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Abstract. Assemblages of natural tourmaline and cordierite were equilibrated experimentally in the presence
of albite, andalusite, quartz, and H2O–B2O3 solutions to constrain the boron concentration of hydrothermal
fluids. The experiments were carried out at constant pressure (200 MPa) and at 400, 500, and 600 °C under
fO2-controlled conditions ranging from NNO+ 0.8 to NNO+ 5.3 and for durations from 2 to 8 weeks. Both for-
ward and reversal experiments, starting from tourmaline-free and tourmaline-bearing assemblages respectively,
were performed. Under moderately oxidizing conditions (NNO+ 0.8 to NNO+ 2.64), cordierite plus albite and
andalusite react to tourmaline plus quartz for [B2O3]fluid > 3.4 wt % at 600 °C and for [B2O3]fluid > 2.1 wt %
at 500 °C. At 400 °C, tourmaline appears for [B2O3]fluid > 2.0 wt %, but smectite replaces cordierite in the
reacting assemblage. Experiments under strongly oxidizing conditions (NNO+ 2.7 to NNO+ 5.3) show that
the [B2O3]fluid necessary for tourmaline to appear does not vary significantly with fO2. Our determinations
of [B2O3]fluid at equilibrium with tourmaline and cordierite are broadly consistent with previous experimen-
tal tourmalinization studies, but the comparison also highlights the potential effect of other variables such as
the fluid chemistry (pH and NaCl concentration) on tourmaline stability. The experimental results have been
complemented by thermodynamic calculations of cordierite–tourmaline equilibria using end-member tourma-
line compositions and simple solid-solution models. The calculated equilibrium [B2O3]fluid values are in broad
agreement with the experimentally determined brackets and suggest a complex effect of solid solution between
dravite and schorl end-members. The low boron concentrations required to form tourmaline from cordierite are
also consistent with compositional constraints from natural hydrothermal fluids and peraluminous melts.

1 Introduction

Tourmaline is a common accessory mineral of magmatic–
hydrothermal environments from various tectonic settings
(Slack and Trumbull, 2011). It is ubiquitous in hydrother-
mal veins (e.g., Lecumberri-Sanchez et al., 2017; Broska and
Kubiš, 2018; Harlaux et al., 2020), in metasomatized rocks
developed around and within granitic plutons (Codeço et al.,
2017; Williamson et al., 2000), and in potassic alteration and
advanced argillic zones (Beckett-Brown et al., 2023; Lynch
and Ortega, 1997; Tuduri et al., 2018).

The occurrence of tourmaline in a variety of geological
settings reflects its stability over a wide range of pressure (P )
and temperature (T ) conditions (Henry and Dutrow, 1996;
van Hinsberg et al., 2011b). This is partly due to the abil-
ity of tourmaline to adjust its composition by incorporating
a large number of major and trace elements (Dutrow and
Henry, 2011; van Hinsberg et al., 2011a). Thus, tourmaline
chemistry is commonly used to probe crystallization envi-
ronments. Its composition correlates with host-rock compo-
sition (Henry and Dutrow, 1996; Henry and Guidotti, 1985;
Sciuba et al., 2021; Slack and Trumbull, 2011). Additionally,
tourmaline retains information on P –T and fO2 conditions
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(Fuchs et al., 1998; von Goerne et al., 2011; van Hinsberg et
al., 2011b; Berryman et al., 2016; Dutrow and Henry, 2016).
Element partitioning between tourmaline sectors has been
used for thermometric purposes (van Hinsberg and Schu-
macher, 2009). Combined with stable isotope (H, B, O) data,
tourmaline composition can provide information about the
origin of hydrothermal fluids (e.g., Nakano and Nakamura,
2001; Slack and Trumbull, 2011; Kelly et al., 2020; Sciuba
et al., 2021). Tourmaline–fluid-partitioning studies (von Go-
erne et al., 2001, 2011; Williamson et al., 2010; van Hins-
berg et al., 2017) constrain element concentrations in the
fluid. Therefore, tourmaline serves as a proxy for character-
izing fluids and records hydrothermal processes, including
ore formation. However, the lack of calibrated experimental
information on tourmaline stability presently limits its prac-
tical application (see van Hinsberg and Schumacher, 2007;
Dutrow and Henry, 2011). This study addresses this issue by
providing new experimental data on tourmaline stability in
aqueous hydrothermal fluids.

Tourmaline is a highly complex mineral with a chemical
composition that depends on numerous chemical variables,
including P and T (Dutrow and Henry, 2011; London, 2011).
Constraints on tourmaline stability are derived from both nat-
ural occurrences and experimental studies. However, most
experimental investigations have focused on either tourma-
line synthesis or tourmalinization experiments (von Goerne
et al., 1999a; Orlando et al., 2017). These studies gener-
ally employ high boron concentrations to promote tourma-
line formation. A disadvantage of these studies is that tour-
maline stability limits as a function of chemical variables
are poorly defined. In particular, the equilibrium boron con-
centration in the fluid ([B2O3]fluid_EQ) is a critical param-
eter controlling tourmaline stability in aqueous systems. It
constrains the range of boron concentrations in natural hy-
drothermal fluids (Legros et al., 2022; Prokof’ev et al., 2002;
Qiu et al., 2021) and the conditions of boron metasomatism
in and around granitic plutons (Cheng et al., 2019; Codeço et
al., 2017; Drivenes et al., 2015; Harlaux et al., 2020; Hong et
al., 2017). It also serves as a proxy for the boron concentra-
tion in silicic magmas (Dingwell et al., 1996; London, 2011;
Pichavant and Manning, 1984). Previous experimental work
on this topic is almost non-existent, with only limited con-
tributions such as those of Morgan and London (1989) and
Cheng et al. (2019). Only one fully dedicated study exists in
abstract form (Weisbrod et al., 1986). To address this gap,
experiments were conducted at 200 MPa from 400 to 600 °C
and under fO2-controlled conditions to determine the boron
content of the fluid in equilibrium with tourmaline. The ex-
perimental results are presented and interpreted using a ther-
modynamic model, and the implications for the boron con-
tent of natural fluids are discussed.

2 Experimental and analytical methods

2.1 Strategy

Tourmaline-bearing mineral assemblages buffer the boron
concentration of hydrothermal fluids ([B2O3]fluid). This
occurs when tourmaline coexists with quartz, albite, an-
dalusite, and cordierite at equilibrium (Weisbrod et al., 1986;
von Goerne et al., 1999a). For a purely magnesian system
(at. Fe/(Mg+Fe)= 0), the corresponding equilibrium reac-
tion (Reaction R1) involves dravite as the tourmaline end-
member.

3Mg2Al4Si5O18︸ ︷︷ ︸
cordierite

+ 2NaAlSi3O8︸ ︷︷ ︸
albite

+ 6H3BO3︸ ︷︷ ︸
fluid

= 2NaMg3Al6Si6O18(BO3)3(OH)4︸ ︷︷ ︸
tourmaline (dravite)

+ 8SiO2︸ ︷︷ ︸
quartz

+Al2SiO5︸ ︷︷ ︸
andalusite

+ 5H2O︸ ︷︷ ︸
fluid

(R1)

The reaction for the ferrous equivalent system (R1Fe, not
written) involves schorl as the tourmaline end-member, as-
suming that all Fe is ferrous. For an albite-free assemblage,
the buffering equilibrium reaction in the purely magnesian
system (Reaction R2) is as follows:

2Mg2Al4Si5O18︸ ︷︷ ︸
cordierite

+ 3Al2SiO5︸ ︷︷ ︸
andalusite

+ 6H3BO3︸ ︷︷ ︸
fluid

= 2�Mg2Al7Si6O18(BO3)3(OH)4︸ ︷︷ ︸
tourmaline (magnesiofoitite)

+SiO2︸︷︷︸
quartz

+ 5H2O︸ ︷︷ ︸
fluid

, (R2)

where magnesiofoitite is the tourmaline end-member (foitite
in the equivalent ferrous reaction, Reaction R2Fe, not writ-
ten). The chemical formulae of tourmaline end-members in-
volved in the four reactions above (plus a fifth tourmaline
end-member relevant to this study, uvite) are given in Ta-
ble 1.

In this study, the equilibrium [B2O3]fluid has been exper-
imentally calibrated for Mg-rich (dravitic) tourmaline solid
solutions (instead of individual end-members) coexisting
with quartz, albite, andalusite and cordierite, meaning that
the four buffering reactions above have been investigated si-
multaneously. Although mica-free, the buffering mineral as-
semblage studied is representative of pelitic metamorphic
country rocks found near granitic plutons where B meta-
somatism and tourmalinization may occur (Drivenes et al.,
2015; Codeço et al., 2017).

2.2 Starting materials

The forward experiments started from mixtures of cordierite,
albite, quartz, and andalusite (all natural minerals; compo-
sitions are in Table S1 in the Supplement) in 65, 10, 5,
and 20 wt % proportions. The cordierite single crystal used
(unknown provenance) is magnesian (at. Fe/(Fe+Mg)=
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Table 1. Chemical formulae and estimated thermodynamic properties of tourmaline end-members of relevance in this study.

End-member Formula 1f G°m (kJ mol−1)

XY3Z6T6O18 (BO3)3V3W Ogorodova et al. (2012) van Hinsberg and Schumacher (2007)

Dravite Na (Mg)3 Al6 Si6O18 (BO3)3 (OH)4 −14397 −14600.68± 3.3
Schorl Na (Fe)3 Al6 Si6O18 (BO3)3 (OH)4 −13513 −13494.46± 3.5
Mg-foitite [ ] (Mg2Al) Al6 Si6O18 (BO3)3 (OH)4 −14341 −14564.86± 3.1
Foitite [ ] (Fe2Al) Al6 Si6O18 (BO3)3 (OH)4 −13827.38± 3.2
Uvite Ca (Mg)3 (MgAl5) Si6O18 (BO3)3 (OH)4 −14594 −14697.55± 3.2

0.14± 0.01). The plagioclase, also of unknown provenance,
is albitic (An3Or4Ab93) and contains K-feldspar and quartz
inclusions. The quartz and andalusite (from the active quar-
ries in Ploemeur and Glomel, France, respectively) contain
solid inclusions of apatite, ilmenite, and chlorite. As will be
shown below, inclusions in the starting minerals gave rise to
the experimental accessory phases (K-feldspar and ilmenite),
whereas albite and apatite supplied Ca for the experimen-
tal tourmalines (uvite end-member; Table 1). Some forward
experiments were seeded with a few large (∼ 1 mm) natu-
ral tourmaline crystals from quartz veins in the Huelgoat
granite (France) to evaluate the development of tourmaline
overgrowths. These mainly Fe-rich tourmalines (Table S2)
contain quartz and zircon inclusions. The reversal experi-
ments started with tourmaline-bearing mineral mixtures (vs.
tourmaline-free in the forward experiments) made from the
natural tourmaline, quartz, andalusite, and albite in 65, 10, 5,
and 20 wt % proportions.

The starting minerals were crushed in an agate mortar
and then sieved. Only the 40–80 µm size fraction was re-
tained. Mineral mixtures (50 mg) were reacted with an aque-
ous fluid phase (100 mg) of varying composition in the H2O–
B2O3 system, obtained by dissolving boric acid (H3BO3)
crystals in distilled water. Initial boron contents of the fluid
ranged from 0 wt % to 10 wt % [B2O3] fluid. The addition of
B(OH)3 leads to fluid acidification (pH 7–4.3), as indicated
by PHREEQC simulations (Parkhurst and Appelo, 2013) us-
ing the Thermoddem database (v1.10; Blanc et al., 2012) at
25 °C and 1 atm. Although obtained under ambient P –T con-
ditions, the calculated pH range is comparable in magnitude
to that inferred for tourmaline crystallization (Morgan and
London, 1989).

2.3 Experimental procedure

All experiments used Au or Pt capsules as containers; these
were approximately 35 mm long, with a 5.4 mm outer diam-
eter and a wall thickness of 0.2 mm. The higher H2 perme-
ability of Pt compared to Au (Gunter et al., 1987) initially
seemed to be a key advantage for constraining the fO2 in the
low-temperature (500 and 400 °C) experiments. However, it
was found that charges contained in Pt capsules suffered
some Fe loss. Thus, duplicate experiments were performed in

Au at 500 and 400 °C (and also in Pt at 600 °C) to fully eval-
uate the influence of capsule material. About 100 mg of fluid
and 50 mg of the powdered mineral mixture were loaded into
the capsules. These were then welded, plunged into boiling
oil to check for leaks, and then kept in an oven for at least
12 h at 120 °C to homogenize the fluid inside the capsules.
Before and after each of those steps, capsules were weighed,
and no fluid loss was detected.

Experiments were performed in an internally heated pres-
sure vessel, operating vertically and pressurized with Ar–H2
gas mixtures (ISTO, Orléans). Up to seven capsules were
loaded into the vessel and ran simultaneously under the same
P , T , and fH2 conditions. A total of six experimental runs
were completed in this study. Pressure was recorded by a
transducer calibrated against a Heise Bourdon tube gauge
(uncertainty ±2 MPa). A Kanthal furnace was used, and the
temperature was continuously controlled by two type-K ther-
mocouples located at the base and the top of the furnace
hotspot (uncertainty ±5 °C). At the end of the experiments,
the furnace power was switched off, allowing the system to
cool to room temperature within ∼ 5 min. The capsules were
then removed from the vessel and weighed: no leakage was
identified. They were subsequently opened, and their con-
tents were rinsed with ultrapure H2O using a Büchner fil-
tration system equipped with a nylon membrane. Solid frac-
tions > 0.45 µm were collected, dried in an oven at 120 °C
for 20 min, and prepared for analysis. In this study, the fluid
phases were not recovered and therefore were not analyzed.

Previous experimental studies on tourmaline crystalliza-
tion typically lasted between 140 and 240 h at 600 °C (Cheng
et al., 2019; Morgan and London, 1989; von Goerne et al.,
1999a, 2001; Orlando et al., 2017). However, the attainment
of equilibrium in some of these experiments has been ques-
tioned (Orlando et al., 2017). Accordingly, in the present
study, the duration of the 600 °C experiments was extended
to 336–361 h. At 500 °C, run durations were approximately 1
month (666 h for run 3 and 694 h for run 4; Table 2), whereas,
at 400 °C, they reached up to 2 months (1379 h).

Redox conditions were controlled by adjusting the pro-
portion of H2 in the pressurizing Ar-H2 gas (Scaillet et al.,
1992). First, H2 was introduced at room temperature, fol-
lowed by Ar. Most experiments were performed with an ini-
tial pH2 of 0.2 MPa and one highly oxidizing experiment
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Table 2. Experimental conditions and results.

Charge Capsule T (°C) fO2 [B2O3]fl wt % Reaction productsd Texture

Moderately oxidizing conditions

Run 1: 361 h

S600-0a Au 600 1NNO+ [1.12; 1.90] 0.0 Crd+Alb+Qtz+And –
S600-1 Au 600 1NNO+ [1.12; 1.90] 0.8 Crd+Alb+Qtz+And –
S600-2 Au 600 1NNO+ [1.12; 1.90] 2.1 Crd+Alb+Qtz+And –
S600-3 Au 600 1NNO+ [1.12; 1.90] 3.4 Crd+Alb+Qtz+And -
S600-10 Au 600 1NNO+ [1.12; 1.90] 10.1 Tur+Qtz * Crd I; IIIa; IIIb
S600-10Gb Au 600 1NNO+ [1.12; 1.90] 10.1 Tur+Qtz * Crd I; IIIa; IIIb; IV

Run 2: 336 h

S600-4 Au 600 1NNO+ [1.42; 1.69] 4.0 Crd+Alb+Qtz+And * Tur + qch I; II
S600-6 Au 600 1NNO+ [1.42; 1.69] 6.0 Crd+Qtz+Alb+And * Tur + Kfs + qch I
S600-6Pt Pt 600 1NNO+ [1.42; 1.69] 6.1 Crd+Qtz+Alb+And * Tur+Kfs+ qch I
S600-8 Au 600 1NNO+ [1.42; 1.69] 8.2 Tur+Qtz+Crd * Kfs + Alb I; IIIa; IIIb
S600-Revc Au 600 1NNO+ [1.42; 1.69] 0 Tur+Qtz+Alb+And No etching, reaction?

Run 3: 666 h

S500-0Pt Pt 500 1NNO+ [0.78; 1.73] 0.0 Crd+Alb+Qtz+And –
S500-2Pt Pt 500 1NNO+ [0.78; 1.73] 2.1 Crd+Alb+Qtz+And * Kfs –
S500-3Pt Pt 500 1NNO+ [0.78; 1.73] 3.3 Crd+Qtz+Alb+And * Tur + Kfs + qch I
S500-4Pt Pt 500 1NNO+ [0.78; 1.73] 4.2 Crd+Qtz+Alb+And * Tur + Kfs + qch I
S500-4 Au 500 1NNO+ [0.78; 1.73] 4.1 Crd+Qtz+Alb+And * Tur + Kfs + qch I
S500-6PtGb Pt 500 1NNO+ [0.78; 1.73] 6.1 Tur+Qtz +Crd * Alb I; IIIa; IIIb; IV
S500-Revc Pt 500 1NNO+ [0.78; 1.73] 0 Tur+Qtz+Alb+And No etching, reaction?

Run 4: 694 h

S500-6 Au 500 1NNO+ [1.7; 2.75] 6.3 Tur+Qtz +Crd * Alb I; IIIa; IIIb

Run 5: 1379 h

S400-0Pt Pt 400 not measured 0.0 Crd+Sme+Alb+Qtz+And –
S400-1Pt Pt 400 not measured 1.0 Crd+Sme+Alb+Qtz+And –
S400-2Pt Pt 400 not measured 2.0 Crd+Sme+Alb+Qtz+And –
S400-3Pt Pt 400 not measured 3.0 Crd+Sme+Qtz+Alb+And * Tur I; IIIa
S400-4Pt Pt 400 not measured 4.3 Tur+Qtz+Alb * Crd + Sme I; IIIa
S400-6PtGb Pt 400 not measured 6.4 Tur+Qtz * Crd + Sme + Alb + Kfs I; IIIa; IV
S400-6G Au 400 not measured 6.3 Tur+Qtz * Crd + Sme + Alb + Kfs I; IIIa; IV

Highly oxidizing conditions

Run 6: 337 h

SOX-3 Au 600 1NNO+ [2.71; 5.32] 3.0 Crd+Alb+Qtz+And * Kfs + FeTi ox –
SOX-4 Au 600 1NNO+ [2.71; 5.32] 4.2 Crd+Qtz+Alb+And * Tur + Kfs + FeTi ox I; II
SOX-6 Au 600 1NNO+ [2.71; 5.32] 6.3 Crd+Qtz+Tur+Alb+And * Kfs + qch I
SOX-8 Au 600 1NNO+ [2.71; 5.32] 8.3 Tur+Qtz+Crd * Alb + Kfs I; IIIa; IIIb
SOX-8Gb Au 600 1NNO+ [2.71; 5.32] 8.1 Tur+Qtz+Crd * Alb + Kfs I; IIIa; IIIb; IV

a Forward experiment performed with a starting tourmaline-free mixture except when otherwise noted. b Forward experiment with tourmaline seeds added. c Reversal experiment performed with a
tourmaline-bearing starting mixture (see text). The asterisk separates the phases confirmed by XRD (left side, ordered by proportion) from the others, identified by SEM and EDS (right side, in italic).
Mineral abbreviation: Alb – albite; And – andalusite; Crd – cordierite; FeTi ox – Fe Ti oxides; Kfs – potassium feldspar; Qtz – quartz; Sme – smectite; Tur – tourmaline. qch: quench phases.

with an H2-free gas mixture. In the 600 and 500 °C experi-
ments, experimental fH2 and fO2 were measured with solid
sensors (Taylor et al., 1992). Each sensor comprised two
NiO–NiPd pellets plus about 15 mg H2O loaded in a sepa-
rate capsule, mostly made of Pt and, in one case, of Au since
H2 permeability is higher in Pt than in Au (Gunter et al.,
1987). Pellets were made from NiPd powders of given Ni
atomic fractions (XNi), either 0.15 or 0.5, mixed with NiO
powder in a 4/1 weight proportion. The fO2 in the sen-
sor was determined from XNi measured via microprobe af-
ter the experiment using the Pownceby and O’Neill (1994)

calibration, which was extrapolated down to 500 °C (Fig. S1
in the Supplement). At 500 and 600 °C, calculations show
that H2 permeabilities in Pt and Au are sufficient to equi-
librate fH2 across all capsules present given our experi-
mental durations. Thus, for a given run (fixed P –T -fH2),
the fH2 in the sensor and experimental capsules are iden-
tical. The fO2 values in the sensor and experimental cap-
sules are also identical since fH2O∼ fH2O° (the fugacity
of pure water at experimental P and T ) if pure H2O fluids
are assumed in both the sensor and experimental capsules.
At 400 °C, very long timescales are necessary for NiPd to
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react and for fH2 to equilibrate across all capsules present
because 400 °C lies well below the calibration range of the
NiO–NiPd sensor (Pownceby and O’Neill, 1994). The re-
dox conditions in the 400 °C experiment were not measured
with the sensor but were assumed to be of the same range as
in the higher-temperature experiments performed with initial
pH2 = 0.2 MPa.

2.4 Analytical procedure

All experimental products were examined with an optical mi-
croscope using an immersion oil. The starting and experi-
mentally reacted powders were examined with a Merlin com-
pact ZEISS scanning electron microscope (SEM, ISTO, Or-
léans) operated at 15 kV and equipped with a Bruker EDS
(Energy Dispersive Spectroscopy) detector (QUANTAX-
Xflash6). The morphology of the grains was studied under
secondary electron imaging (SEI). Backscattered electron
imaging (BSE) was employed for phase identification and
textural characterization.

Starting and experimental powders were analyzed by X-
ray diffraction (XRD) using an INEL transmission diffrac-
tometer with a Debye-Scherrer geometry (ISTO, Orléans).
The powders were loaded in Mark capillary glass (diameter
0.3 mm), and the INEL CPS 120 curved detector and CoKα1
monochromator (λKα1Co = 1.78897 Å) allowed data acqui-
sition between 3 and 90° 2θ with a resolution of 0.03°. The
standard ICDD PDF 2004 database was used to identify min-
eral phases and to qualitatively estimate their relative propor-
tions. It should be noted that X-ray diffraction may not detect
tourmaline if it is below ∼ 10 wt % due to the small volume
analyzed.

Mineral phases were analyzed with a CAMECA SX Five
electron microprobe (ISTO-BRGM, Orléans) operated under
an acceleration voltage of 15 kV, a beam current of 7 nA, a
counting time of 10 s on peak and 5 s on background, and a
1–2 µm beam. Na was analyzed first to minimize any migra-
tion problems. Standards included albite (SiKα and NaKα),
synthetic MnTiO3 (MnKα and TiKα), andalusite (AlKα),
Fe2O3 (FeKα), MgO (MgKα), andradite (CaKα), and or-
thoclase (KKα). As neither boron nor hydrogen were mea-
sured, tourmaline analyses with totals between 84 wt % and
89 wt % were considered to be satisfactory (see below), and
those outside these limits were rejected. Tourmaline struc-
tural formulae were calculated according to Morgan (2016),
assuming 4 atoms per formula unit (apfu) OH and 3 apfu IIIB.

Difficulties were encountered during electron microprobe
analysis of tourmaline due to their fine-grained textures and
morphologies. Experimental tourmaline crystals rarely ex-
ceeded∼ 2 µm in width, making the accurate analysis of iso-
lated fibers impracticable. However, reliable analyses could
be obtained where several fibers intersected, providing suf-
ficient analytical volume. Consequently, not all tourmaline
types could be characterized, and only those displaying fa-

vorable textures (see below) were suitable for reproducible
quantitative analysis.

2.5 Rationale behind the P –T–fO2 experimental setup

Boron metasomatism and tourmalinization in granitic bod-
ies and their country rock aureoles mostly occur between
100 and 300 MPa (e.g., Kontak and Clark, 2002; Drivenes et
al., 2016; Launay et al., 2018; Korges et al., 2020; Legros
et al., 2022) and between 300 and 600 °C (Charoy, 1979;
Kontak and Clark, 2002; Frikken et al., 2005; Codeço et al.,
2017; Orlando et al., 2017; Harlaux et al., 2020; Legros et
al., 2022). For this study, a pressure of 200 MPa and tem-
peratures between 400 and 600 °C were selected. Hydrother-
mal boron-rich systems developed around and within granitic
plutons are generally oxidizing, with an fO2 varying from
above HM down to NNO (Williamson et al., 2000; Frikken
et al., 2005; Li et al., 2017; Harlaux et al., 2020). Experi-
ments in this study cover the appropriate fO2 range (1NNO
∼ 1 to 5, Table 2; 1NNO is the deviation from the fO2 of
the NNO oxygen buffer calculated at the P and T of inter-
est; Pownceby and O’Neill, 1994). The moderately oxidiz-
ing experiments performed with 0.2 MPa initial pH2 have
1NNO mostly between ∼ 1 to 2, increasing to 1.8 to 2.6 in
run 4, as detailed in Sect. S1 and Fig. S1. The fO2 in run 6
(1NNO= 2.7 to 5.3) is appropriate for the highly oxidizing
conditions of some hydrothermal systems (Williamson et al.,
2000).

3 Results

3.1 Experimental products

All experimental products comprised a free fluid and solid
materials. In B-rich charges, a thin film of solid products
was found floating on the surface. At 600 and 500 °C, the
major mineral phases, systematically present in XRD spec-
tra of experimental products (Table 2), are cordierite, albite,
andalusite, quartz, and tourmaline. When tourmaline was ab-
sent, mineral sizes were generally reduced, and dissolution
textures were developed on cordierite, andalusite, and al-
bite (Fig. 1A). At 400 °C (run 5, Table 2), cordierite was re-
placed by sheeted minerals (Fig. S2), identified as belonging
to the smectite group by XRD. Accessory phases, detected
only by SEM, include K-feldspar and Fe–Ti oxides. The for-
mer is common (Table 2) and often euhedral (Fig. 1B), and
it may contain cores of relict albite. The latter is restricted
to the highly oxidizing run 6 (Table 2). SEM imaging and
EDS analyses show that Fe–Ti oxides are small (< 10 µm)
and consist of an anhedral Ti-rich core (presumably a former
ilmenite inclusion) surrounded by a euhedral Fe-rich over-
growth (probably an Fe oxide).

Tourmaline textures were subdivided into four groups (Ta-
ble 3, Fig. 2A). Group-I tourmalines, mostly < 1 µm wide,
occur as sheaves up to 200 µm long. Albite, cordierite, and
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Figure 1. SEM and optical microscope images of products from forward experiments. Experimental conditions are given in Table 2.
(A) Charge S600-0. All starting mineral phases coexist (Alb: albite; And: andalusite; Crd: cordierite; Kfs: K-feldspar; Qtz: quartz) with
etch pits on the rightmost cordierite grain. (B) Charge S600-6. Group I tourmaline (Tur) sheaves nucleated on Crd. Platy Kfs crystals and
small Qtz crystallized along the sheaves. Note the larger size and euhedral edges of starting Qtz crystals. (C) Charge SOX-4 showing
a Group-II tourmaline (Tur). (D) Charge S600-10 showing a Group-IIIa tourmaline aggregate in the solid fraction. (E) Charge S600-10
showing Group-IIIb tourmaline aggregates found floating at the surface of the fluid. (F) Charge S500-6PtG showing Group-IV tourmaline
overgrowths forming a hairy texture parallel to the long axis of the seed. Note that the texture is less developed on other faces of the seed.

K-feldspar, with a relict of albite core, occur at the base of
the sheaf with small quartz crystals present along the rods.
The submicrometric materials around the sheaves probably
represent quench products. Group-II tourmalines form large
(10 to 20 µm wide) individual crystals (Fig. 1C) that are

relatively rare, whereas Group III refers to radiating clus-
ters of fibrous tourmaline crystals (fibro-radiated aggregates,
Fig. 1D). These clusters were found both within the solid por-
tion of the charge (Group IIIa) and forming the thin film float-
ing in the fluid (Group IIIb, Fig. 1E). Phases associated with
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Figure 2. Phase assemblages and tourmaline textures as a function of [B2O3]fluid, i.e., the fluid concentration in the starting material, used
for bracketing the equilibrium concentration (see Sect. 4). (A) At different temperatures under moderately oxidizing conditions. (B) At
variable fO2 in the 600 °C experiments. 1NNO denotes the deviation from the Ni–NiO buffer calculated at the experimental P and T (see
text). Solid and open symbols are used for tourmaline-bearing and tourmaline-free charges, respectively, whereas black and gray symbols
indicate Group-IIIa-bearing and Group IIIa-free textures, respectively. Charges with Group-II and Group-IIIb tourmaline present are labeled
with the superscripts II and IIIb. The thick black lines are stability boundaries, and the gray lines delimit conditions of the appearance of
Group-IIIa tourmalines. Abbreviations as in Fig. 1; Sme: smectite.

Table 3. Experimental tourmaline textures.

Group Description Figure

I Sheaves composed of multiple thin rods up to 200 µm long. 2B
II Large elongated crystal forming a tight sheaf on one end. 2C
IIIa Radiating clusters of fibrous crystals. 2D
IIIb Clusters of single long fibers intersecting each other. 2E
IV Experimental overgrowth on natural tourmaline seed. 2F

the Group-IIIa crystals include euhedral quartz and strongly
reacted cordierite and albite. The Group-IV tourmalines cor-
respond to overgrowths on tourmaline seeds (Fig. 1F). They
develop on specific crystallographic faces, grow parallel to
the seed long axis, and form a hairy texture with thin fibers.

3.2 Phase assemblages, tourmaline appearance, and
associated textures

These are detailed in Table 2. No systematic differences were
noted with respect to the capsule material, and experiments
performed in Au and Pt capsules yielded mutually compati-
ble results.

3.2.1 Effect of [B2O3]fluid

At 600 °C in the moderately oxidizing run 1, tourmaline
is absent (undetected by SEM or XRD) at low [B2O3]fluid

(0 wt %, 0.8 wt %, 2.1 wt %, 3.4 wt %), and the starting as-
semblage cordierite+ albite+ andalusite+ quartz is stable
(Table 2, Fig. 1A). As [B2O3]fluid increases, tourmaline,
in the form of mostly Group-III and Group-I crystals, ap-
pears in S600-10 and S600-10G ([B2O3]fluid = 10.1 wt %,
Table 2). In run 2, SEM observations reveal that tourmaline
is present at the lowest boron concentration ([B2O3]fluid =

4 wt %, S600-4, Table 2) and appears mainly as Group I,
with a few Group-II crystals. Therefore, the two 600 °C
moderately oxidizing experiments consistently indicate that
tourmaline appears for an initial boron fluid concentration
≥ 4 wt %. At 500 °C, tourmaline is found for [B2O3]fluid >

3.3 wt % and, at 400 °C, for [B2O3]fluid > 3 wt % (Fig. 2).
For a higher [B2O3]fluid, the proportions of reactant phases

(albite, andalusite, cordierite) decrease markedly, and tour-
maline+ quartz becomes the predominant phase assemblage
in experimental products, accompanied mainly by cordierite
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(at 600 and 500 °C) and smectite (at 400 °C) plus additional
minor phases including K-feldspar (Table 2). These changes
in phase assemblages are paralleled by an evolution in tour-
maline textural types. Increasing the fluid boron concentra-
tion increases the proportions of Group-I tourmalines (and
also their length and width), while Group-II crystals disap-
pear (S600-4 and S600-6, Run 2, Table 2). The Group-IIIa
and Group-IIIb tourmaline textural types become dominant
in charges with the highest boron concentrations at 600 and
500 °C, where they coexist with Group I. At 400 °C, only
Group IIIa is present with Group I (Table 2).

The two reversal experiments performed with the addition
of tourmaline and [B2O3]fluid = 0 wt % at 600 and 500 °C
(S600-Rev, Run 2, S500-Rev, Run 3, Table 2) yielded un-
changed phase assemblages compared to the starting mix-
ture. Quartz, albite, and andalusite partially dissolved, and
they experienced a grain size reduction. Tourmalines were
carefully checked by SEM for the presence of etching tex-
tures at their edges and surfaces, but none were clearly rec-
ognized (Fig. S3). Therefore, no evidence was found that
cordierite was formed or that tourmaline had been consumed
in the reversal experiments.

3.2.2 Effect of temperature

Decreasing temperature leads to a slight reduction in
the required [B2O3]fluid for tourmaline appearance (Ta-
ble 2, Fig. 2A). The evolution toward a dominant tourma-
line+ quartz phase assemblage requires progressively lower
[B2O3]fluid from 600 to 400 °C. Similarly, Group-IIIa tour-
malines appear at progressively lower [B2O3]fluid at lower
temperatures (Table 2). At 400 °C, tourmaline and smec-
tite are intergrown. Group-I tourmaline fibers become more
numerous and thinner and Group-IIIa aggregates become
smaller than at higher temperatures (Fig. S4).

3.2.3 Effect of fO2

Phase assemblages in the highly oxidizing 600 °C experi-
ment are not significantly different from their moderately
oxidizing counterparts. Experimental charges evolve from
tourmaline-free to tourmaline-bearing assemblages when the
boron fluid concentration is increased. However, fO2 has no
detectable influence on the [B2O3]fluid required for tourma-
line to appear (Fig. 2B). Similarly, a tourmaline+ quartz as-
semblage stabilized at elevated [B2O3]fluid (Table 2). Textu-
rally, the differences between the highly and moderately ox-
idizing experiments are minor. Proportions of Group-II tour-
maline and widths of tourmaline fibers are slightly larger un-
der highly oxidizing conditions compared to under moder-
ately oxidizing conditions (SOX-4 vs. S600-4, Table 2).

3.3 Experimental tourmaline compositions

Not all tourmaline textural types were analyzed. Satisfactory
electron microprobe data were obtained for Group-IIIa and
Group-IV tourmalines. Analysis of Group-I and Group-IIIb
crystals was more difficult, and fewer data are available (only
three analyses for Group I). Group-II tourmalines were not
analyzed because none were exposed at the surface of the
polished mounts. Additionally, core compositions were eval-
uated only once on a large cluster of Group-IIIa crystals, but
the rim could not be analyzed separately.

Representative compositions of experimental tourmalines
are given in Table 4. They are all solid solutions, primarily
between magnesio-foitite and dravite, with small amounts of
foitite, schorl, and uvite (Fig. 3A–F). Most 500 and 600 °C
compositions have at. Fe/(Fe+Mg) values higher than start-
ing cordierite (vertical gray bands in Fig. 3A, B, D, and E).
This indicates a slight preferential partitioning of Fe rela-
tive to Mg into tourmaline compared to cordierite. Atomic
Ca/(Ca+Na) values are higher than those of the starting al-
bite (horizontal gray bands in Fig. 3B and E), and a source of
Ca in addition to albite, presumably the apatite inclusions, is
required. At 600 °C, increasing the fluid boron content gener-
ates tourmalines closer to the dravite end-member, although
the data for 8 wt % and 10 wt % [B2O3]fluid overlap (Fig. 3A).
Significant variations in the Na proportion in the X site are
observed at 600 °C, decreasing progressively with temper-
ature (Fig. 3A) and accompanied by large changes in at.
Ca/(Ca+Na) at the three investigated temperatures (Fig. 3B).
In comparison, at. Fe/(Fe+Mg) values are less variable, with
the exception of the 600 °C, [B2O3]fluid = 10 wt % compo-
sitions, which show a large spread (Fig. 3A, B). In those
charges, the five compositions labeled with “c” all come from
the core of a Group-IIIa tourmaline aggregate (Fig. 4). Rim
compositions are comparatively more Mg-, Na-rich and Fe-,
Ca-poor (Fig. 4), although the available electron microprobe
data likely represent mixed core–rim analyses due to limited
spatial resolution. These analyses plot together (Fig. 3A; B).
Thus, the chemical zonation in the aggregate is consistent
with the at. Fe/(Fe+Mg) vs. Ca/(Ca+Na) variations de-
fined by individual analyses. The 600 and 500 °C tourmaline
compositions overlap, but the former are slightly more Al-
rich than the latter (Fig. 3C). The 400 °C compositions are
distinctive with lower (and more grouped) Na proportions in
the X site than at higher temperatures, and they have constant
at. Fe/(Fe+Mg), identical to that of the starting cordierite
(Fig. 3A, B).

Compositions from the highly and moderately oxidizing
experiments are similar. The former have equal to slightly
lower Na proportions in the X site, at. Ca/(Ca+Na), and
lower Al contents than the latter (Fig. 3D, E, F). The at.
Fe/(Fe+Mg) dispersion appears to be larger in the highly ox-
idizing charges than in the moderately oxidizing ones. Tour-
maline compositions extend to higher at. Fe/(Fe+Mg) values
in the former than in the latter, though the number of mod-
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Figure 3. Compositions of experimental tourmalines at different temperatures (A–C) and different fO2 values (D–F); 1NNO is the devi-
ation from the Ni–NiO buffer calculated at the experimental P and T (see text). Diagrams (A), (B), (D), and (E) are from Hawthorne and
Henry (1999), and (C) and (F) are from Bačík et al. (2017). Tourmaline electron microprobe analyses were recalculated to atomic propor-
tions assuming 4 atoms per formula unit (apfu) OH and 3 apfu B (Morgan, 2016). Data sources are listed in Table 4. The vertical gray bands
represent the at. Fe/(Fe+Mg) of the starting cordierite, whereas the horizontal gray bands represent the at. Ca/(Ca+Na) of the starting
plagioclase. The thin dashed lines separate the different tourmaline domains. In (B), the data points labeled “c” refer to core (Fig. 4). The an-
alytical resolution was insufficient to precisely determine the rim compositions. Abbreviations: Drv: dravite, Srl: schorl, Mg-Foi: Mg-Foitite,
Foi: foitite, Uvt : uvite, Fe-Uvt : Fe-uvite. The “O” prefix refers to “Oxy” (Oxy-foitite, Oxy-dravite, Oxy-schorl).
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Figure 4. BSE image (A) and Ca, Fe, Na, and Mg (B–E) X-ray element maps of a large Group-IIIa tourmaline aggregate in S600-10 charge
(Table 2). In each map, the relative abundance of the element is represented by the color scale, with dark blue corresponding to the low
concentrations and red corresponding to high concentrations. Mineral abbreviations as in Fig. 1.

erately oxidizing data points is limited. The three Group-I
tourmalines analyzed in charge SOX-6 plot in the same range
as Group III in SOX-8 (Fig. 3D, E, F). At 600 °C, Group
III- and Group-IV compositions overlap, whereas, at 400 °C,
most tourmaline aggregates (Group III) are less calcic and
aluminous than the overgrowths (Group IV; Fig. S5).

4 Discussion

4.1 Attainment of equilibrium

Three main lines of evidence suggest that the experiments
have closely approached equilibrium. First, tourmaline ap-
pears in the forward experiments when the fluid boron con-
tent increases progressively and exceeds a minimum thresh-
old. This is consistent with the displacement from left to right
of theoretical Reactions (R1Mg) and (R2Mg). [B2O3]fluid_EQ
is experimentally bracketed by charges with and without
tourmaline present. Reaction (R1Mg) and (R2Mg) indicate
that, in charges without tourmaline, the fluid boron concen-
tration is the same as in the starting solution. When tour-
maline forms, part of the boron is consumed, and the fluid
boron content becomes lower than the initial concentration.
In B-rich systems, fluid phases are silica- and solute-rich,
yielding amorphous and crystalline phases upon quench-
ing (Pichavant, 1981, 1983), as was observed in this study.

Therefore, no attempt was made to analyze the boron content
of experimental fluids, and [B2O3]fluid_EQ was constrained
by the starting concentrations only (Fig. 2). Yet, our de-
terminations are reproducible and internally consistent; i.e.,
at 600 °C the [B2O3]fluid_EQ brackets in run 1 (3.4 wt %–
10.1 wt %), Run 2 (< 4 wt %) and run 6 (3 wt %–4.2 wt %)
overlap (Table 2). The 600 °C experiments represent tripli-
cates, which provide confidence in the [B2O3]fluid_EQ con-
straints. The [B2O3]fluid_EQ determined at the three tem-
peratures are also mutually consistent. Second, for charges
near [B2O3]fluid_EQ, experimental phase assemblages in-
clude the five major phases involved in the buffering reac-
tions (see S600-4, SOX-4, SOX-6; Table 2). These phases
evolve systematically as fluid boron contents increase above
[B2O3]fluid_EQ. Andalusite; albite; and, lastly cordierite pro-
gressively disappear; tourmaline and quartz proportions in-
crease, and tourmaline+ quartz becomes the main phase as-
semblage in experimental products. These changes are con-
sistent with the expected results of the tourmaline-forming
equilibrium reactions. Third, compositions of experimental
tourmalines (solid solutions between magnesio-foitite and
dravite with small amounts of foitite, schorl, and uvite)
are consistent with tourmaline formation through four the-
oretical buffering reactions. However, a fifth reaction is re-
quired to account for the uvite component in the experi-
mental tourmalines. It should be noted that experimental
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tourmaline compositions depart from equilibrium with the
starting albite if Na/Ca-partitioning systematics are applied
(Henry and Guidotti, 1985; data in Tables 4 and S1), reflect-
ing the involvement of apatite in the control of tourmaline
Na/Ca. Regarding Mg/Fe partitioning, experimental tour-
malines are only slightly too Fe-rich compared to compo-
sitions expected at equilibrium with the starting cordierite,
according to Henry and Guidotti (1985; data in Tables 4 and
S1). However, the distribution of Mg and Fe between min-
eral phases depends strongly on tourmaline inter-site parti-
tioning (van Hinsberg and Schumacher, 2009). Therefore, we
conclude that the tourmaline compositions, together with the
consistent [B2O3]fluid_EQ determinations and the nature and
evolution of phase assemblages, suggest a close approach to-
ward equilibrium in our experiments.

The appearance of tourmaline has not been reversibly
demonstrated since no tourmaline reaction or production of
B-free phases was observed in the reversal experiments. In
these experiments, phase assemblages did not change com-
pared to the starting mixture. This is attributed to the re-
fractory nature of tourmaline, as discussed in previous stud-
ies (Henry and Dutrow, 1996; von Goerne et al., 1999a;
van Hinsberg et al., 2011b) and explained by various fac-
tors (Morgan and London, 1989; Henry and Dutrow, 1996;
Zimmermann et al., 1996; Dutrow and Henry, 2018). In con-
trast, von Goerne et al. (1999a) reacted tourmaline+ quartz
to form cordierite at 680 °C, which is close to the upper
thermal activity of tourmaline defined in this study (Fig. 5).
Our inability to demonstrate reversibility for the tourmaline-
forming reactions implies that the boron fluid concentration
brackets (defined from the presence and absence of tour-
maline in the forward experiments) represent maximum and
minimum limits on [B2O3]fluid_EQ, respectively.

4.2 Tourmaline crystallization

Results of this study confirm that experimentally grown tour-
malines are generally fine-grained, as noted in most previ-
ous studies (Frondel et al., 1947; Morgan and London, 1989;
von Goerne et al., 1999a; London, 2011; Berryman et al.,
2015, 2016), except in a few cases using growth chamber
methods (e.g., von Goerne et al., 1999b; Setkova et al., 2019).
Tourmaline nucleation can be complex and proceeds through
precursor phases; for instance, jeremejevite is a precursor of
olenite in high-pressure syntheses. Clearly visible during the
first hours, it may then persist as relics within the tourma-
line (Kutzschbach et al., 2017). We did not find such relics in
our experimental products. The tourmalines produced exhibit
fibrous morphologies with a strong preference for growth
along the c axis, while growth along the a axis is inhibited
(Dutrow and Henry, 2016). Nevertheless, four tourmaline
textural types were identified in this study. These types sug-
gest two main growth mechanisms under contrasting regimes
of supersaturation of the tourmaline-forming components in
the fluid.

Figure 5. Compilation of experimental results on tourmaline stabil-
ity in a [B2O3]fluid vs. T ( °C) diagram. Crosses are for experiments
where the final boron concentration at equilibrium with tourma-
line ([B2O3]fluid_EQ) has been measured. Other symbols represent
experiments where [B2O3]fluid_EQ has not been determined. Open
symbols are for tourmaline-absent runs, and filled symbols are for
tourmaline-present runs. Upward- and downward-pointing arrows
indicate the direction toward equilibrium. Solidi with and without
albite are approximatively located. Sources of data: [1] Weisbrod
et al. (1986); [2] Morgan and London (1989); [3] von Goerne et
al. (1999a); [4] Orlando et al. (2017); [5] Cheng et al. (2019).

When fluid boron concentrations are near equilibrium
([B2O3]fluid ≈ [B2O3]fluid_EQ), dissolution of reactant miner-
als is limited. Consequently, fluids are weakly supersaturated
with respect to the tourmaline-forming components. Growth
is controlled by a local balance between elements coming
from the reactant minerals and from the fluid. Tourmaline
forms Group-I crystals (heterogeneously nucleating on al-
bite or cordierite grains) and a few coarser Group-II crystals
(Fig. 1). The latter are present only at 600 °C. At low fluid su-
persaturation levels, the energy barrier for crystal nucleation
is high. Thus, growth on crystallographic surfaces is favored,
leading to mainly sheaf morphologies (Group I) growing
over starting minerals (cordierite, albite) and already formed
tourmaline. The absence of Group II at 400 and 500 °C and
the observation that Group-II crystals disappear rapidly when
the fluid boron content increases indicate that crystallization
of multiple Group Is is favored over the growth of a few crys-
tals.

In contrast, for higher [B2O3]fluid (> [B2O3]fluid_EQ), aci-
cular aggregates (Group III) become the main tourmaline
textural type at all temperatures and redox conditions in-
vestigated. Nucleation is probably heterogeneous on reactant
minerals in the case of Group IIIa (Fig. 1D). Long isolated
tourmaline fibers (Group IIIb, Fig. 1E) are present at 500
and 600 °C, although they could partly correspond to frag-
ments of Group IIa; their abundance rather suggests homoge-
neous nucleation in the fluid. Thus, the growth proceeds from
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a fluid that is strongly supersaturated with the tourmaline-
forming components. The level of supersaturation (deviation
of [B2O3]fluid from [B2O3]fluid_EQ) varies during the exper-
iment and is at maximum during the initial stages. Crystal-
lization of tourmaline and possible precursor phases dissipate
this initial supersaturation. Boron is removed from the fluid,
and global equilibrium is established in the whole charge
(Lasaga, 1998). At 400 °C, the Group IIIb is absent, and tour-
maline appears only as Group IIIa. Their composition of at.
Fe/(Fe+Mg) is identical to that of the starting cordierite
(Fig. 3A) and suggests local rather than global supersatura-
tion in the charge. Additionally, it is possible that the fluid
chemistry at 400 °C differs from that at higher temperatures
because cordierite is destabilized to smectite.

Crystallization of Group-IV tourmalines is distinctive. At
all temperatures, the Group-IV crystals are mainly found at
one end of the c axis of the seed (Fig. 1F), probably the
< c+> pole. These overgrowths have been observed both
in experiments (Cheng et al., 2019; von Goerne et al., 1999b;
Setkova et al., 2019) and in natural rocks (Dutrow and Henry,
2016, 2018; van Hinsberg et al., 2011a). They indicate very
early nucleation since, for a given fluid saturation level, het-
erogeneous nucleation is favored on irregular surfaces, which
offer abundant high-energy sites (defects, steps) that lower
the nucleation barrier, rather than on well-developed crys-
tal faces. The latter correspond to slow-growth, low-energy
surfaces that provide fewer favorable nucleation sites. There-
fore, the Group-IV overgrowths likely represent the first tour-
malines to form in the charge.

4.3 Controls on tourmaline composition

Compositions of our experimental tourmalines, especially
at. Ca/(Ca+Na) and at. Fe/(Fe+Mg), vary significantly
within several charges (Fig. 3B, E). Similarly, previous stud-
ies have commonly produced zoned and/or composition-
ally variable experimental tourmalines (Morgan and Lon-
don, 1989; von Goerne et al., 2011; Berryman et al., 2015;
Kutzschbach et al., 2017; Orlando et al., 2017; Cheng et al.,
2019). To explain this compositional variability, volume dif-
fusion can be discarded given the slow element diffusivi-
ties in tourmaline and the range of experimental durations
(van Hinsberg et al., 2011b). Morgan and London, (1989)
attributed the chemical zonation of their tourmalines to the
evolution of the fluid composition during the experiment.
Similarly, natural occurrences have demonstrated that the
fluid exerts a first-order control on tourmaline composition
(Henry and Dutrow, 1996; Williamson et al., 2000; Dutrow
and Henry, 2011, 2016; van Hinsberg et al., 2011a, b; Har-
laux et al., 2020).

The Group-IIIa tourmaline aggregate analyzed in charge
S600-10 (Table 2) demonstrates a systematic evolution from
an Fe-, Ca-rich core to an Mg-, Na-rich rim (Fig. 4). The
Fe-, Ca-rich compositions correspond to an early stage of
tourmaline growth, while the Mg-, Na-rich compositions cor-

respond to a later stage. Thus, tourmaline composition de-
pends on when crystallization begins during the experiment.
The core compositions show the strongest chemical contrast
with the reactants (Mg-rich for cordierite and Ca-poor for al-
bite; gray bands in Fig. 3). Therefore, recalling that quartz is
the main product phase besides tourmaline, mass balance re-
quires the presence of an Na-, Mg-rich phase, most likely the
fluid, at equilibrium with the core tourmaline compositions.
Recrystallization of a precursor phase could be an alternative
origin for the zonation (Kutzschbach et al., 2017); however,
no such precursor relics were identified in our products. We
therefore interpret the zonation as evidence that the precipi-
tated solids and the equilibrium fluid have contrasting com-
positions, i.e., that crystallization is fractional in our experi-
ments. This crystallization mechanism explains the zonation
observed in the aggregate and also the dispersion of individ-
ual tourmaline analyses in a given charge (Fig. 3).

The Fe- and Ca-rich compositions reflect nucleation and
growth during the initial experimental stages, when the su-
persaturation level in the fluid is at a maximum. One way to
generate such an Fe- and Ca-rich tourmaline growth medium
is for the Fe-cordierite and anorthite components to dissolve
faster than the Mg-cordierite and albite components. Disso-
lution of apatite and ilmenite inclusions during the initial ex-
perimental stages could have also enriched the fluid in Fe
and Ca. Later, more Mg- and Na-rich tourmalines crystallize
due to gradual changes in the fluid composition and a de-
crease in the level of supersaturation. At 400 °C, Group-IIIa
tourmaline compositions reflect control by a fluid that is lo-
cally buffered by cordierite (Fig. 3A). They contrast with the
Group-IV compositions (Fig. S5), reflecting global vs. local
supersaturation in the fluid for the two groups, respectively.
This implies that, at 400 °C, crystallization of Group IV oc-
curs much earlier than that of Group IIIa. In contrast, the
compositional similarity between the two tourmaline groups
at 500 and 600 °C suggests that both crystallized within a nar-
rower time frame. Our experiments emphasize the close rela-
tionship between tourmaline compositions and growth mech-
anisms and stress the importance of the fluid in controlling
supersaturation levels and the compositions of precipitated
tourmalines. Tourmaline has been used to record boundary-
layer melt crystallization in some pegmatites (Van Der Does
et al., 2024), but we stress that variations in tourmaline
compositions can also result from crystallization from a hy-
drothermal fluid.

4.4 Tourmaline stability and fluid boron concentration

The [B2O3]fluid_EQ brackets from this study are com-
pared with those from previous studies (Weisbrod et al.,
1986; Morgan and London, 1989; von Goerne et al.,
1999a; Orlando et al., 2017; Cheng et al., 2019, Fig. 5).
[B2O3]fluid_EQ was measured in two studies (von Goerne
et al., 1999a), and the others provide upper and lower
bounds. Our [B2O3]fluid_EQ data at 500 and 600 °C are con-
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Figure 6. Calculated [B2O3]fluid_EQ as a function of tempera-
ture for the four tourmaline-forming reactions considered (Reac-
tions R1Mg, R1Fe, R2Mg, R2Fe; see text). Three solid-solution
models were evaluated: ideal mixing (black line) and models based
on dravite and schorl activities within the solid solution, calculated
from their respective end-members and the compositions listed in
Table S5. Dravite is shown as blue dots with a dashed line, and
schorl is shown as orange dots. See Sect. S4: “Extension to Tour-
maline solid solutions”. Experimental brackets of [B2O3]fluid_EQ
from this study are shown by solid (tourmaline present) and open
(tourmaline absent) symbols.

sistent with the results of von Goerne et al. (1999a) above
600 °C (Fig. S5). However, they are significantly higher
than the [B2O3]fluid_EQ at equilibrium, with an Fe-free tour-
maline+ cordierite+ quartz+ albite+ andalusite+fluid as-
semblage (≈ 0.21 wt % at 500 °C and≈ 0.75 wt % at 600 °C;
Weisbrod et al., 1986; Fig. S5). Although their experiments
were performed at 100 MPa with the addition of 3 wt % NaCl
to the fluid, we interpret the contrasted [B2O3]fluid_EQ val-
ues as mainly reflecting differences in tourmaline composi-
tions between the two studies. Thermodynamic calculations
(see below) show that [B2O3]fluid_EQ increases from Reac-
tion (R1Mg) to (R1Fe) at a given T (Fig. 6). Therefore,
our higher [B2O3]fluid_EQ values are qualitatively consistent
with schorl-bearing vs. schorl-free tourmalines in Weisbrod
et al. (1986). We conclude that our experimental results are
not significantly incompatible with those of Weisbrod et
al. (1986).

5 Thermodynamic

5.1 Equilibrium constant

The four model tourmalinization Reactions (R1Mg), (R1Fe),
(R2Mg), and (R2Fe) involve pure phases (quartz, andalusite),
solid solutions (plagioclase, cordierite, tourmaline), and fluid
components. The corresponding mass action law equations

are of the same form, e.g., for Reaction (R1Mg):

KR1Mg =

(
aTur

DRV
)2
.
(
fH2O(g)

)5(
aCrd

MgCRD

)3
.
(
aPl

ALB
)2
.
(
aH3BO3(aq)

)6 , (1)

where KR1Mg is the equilibrium constant of Reac-
tion (R1Mg); aTur

DRV, aCrd
MgCRD, and aPl

ALB are the activities of
the dravite, Mg-cordierite and albite components in tour-
maline, cordierite, and plagioclase solid solutions, respec-
tively; fH2O is the water fugacity; and aH3BO3 (aq) is the ac-
tivity of boric acid in the fluid, which, for a neutral aqueous
species, is assumed to be equivalent to the H3BO3 molality,
[H3BO3]fluid. If, in Eq. (1), tourmaline, cordierite and pla-
gioclase compositions are identical to their respective end-
member components, Eq. (1) is reduced to the following:

KR1Mg =

(
fH2O

)5
(H3BO3fluid)6 , (2)

which shows that, for a given reaction and tourmaline end-
member, the equilibrium constant only depends on the fluid
composition. Equation (2) implies that, for constant P and T
and assuming fH2O ∼ fH2O° since B concentrations are
low in the fluid, [H3BO3]fluid is, at equilibrium, uniquely
determined. If T varies at constant P , the fluid boron con-
tent should follow a univariant curve in T -[B2O3]fluid space,
as observed (Fig. 2). Experimentally, equilibrium along Re-
action (R1Mg) (or the other tourmaline-forming reactions)
implies that increasing the fluid boron concentration above
[B2O3]fluid_EQ shifts the reaction toward the right. This pro-
duces tourmaline and consumes the reactants, as observed
in the forward experiments. Conversely, lowering the fluid
boron concentration below [B2O3]fluid_EQ should lead to the
reaction being shifted to the left, thus consuming tourmaline
and producing B-free phases. This was expected but not ob-
served in the reversal experiments.

5.2 Calculation of [B2O3]fluid_EQ

Using Reaction (R1Mg) as an example, [H3BO3]fluid_EQ can
be expressed from Eq. (2):

[H3BO3]fluid_EQ R1Mg = 10
5 log

(
fH2O

)
−log(KR1Mg)
6 (molkg−1), (3)

where fH2O values (Burnham et al., 1969) are compiled
in Table S4. The calculation of the equilibrium constant
(KR1Mg) is detailed in Sects. S2 and S3. The H3BO3 mo-
lality (Eq. 3) is converted into [H3BO3]fluid_EQ in wt % using
the following:

[H3BO3]fluid_EQ (wt%)

= 100 ·
[H3BO3]fluid−EQ

(
molkg−1)

· 61.81× 10−3

1+ [H3BO3]fluid−EQ
(
molkg−1)

· 61.81× 10−3 , (4)

where 61.81 is the molar mass of H3BO3 in g mol−1.
Finally, the wt % [H3BO3]fluid_EQ is converted into wt %
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[B2O3]fluid EQ to allow direct comparison with the experi-
mental data.

5.3 Thermodynamic data

The 1appG
◦
T ,P for the aqueous-species H3BO3 was calcu-

lated by the Thermo-ZNS code (Lassin et al., 2005). Four
sets of HKF parameters were tested (Akinfiev et al., 2006;
Pokrovski et al., 1995; Shock et al., 1989; Wang et al.,
2013). The parameters from Akinfiev et al. (2006) were pre-
ferred and were used in the calculations (Table S4). The
thermodynamic properties (1fG°; S°; V°; and heat ca-
pacity parameters a, b, c, d , e, f , and g for the Cp(T )
equation) for the solid components and H2O(g) are sum-
marized in Table S3. For tourmaline components, data de-
rived from polyhedron models (van Hinsberg and Schu-
macher, 2007) and estimates from Ogorodova et al. (2012)
were considered. However, calculations using the dravite
end-member of Ogorodova et al. (2012) yield unrealistic re-
sults ([B2O3]fluid_EQ > 100 wt %), indicating that dravite is
not stable with this dataset. Therefore, only the thermody-
namic data from van Hinsberg and Schumacher (2007) were
finally used (Table S3).

5.4 Results

Results are shown in Fig. 6, where they are compared with
the experimental [B2O3]fluid_EQ brackets from this study
and from Weisbrod et al. (1986). For the four end-member
reactions considered, [B2O3]fluid_EQ increases with tem-
perature. The formation of alkali tourmaline (dravite, Re-
action R1Mg) requires higher [B2O3]fluid_EQ than alkali-
deficient tourmaline (Mg-foitite, Reaction R2Mg). Schorl
(Reaction R1Fe) requires a higher [B2O3]fluid_EQ than dravite
(Reaction R1Mg) to form. Similarly, Reaction (R2Fe) shifts
toward higher [B2O3]fluid_EQ compared to Reaction (R2Mg).

The [B2O3]fluid_EQ values from this study plot above the
two calculated R1Mg and R1Fe reactions, and the Weisbrod
et al. (1986) [B2O3]fluid_EQ values plot between them. The
discrepancy between experimental and calculated values is
due to the combination of several factors. First, cordierite is
unstable at 400 °C in our experiments, and direct comparison
with the end-member reactions at this temperature is unwar-
ranted. Second, our modeling uses estimated thermodynamic
data for the tourmaline components; the results should still
be viewed as preliminary. Our description of the fluid phase
is also probably oversimplified. Only H2O and H3BO3 were
considered to be aqueous species, but B-bearing hydrother-
mal fluids can dissolve significant amounts of aluminosili-
cate components (Pichavant, 1981, 1983) and form borate
species (Akinfiev et al., 2006), necessitating a more elab-
orate treatment. Lastly, experimental tourmalines from this
study are solid solutions. The [B2O3]fluid_EQ brackets deter-
mined by Weisbrod et al. (1986) are for an Fe-free experi-
mental system. The data consistently plot closer to the cal-

culated Reaction (R1Mg) than to the [B2O3]fluid_EQ brack-
ets from this study, suggesting a critical influence of the
tourmaline composition on experimental [B2O3]fluid_EQ. To
further evaluate this factor, the thermodynamic calculations
were tentatively applied to the tourmalines crystallized in this
study. A simple basic formulation of activities for tourma-
line solid solutions, detailed in Sect. S4, was used. The two
sets of [B2O3]fluid_EQ calculated for the experimental tour-
malines increase compared to their respective end-member
Reactions (R1Mg) and (R1Fe) (Fig. 6). They plot globally
below our experimental [B2O3]fluid_EQ, although the calcu-
lations based on Reaction (R1Fe) (schorl) more closely ap-
proach the experimental values, especially at 600 °C (Fig. 6).
Therefore, the agreement between calculated and experimen-
tal [B2O3]fluid is significantly improved by taking into ac-
count the tourmaline composition. A more elaborate tourma-
line activity model than the one used here (van Hinsberg and
Schumacher, 2009) is expected to adequately reproduce the
experimental [B2O3]fluid_EQ data.

6 Geological implications

Our experimental determinations of equilib-
rium [B2O3] in fluids coexisting with tourma-
line+ cordierite+ albite+ quartz+ andalusite provide
new insights into boron concentrations in natural hydrother-
mal and magmatic–hydrothermal systems. According to our
data, tourmaline begins to crystallize at fluid [B2O3] concen-
trations of a few weight percent (see Fig. 2). These values
represent minimum thresholds, and higher concentrations
are likely in natural systems, particularly those characterized
by a tourmaline+ quartz assemblage (e.g., Baksheev et
al., 2009; Fusswinkel et al., 2016; Lecumberri-Sanchez et
al., 2017; Legros et al., 2022). This specific assemblage
corresponds to the phase stability observed at the highest
[B2O3]fluid values in our experiments (Table 2). In addition,
our experiments show that fibrous tourmaline textures –
and, in particular, the acicular aggregates formed at high
[B2O3]fluid – develop under conditions of strong supersat-
uration with respect to tourmaline-forming components. In
contrast, coarser and more equant crystals are associated
with lower degrees of supersaturation, closer to equilibrium
conditions.

A compilation of fluid inclusion analyses from various
ore deposits indicates a broad range of [B2O3]fluid concen-
trations, from as low as 3× 10−5 up to 2.5 wt % (Prokof’ev
et al., 2002). In general, hydrothermal systems with intense
tourmalinization exhibit fluid compositions toward the up-
per end of this range. For instance, in Cornwall, [B2O3]fluid
values from mineralized veins range between 0.2 wt % and
0.63 wt % (Smith et al., 1996), while at Panasqueira (Por-
tugal), and fluids in W-mineralized veins – associated with
early tourmalinization – display [B2O3]fluid values rang-
ing from 0.09 wt % to 2.3 wt % (Lecumberri-Sanchez et al.,
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2017). Although these values are generally lower than our
experimental bracket (Fig. 2), the difference is explained by
(i) lower natural temperatures in perigranitic settings, which
depress equilibrium [B2O3]fluid EQ (< 400–500 °C; Audétat
et al., 2000; Gleeson et al., 2000; Korges et al., 2020), and
(ii) dilution and fluid–rock interaction, including mixing with
meteoric components.

Natural tourmalinization processes may also be related to
mica-bearing assemblages (biotite, muscovite, or sericite),
which were absent from our experiments. At Panasqueira,
tourmaline coexists with muscovite in the W-bearing veins
(Codeço et al., 2017; Launay et al., 2018). In the Río Blanco-
Los Bronces Cu–Mo porphyry deposit (Chile), the Sur–Sur
breccia is cemented by tourmaline that formed from the
alteration of primary biotite (Frikken et al., 2005). Simi-
larly, at San Rafael (SE Peru), intense tourmalinization of
cordierite-bearing granites primarily affects biotite (Harlaux
et al., 2020). Therefore, new experiments on mica-rich as-
semblages are essential to better constrain [B2O3]fluid in nat-
ural systems (Fort, 2023).

Finally, natural hydrothermal fluids are more chemically
complex than those modeled experimentally. They typically
contain various additional ligands and cations – such as Cl−,
H+, K+, Ca2+, and Li+ – that may influence [B2O3]fluid_EQ
(Audétat et al., 2008). Understanding the role of these com-
ponents is crucial for accurately estimating boron concentra-
tions in natural fluid.

Estimating the boron content in hydrothermal systems also
constrains the composition of late-stage silicic melts that
crystallize in the presence of a fluid phase. Boron strongly
partitions into the fluid relative to the melt (Pichavant, 1981;
London et al., 1988; Schatz et al., 2004; Pokrovski et al.,
2013). Using the experimentally derived [B2O3]fluid_EQ of
∼ 4 wt % at 650 °C (Figs. 2 and 5) and the fluid–melt parti-
tion coefficient of 3.0 for peraluminous compositions (Picha-
vant, 1981), the calculated [B2O3]melt is ∼ 1.3 wt %. This
estimate is consistent with previous findings of ∼ 2 wt %
B2O3 in tourmaline-saturated peraluminous melts at 750 °C
and 200 MPa (Wolf and London, 1997; Acosta-Vigil et al.,
2003). Previous studies by Pichavant and Manning (1984)
and Dingwell et al. (1996) also indicated that up to ∼ 1 wt %
B2O3 can be dissolved in natural magmatic–hydrothermal
melts. Therefore, our experimentally derived [B2O3]fluid_EQ
values lead to melt compositions in good agreement with nat-
ural observations. This reinforces the reliability of our ap-
proach to estimating boron concentrations in geological sys-
tems.
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