., 1989; Schäfer et al., 1999; Zajacz et al.,
2008). The NaCl-bearing fluids had no detectable impact on
the melts; there was no indication of either mobilization of
Na from the melts into the fluid or vice versa (uptake of Na
from the fluid into the melt).

4.2 Transport of elements via the fluid phase

The transport through the fluid likely occurs via two pro-
cesses: diffusion through the fluid phase and convection of
the fluid. Diffusion in fluids is generally high and likely in
the range of 10−7–10−8 m2 s−1 for neutral Li complexes in
supercritical water (Chakraborty and Chandra, 2011). The ef-
fective diffusion is probably reduced because the tortuosity
of the filling material impedes the diffusion in porous me-
dia. Generally, convection is expected to make a considerable
contribution to the element transport in a low-density and
low-viscosity supercritical fluid. However, a significant influ-
ence of fluid convection on the element transport is expected
in neither the isothermal- nor the thermal-gradient experi-
ments. There is no driving force for convection under isother-

mal conditions because of the low-temperature gradients. In
the gradient experiments, the less dense fluid (higher tem-
perature) overlies the denser fluid (lower temperature) as the
capsules are vertically oriented within the autoclave. There-
fore, no significant thermal convection is to be expected in
the gradient experiments either.

4.2.1 Mobilization of Li and B from the source melt

The mobilization of an element from the main source melt
body requires previous diffusion through the transitional
zone. However, the concentrations of Li and B in the main
(crystal-free) glass bodies of the source are similar to those
in the starting glasses (Table 1). Thus, these melt portions
display very few signs of Li and B mobilization. Most Li
and B present in the sink glass or in the quenched fluid must,
therefore, originate from the melt portions located in the tran-
sitional zone adjacent to the source glass. Since, in the tran-
sitional zone, the source melt occurs only as interstitial melt
in between a high proportion of mineral phases, the mobi-
lization of elements from the melt to the fluid is reduced.
The low Li and B concentrations in the sink melt are, there-
fore, most probably due to the very small reactive melt–fluid
surface, which reduces the element mobilization from the
source melt. The heterogeneous distribution of Li and B in
the transitional zone shows that the mobilization from the
transitional zone was not uniform. This effect is even more
significant for slow-diffusing elements like B. Considerable
amounts of Li and B could have been mobilized during the
initial stage of chaotic mixing between melt, filling material,
and fluid (as discussed above) due to a high interaction be-
tween melt and fluid.

The major factor controlling the Li and B transfer from
the melt into the fluid is the fluid–melt partitioning of the re-
spective elements, Dfluid/melt

Li and Dfluid/melt
B . The fluid–melt

partitioning (hereafter denoted as DLi and DB for simplic-
ity) cannot be determined accurately from our experiments
as they were not designed for this purpose. The attempts to
analyse the fluid composition from fluid inclusions resulted
in concentrations of 419 ppm Li and 532 ppm B in experi-
ment L1. The reported Li and B values indicate partitioning
coefficients for both Li and B that are significantly below 1
if equilibrium between PEG2-src and fluid was attained.

In order to interpret our observed Li and B concentrations
in the fluid, the expected fluid concentrations can be calcu-
lated using previously published partitioning coefficients for
these elements and assuming equilibrium between melt and
fluid. Experimental studies reported B to be moderately com-
patible in the fluid with DB values in the range of 1 to 6
(Pichavant, 1981; London et al., 1988; Hervig et al., 2002),
which is in accordance with studies on natural coexisting
fluid and melt inclusions (Thomas, 2002; Zajacz et al., 2008).
Using the results of Schatz et al. (2004), who used similar ex-
perimental conditions as in this study, a DB in the range of 4
to 6 seems likely for our experimental conditions. The parti-
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tioning of Li, on the other hand, has been found to be highly
sensitive to the salinity of the fluid (e.g. Zajacz et al., 2008;
Iveson et al., 2019). In experimental low-salinity fluids, Li
tends to be more compatible in the melt with DLi<1 (Lon-
don et al., 1988; Webster et al., 1989; Iveson et al., 2019;
Gion et al., 2022) and becomes fluid mobile at higher salini-
ties (> 11 wt % Cl, mCl−≈ 3.5; Iveson et al., 2019). Studies
on natural fluid inclusion appear to contradict these findings
to some extent as reports indicate that Li is fluid compati-
ble even in moderate-salinity fluids (mCl− = 3; Zajacz et al.,
2008). This points to the complex dependency ofDLi on melt
and fluid composition, temperature, and pressure (Iveson et
al., 2019). Based on experimental studies with comparable
conditions, DLi is likely in the range of 0.1–0.5 (London et
al., 1988; Webster et al., 1989; Iveson et al., 2019).

Assuming Li and B concentrations of 6000 ppm in PEG2-
src, as well as DLiand DB values of 0.1–0.5 and 4–6, re-
spectively, a fluid concentration of 600–3000 ppm Li and
24 000–36 000 ppm B would be expected. Using the lower
limit of DLi, the calculated Li concentration in the fluid is
of a similar magnitude as that obtained from the fluid inclu-
sion measurements. The calculated B concentrations, on the
other hand, are overestimated by about 2 orders of magni-
tude. This is likely due to the inhibited release of B from the
source melt and indicates that an equilibrium was not estab-
lished between the source melt and the fluid phase. Although
the present literature data point unanimously to a preferen-
tial enrichment of B in the fluid (see previous paragraph), the
partitioning coefficients have to be considered with caution.
Small differences in bulk composition may result in major
changes in the distribution coefficients and the behaviour of
volatile or trace components (London et al., 1988; Hervig et
al., 2002).

4.2.2 Transport and uptake of elements into the sink

The effects of experimental duration, filling material, fluid
composition, and temperature distribution on the effectivity
of Li and B transport are discussed in the following. One
surprising observation is that the amount of Li and B trans-
ported along the fluid column separating the source and sink
melt was extremely low, particularly in view of the high con-
centrations in the source melt. In all experiments, the exper-
imental duration correlates positively with the Li and B con-
centration in the sink melts. This is most probably related
to the progressive mobilization of Li and B from the source
melt, or, in other words, the kinetics of Li and B mobiliza-
tion from PEG2-src into the fluid are sluggish. This is par-
ticularly clear for B since the filling material has no obvi-
ous effect on its transport. There was no B enrichment in the
sink glass for the 1 h experiment, but intermediate and strong
enrichments were observed in the 24 and 96 h experiments,
respectively. In experimental pairs, where only the duration
was changed (e.g. the pairs L1–L2, L4–L9, L7–L10), both
the Li and B concentrations were always higher in the sink

melt from the longest experiment. However, for Li, which is
a fast-diffusing element in melts compared to B (e.g. Singer
et al., 2023), the behaviour is more complex since the short-
est 1 h experiment L2 displays a higher Li enrichment in the
sink glass than what is observed in the significantly longer
24 h experiments (L4, L8). This implies that other experi-
mental parameters, such as fluid composition or filling mate-
rial, also influence Li transport. In experiment L2, quartz was
used as filling material, whereas zircon was the filling mate-
rial in experiments L4 and L8. The higher concentrations in
the 1 h sink glass (L2) indicate an increased mobilization of
Li from the source. This may be related to the dissolution of
quartz from the filling material and the subsequent enrich-
ment of SiO2 in the source melt, leading to an increase in
melt polymerization. Taking into account that Li is preferen-
tially incorporated into more depolymerized melts (Singer et
al., 2023), the increase in SiO2 content may promote the re-
lease of Li from the melt. A possible effect of the fluid com-
position can be constrained from the experiments L4 and L8,
indicating that an NaCl-bearing fluid seems to enhance the
transport of B compared to CsCl-bearing fluids. No conclu-
sion can be drawn for Li since no significant amount of Li
was enriched in the sink melt in both experiments.

The application of temperature gradients to our experi-
mental charges enhances the Li and B concentrations in the
sink. This trend is observed in two sets of experimental pairs
using zircon- and NaCl-bearing fluids and with durations of
24 and 96 h (L4–L7 and L9–L10), respectively. A potential
mechanism increasing the transport of Li and B to the sink
under a thermal gradient could be the so-called Soret effect
or thermodiffusion. The Soret effect leads to the separation
of mobile species in a solution and is large, especially in liq-
uids close to their critical points (e.g. Saghir et al., 2005).
The Soret effect could, therefore, result in an increased flux
of Li and B from the hot end of the capsule (PEG2-src) to
the colder region (PEG2-snk). While global thermal convec-
tion has been ruled out (see Sect. 4.2), there might be lo-
calized convection at the fluid–melt interface, enhancing the
incorporation of Li and B in the sink melt. Another explana-
tion could be that the fluid–melt partitioning of Li and B is
shifted towards the melt at lower temperatures. This was in-
deed observed by Webster et al. (1989) at 200 MPa (however,
the opposite was observed at 50 MPa). London et al. (1988)
reported little to no temperature dependence for fluid–melt
partitioning of the alkalis, while DB showed a decrease with
decreasing temperature. However, our temperature gradient
of ca. 54 °C is relatively small, and it seems to be unlikely
that it could induce such a significant shift of the fluid–melt
partitioning of Li and B. Overall, the Li partitioning between
fluid and melt seems to be affected by a complex interplay
between pressure, temperature, fluid salinity, and melt com-
position (e.g. Iveson et al., 2019).
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4.3 Isotope effects during transport

4.3.1 Li and B isotopic ratios in the source

During mobilization, the Li and B isotopes can potentially
fractionate either kinetically (e.g. during diffusion) or as a
result of equilibrium fractionation between melt and fluid.
There is no detectable change in δ7Li or δ11B in the source
melt after experiments (Fig. 6), which is in accordance with
the very small amounts of Li and B that were mobilized from
PEG2-src. Diffusive transport of Li and B from the interior
of the melt towards the fluid–melt interface could result in ki-
netic isotope fractionation due to the faster diffusivity of the
respective lighter isotopes. However, the isotopic data (iden-
tical values within the uncertainty of the measurements) do
not indicate diffusion-driven isotope fractionation, not even
in experiment L1 (with quartz filling material), for which
compositional zoning of B and Li was observed in the source
glass body. The absence of detectable isotopic fractionation
may be related to the proposed initial stage of turbulent min-
gling between melt, filling material, and fluid (see Sect. 4.1).
A simple mass balance calculation also shows that, with the
small amounts of Li and B mobilized from PEG2-src, the
isotopic changes would be extremely low. Lastly, because
of the high experimental temperatures, potential equilibrium
isotope fractionation between the source melt, and the fluid
would become very small.

4.3.2 Li and B isotopic ratios in the sink

The isotopic signature of the sink melt is influenced by the
following contributions: (1) the isotopic composition of the
fluid, (2) the potential isotope fractionation between the sink
melt and the fluid, and (3) the initial isotope composition of
the sink glass (δ7Li= 13.7 ‰, δ11B=−4.0 ‰; Table 1) that
exhibited trace amounts of Li and B (∼ 3–5 ppm) prior to the
transport experiments. The first contribution (composition of
the fluid) is the result of isotope fractionation during mobi-
lization of Li and B from the source melt and of potential
kinetic effects during transport through the fluid. The con-
tribution of initial Li and B in the sink glass is expected to
be significant only for experiments that showed very little Li
and B enrichment (e.g. experiments L4 and L8, Table 4).

The B isotope composition of the sink after the experi-
ments is, on average, very similar to the isotopic signature
of the source melt and to the inherent signature of the sink
melt within errors (Fig. 6c, d). This implies that both ki-
netic and equilibrium isotope fractionation are smaller than
the analytical uncertainty for B isotope analyses, which is
±1.8–8.8 ‰ for individual measurements (2σ ) and an av-
erage of 2 σ over all measurements of ±4.7 ‰ for low B
concentrations. The apparent absence of equilibrium isotope
fractionation is likely related to the high experimental tem-
peratures and the similar speciation of B in the melt and
the fluid. Generally, heavy isotopes are enriched in the phase
with the lower coordination and stronger bonding (Schauble,

2004). Boron is in trigonal coordination in our melts (Singer
et al., 2025) and mostly trigonally coordinated as [B(OH)3]0

species in hydrothermal fluids at crustal pressures and high
temperatures≥ 500 °C (Schmidt et al., 2005). Thus, strong B
isotope fractionation is not expected. In basaltic melts, a pref-
erential enrichment of 11B in the fluid was observed, result-
ing in an isotope fractionation111Bmelt-fluid of up to−1.7 ‰
in the temperature range of 1000–1250 °C (Kommescher et
al., 2024). An even more pronounced B isotope fractiona-
tion of−7.1 ‰ (at 750 °C, 500 MPa) and−4.4 ‰ (at 850 °C,
500 MPa) was reported for rhyolitic melt and fluid (Hervig et
al., 2002). However, the absolute values derived in the study
by Hervig et al. (2002) have to be interpreted with caution
because their results would imply that all B is tetrahedrally
incorporated in the melt, which is not the case (Singer et al.,
2025). Due to the low and heterogeneous B concentrations
in PEG2-snk, the resulting uncertainties in δ11B are high and
do not allow for any conclusive statement regarding B iso-
tope fractionation in our experiments.

In contrast to B, the Li isotope values are highly variable
and span a broad range from ca. 5 ‰ to 20 ‰ in the sink glass
(Fig. 6b). The observed δ7Li values are heavier compared to
the source melt but lighter than the inherent signature of the
sink (13.7 ‰; Table 1). Experiments L4 and L8 (in which
very little Li was transferred to the sink melt) are an excep-
tion in that the observed δ7Li is even higher than the initial
value of the sink glass (Fig. 6b), which cannot be explained
by mixing of the source and sink composition but rather in-
dicates equilibrium isotope fractionation between melt and
fluid. The driving force for Li equilibrium isotope fractiona-
tion is likely the different bonding environment resulting in a
different bonding strength of Li in the melt and fluid phase.
In silicate melts, Li is tetrahedrally coordinated with oxy-
gen (Soltay and Henderson, 2005; Wu et al., 2021), whereas,
in aqueous solution, Li is considered to occur as clusters of
Li(H2O)+4 under ambient conditions (Yamaji et al., 2001;
Wachter et al., 2007; Yamaguchi et al., 2010). Molecular
dynamics simulations have shown that Li can form neu-
tral Li–F complexes in hydrothermal fluids at high temper-
atures, with an increasing abundance at low fluid densities
(ρ<0.8 g cm−3; Jahn and Wunder, 2009). Therefore, the low
fluid density in our experimental series (0.213 g cm−3; Pitzer
and Sterner, 1994) favoured the formation of predominantly
Li–F and minor Li–Cl (Jahn and Wunder, 2009; Wang et al.,
2021). With an increasing abundance of Li–F and/or Li–Cl,
the average coordination number of Li complexes is likely
lower than four, resulting in an enrichment of the heavier 7Li
in the fluid phase. Similar behaviour was observed in exper-
imental studies for Li, where the driving force was assumed
to be the difference in coordination between clinopyroxene
or mica (both octahedrally coordinated Li) and fluid (Wun-
der et al., 2006, 2007).

To verify that the recorded values for δ7Li in the sink melt
are the result of isotope fractionation, a conservative mixing
model between the source and sink melts was applied using
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their respective isotopic signatures (Fig. 7). Assuming there
were no kinetic or equilibrium isotope fractionation during
the successive transport steps, the recorded isotopic values
in the sink melt should be reproduced by the mixing model.
This model, however, clearly shows that the observed δ7Li
values for most of the sink melts are significantly higher than
those calculated for conservative mixing, demonstrating that
the Li isotopes must have been fractionated during transport
from the source through the fluid into the sink. The fact that
δ7Li values are consistently higher in the sink compared to
the source melt (Figs. 6, 7) likely indicates a dominance of
equilibrium isotope fractionation. This leads to a fluid en-
riched in the heavier 7Li, which in turn controls the Li isotope
composition of the sink melt. The exceptionally high δ7Li in
the L4 and L8 sink melts (16 ‰–23 ‰) may be related to
the very low amounts of Li transported to the sink. Kinetic
isotope fractionation (e.g. due to diffusion) would produce
lower δ7Li values in the sink melt because of the faster dif-
fusivity of the lighter 6Li compared to the heavier 7Li. Such
an effect was shown to occur in country rocks surrounding a
pegmatite (Teng et al., 2006). In our experiments, the trans-
port distance of ∼ 6 cm in the fluid phase might be too short
to generate significant kinetic effects. In addition, Li and B
are not transported as ions in the fluid but as complexes. For
such complexes, the relative mass differences between the
respective isotopes are negligible, and kinetic isotope frac-
tionation effects are expected to be small. Therefore, if ki-
netic isotope fractionation did occur, its effect was negligible
and was overwhelmed by the effect of equilibrium isotope
fractionation.

Except for one experiment (L2), the δ7Li values in the
sink do not show variations from rim to the end of the
sink glass (i.e. observed values are identical within uncer-
tainty). Thus, diffusion-driven isotope fractionation in the
melt, which would lead to an enrichment of the lighter iso-
topes at a greater distance from the fluid–melt interface,
could not be detected within the resolution of our analyti-
cal method. If convection does not occur in the sink melt,
diffusion-driven isotope fractionation must have occurred;
however, it was likely not detected because the transfer of
Li by the fluid was low and because Li isotopes equilibrated
fast enough to reach a nearly homogeneous distribution in the
sink melt. The only exception was experiment L2, for which
the highest δ7Li was measured close to the contact with the
fluid phase and for which the decrease in δ7Li is likely related
to the faster diffusion of 6Li within the melt. The observation
of this kinetic effect in experiment L2 only (and the absence
in all other experiments) is probably related to its short run
duration of 1 h, which was likely insufficient to establish an
equilibrium within the sink melt.

4.4 Implications for natural pegmatites

The results of our experiments have implications for under-
standing kinetic processes related to Li transport during crys-

Figure 7. δ7Li values in PEG2-snk plotted against the averaged Li
concentrations. For both δ7Li and the Li concentration, the average
of the main glass bodies and the transitional regions was calculated.
The dashed and dotted lines refer to a calculated mass balance as-
suming a direct mixing between the δ7Li of the source and the sink
and using starting concentrations of 3 and 6 ppm Li in the sink, re-
spectively. See text for more details.

tallization and exsolution in pegmatitic systems. We have
shown that for Li partitioning between fluid and melt DLi<1
in Cl-poor systems, confirming previous experimental data.
Thus, if Li is not sequestered in micas during melt evolution,
pegmatite residual melts have the potential to be enriched in
Li, even during the late stages when significant fluid exsolu-
tion and fluid loss occur. This enrichment may not occur in
F-rich systems, in which lepidolites or zinnwaldites are ex-
pected to crystallize at magmatic stages (London et al., 1989;
Pichavant, 2022; Gao et al., 2024). In contrast, the crystal-
lization of these F- and Li-rich micas may not occur in F-poor
systems. In such systems, the low DLi can lead to a signif-
icant increase in Li concentrations in the residual melts due
to fluid loss, leading to a supersaturation of the melt in Li
(Maneta et al., 2015). This effect can contribute to the crys-
tallization of Li-rich phases (e.g. spodumene and petalite),
such as those found in the vicinity of the Harney Peak Gran-
ite (Nabelek et al., 1992).

The Li isotope values obtained in the sink melt show that
significant Li isotope fractionation is expected as a result
of fluid exsolution from pegmatitic melts (e.g. with ongo-
ing crystallization), with the fluid being enriched in 7Li com-
pared to the melt. This isotopic fractionation has been as-
sumed in several studies (e.g. Zhou et al., 2021; Ye et al.,
2023) but is now confirmed experimentally. Thus, fluids that
escape from pegmatitic systems will lead to higher δ7Li in
the wall rocks compared to the pegmatite melt. The impor-
tance of magmatic volatile phase exsolution and migration
on the Li isotopic compositions of pegmatites was discussed
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by Ye et al. (2023) based on the analysis of bulk rocks. These
authors proposed that pegmatites with low δ7Li were gen-
erated from fluid-rich systems because high amounts of iso-
topically heavy fluids could escape during crystallization (Ye
et al., 2023). Zhou et al. (2021) also proposed that the lighter
Li isotopic compositions of spodumene-bearing pegmatites
are attributable to fluid exsolution.

On the other hand, kinetic Li isotope fractionation during
fluid transport in the wall rocks is expected to have an op-
posite effect compared to the fluid–melt fractionation, lead-
ing to a decrease in δ7Li with increasing distance from the
pegmatite body (Teng et al., 2006). This kinetic effect in the
fluid phase has not been observed in our experimental setup
because the fluid transport distance of ca. 6 cm is too short
to generate a detectable effect. In addition, if Li diffuses as a
complex (with F, Cl, or H2O), the mass difference between
the 7Li and 6Li complexes becomes negligible. In the melt,
however, a kinetic isotope fractionation effect has been ob-
served in the experiment with the shortest duration of 1 h. At
temperatures relevant to pegmatites, a similar effect would
occur for timescales longer by a factor of 20 and 90 at tem-
peratures of 600 and 500 °C, respectively, compared to our
experiments (using Li diffusion data by Singer et al., 2023).
In natural pegmatite systems, such an effect can occur if Li
migrates from a melt to an exsolved fluid phase or if min-
erals crystallize from a pegmatite-forming melt. The latter
case was indeed observed in quartz crystals from the Stew-
art pegmatite (Phelps and Lee, 2022) and was attributed to
the synergistic effects of kinetic fractionation and Rayleigh
fractionation.

One important observation from this study is the differ-
ence between the kinetics of isotopic equilibration and chem-
ical equilibration. We show that the isotopic equilibrium at
the interface between melt and fluid is established quickly
(only the 1 h experiment (L2) shows a kinetic effect). In con-
trast, the exchange of Li and B at the interface between melt
and fluid is sluggish in our experiments, as illustrated by the
very low concentrations in the sink melt. This implies that
chemical equilibrium was not reached because the reactive
surface between fluid and melt was relatively low, imped-
ing the mobilization of Li and B from PEG2-src. This sug-
gests that Li isotopes in pegmatite-forming systems can be in
equilibrium, even if pegmatite minerals are the products of
disequilibrium crystallization with respect to major elements
(e.g. because of their rapid growth due to strong undercool-
ing).

The most notable difference between our experimental
setup and natural systems is the mechanism of fluid exso-
lution and the associated reactive surface between fluid and
melt. Since the melts are already nearly fluid-saturated at the
beginning of the experiments, the fluid has not been exsolved
in the strict sense. The reactive surface was further reduced
by the formation of the transition zone, leading to an impeded
mobilization of Li and B from the source melt. In natural
systems, fluid bubbles likely form throughout the melt upon

saturation and can eventually coalesce into an interconnected
fluid phase. This mechanism clearly leads to a larger reactive
surface area and, consequently, to a more efficient extraction
of metals from the melt into the fluid. Our experiments there-
fore demonstrate, in a negative sense, the importance of the
reactive interface between melt and fluid for the extraction of
metals.

5 Conclusions

We developed a novel experimental setup to investigate the
kinetics of element transport between two melt reservoirs via
a fluid phase, simulating processes that may occur in fluid-
rich late-stage pegmatites. The amount of Li and B trans-
ported remained low in our experiments, most probably due
to the small reactive surface between melt and fluid. This
highlights the importance of the reactive surface between
melt and fluid for the kinetics of element mobilization dur-
ing fluid exsolution. The isotope fractionation effects were
significant for Li and are likely related to the difference in
Li coordination between melt and fluid, resulting in equi-
librium isotope fractionation. For the first time, we could
demonstrate experimentally that there is a significant Li iso-
tope fractionation between silicate melt and fluid at 850 °C,
with the fluid being enriched in 7Li compared to the melt.
Our experiments were not designed to quantify this isotopic
fractionation, but it likely becomes even more pronounced
at lower temperatures relevant for pegmatite formation. In
contrast to Li, no isotopic fractionation between fluid and
melt was detected for B (within the analytical uncertainties).
However, given the similar B speciation in fluid and melt, B
isotope effects are expected to be significantly smaller than
for Li. Our experiments indicate that Li isotopes can rapidly
reach equilibrium between a melt and a fluid phase and thus
may record the effect of fluids during disequilibrium crystal-
lization of minerals in pegmatites.
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