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Abstract

Tourmaline is the most abundant borosilicate in the Earth’s crust and the ratio of its two B isotopes
(11B/10B) helps to unravel the source and evolution of fluids during metamorphic, magmatic and
hydrothermal processes. For example, tourmaline is a common accessory mineral in the metasedi-
mentary Pfitsch Formation located in the Pfitscher Joch area in the western TauernWindow (Alps).
Here, tourmaline crystals show successively decreasing B isotope ratios from their cores to their
rims. In combination with whole rock B isotope data and a Rayleigh fractionation model it is shown
that the B-isotope signatures in tourmaline are most easily explained by the internal redistribution
of B from a B-rich precursor mineral (e.g. mica) to the tourmaline.

The reliable interpretation of B isotope patterns in natural tourmaline requires knowledge about
the B isotope fractionation between tourmaline and fluid (Δ11Btur-fluid). Up to date, experimental
studies only considered tourmaline with B in trigonal coordination ([3]B), but many natural tourma-
lines incorporate excess B at the tetrahedrally coordinated T site ([4]B). In this study, Δ11Btur-fluid
values are determined as a function of [4]B-content in tourmaline based on tourmaline syntheses
experiments at high pressures of 4.0 GPa and temperatures of 700°C using a piston-cylinder appa-
ratus.

Olenitic tourmaline rich in [4]B [up to ∼2.5 atoms per formula unit (pfu)] has been synthesized
in the system SiO2-Al2O3-B2O3-NaCl-H2O. Applying time dependent experiments it is shown that
these form via a non-classical crystallization pathway involving jeremejevite as a precursor phase.
Rossmanitic tourmaline with lower amounts of [4]B (∼0.6 pfu) has been synthesized in the system
Li2O-SiO2-Al2O3-B2O3-H2O.

Themechanism for the incorporation of B at the T site follows TSi-1VO-1TB1V(OH)1 as themain
and X�-1TSi-1XNa1TB1 as a minor exchange vector. Raman spectroscopy has been successfully
applied for the chemical characterization of synthetic tourmaline, including the quantification of
[4]B concentrations and the first-time detection of Li at the X site.

To deriveΔ11Btur-fluid as a function of [4]B, B isotope ratios of the synthetic olenitic tourmaline
have been determined by spatially resolved secondary ion mass spectroscopy (SIMS), whereas the
B isotope ratios of coexisting fluids have been measured via multi-collector plasma source mass
spectroscopy. Most accurate SIMS data were obtained using a natural olenite from the Koralpe as a
novel reference material, pointing towards the need of matrix matched reference material for SIMS
B-isotope analysis of tourmaline.

The results show that if 10mol% of the total B occur in tetrahedral coordination, theΔ11Btur-fluid
is shifted by 0.8 ± 0.5%� at 700°C towards more negative values. This corresponds to an intracrys-
talline fractionation of 8 ± 5%�, whereby 10B preferentially occupies the tetrahedral T site relative
to the trigonal B site. Possibly, the effect of tetrahedral boron in tourmaline on the B-isotope frac-
tionation is even greater at lower temperatures.

v





Zusammenfassung

Turmalin ist das häufigste Borosilikat der Erdkruste und das Verhältnis seiner zwei B Isotope
(11B/10B), gibt Auskunft über Quelle und Entwicklung von Fluiden während metamorpher, mag-
matischer und hydrothermaler Prozesse. Turmalin ist beispielsweise ein häufiges akzessorisches
Mineral in der metasedimentären Pfitsch Formation im Pfitscher JochGebiet imwestlichen Tauern-
Fenster (Alpen). Turmalin zeigt hier kontinuierlich abnehmende B Isotopenverhältnisse vom Kern
zum Rand. In Kombination mit der B Isotopie der Gesamtgesteine und eines Rayleigh Fraktio-
nierungsmodells zeigt sich, dass diese Signatur am ehesten auf die interne Umverteilung von B,
ausgehend von einem Vorläufermineral (z.B Glimmer) zu erklären ist.

Die Interpretation von B Isotopenmustern in natürlichem Turmalin setzt voraus, dass die B
Isotopenfraktionierung zwischen Turmalin und Fluid (Δ11Btur-fluid) bekannt ist. Bis heute berück-
sichtigen experimentelle Studien lediglich Turmalin mit B in trigonaler Koordination ([3]B), wobei
aber natürliche Turmaline häufig überschüssiges Bor auf der Tetraederposition ([4]B) einbauen. In
dieser Studie, werden ausgehend von Stempel-Zylinder Syntheseexperimenten unter hohem Druck
(4.0 GPa) und einer Temperatur von 700°C,Δ11Btur-fluid Werte in Abhängigkeit des Gehalts an [4]B
in Turmalin bestimmt.

Olenitischer Turmalin reich an [4]B [bis zu ∼2.5 Atome pro Formeleinheit (pfu)] wurde im
System SiO2-Al2O3-B2O3-NaCl-H2O synthetisiert. Zeitabhängige Experimente zeigen, dass die-
ser sich auf einem nicht-klassischen Kristallisationspfad bildet, der Jeremejevit als Vorläuferphase
beinhaltet. Rossmanitischer Turmalin mit geringeren [4]B Gehalten (∼0.6 pfu) wurde im System
Li2O-SiO2-Al2O3-B2O3-H2O synthetisiert.

Der Mechanismus für den Einbau von B auf der Tetraederposition folgt TSi-1VO-1TB1V(OH)1
als Haupt- und X�-1TSi-1XNa1TB1 als Nebenaustauschvektor. Raman-Spektroskopie wurde erfolg-
reich für die chemische Charakterisierung der synthetischen Turmaline verwendet, einschließlich
der Quantifizierung von [4]B und dem erstmaligen Nachweis von Li auf der X Position.

Um Δ11Btur-fluid in Abhängigkeit des [4]B Gehalts zu bestimmen, wurden B Isotopenverhält-
nisse in den synthetischen olenitischen Turmalinen mittels ortsauflösender Sekundärionen-Massen
spektroskopie (SIMS) undB Isotopenverhätnisse in koexistierenden FluidenmittelsMultikollektor-
Argonplasma-Massenspektroskopie bestimmt. Die genauesten SIMS Daten wurden unter Verwen-
dung eines natürlichen Olenits als Referenzmaterial bestimmt, was die Notwendigkeit matrixan-
gepasster Referenzmaterialien im Zusammenhang mit SIMS B Isotopen-analysen von Turmalinen
zeigt.

Die Ergebnisse zeigen, dass bei 10 mol% des Gesamtbors in tetraedrischer Koordination, die
Δ

11Btur-fluid Werte bei 700°C um 0.8 ± 0.5%� kleiner werden. Das entspricht einer intrakristal-
linen Fraktionierung von 8 ± 5%�, wobei das 10B Isotop die tetraedrische T Position gegenüber
der trigonalen B Position bevorzugt. Dieser Effekt ist bei niedrigeren Temperaturen vermutlich
ausgeprägter.
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1 | Introduction

1.1 The geochemical cycle of B and natural B isotope variation

For the understanding of large-scale recycling processes between oceanic and crustal lithosphere,
mantle and Earth’s surface during geological time scales, the geoscience community has noticed
the importance of highly incompatible elements such as light rare earth elements (LREE), alkalis,
noble gases, large ion lithophile elements (LILE) and light elements like lithium, beryllium and
boron. Among those, the latter one is considered to be an excellent tracer of geologic mass transfer.
This is because of its extremely high mobility during both magmatic and fluid-related processes
(e.g. Seits 1972; Mottl and Holland 1978).

As an incompatible element, B is depleted in the peridotitic mantle (<0.1 ppm, Chaussidon and
Marty 1995). In contrast, enrichment of B has been observed in volcanic arcs (3-60 ppm, Rosner
et al. 2003). Given the lowB concentration in freshmid-ocean ridge basalts (<1.5 ppm, Leeman and
Sisson 1996), the high B contents of arc magmas cannot be explained by partial melting of the man-
tle alone, but require the contribution of an additional high B reservoir. By hydrothermal alteration,
seawater-derived B is stored in the oceanic lithosphere, which thereby gets successively enriched
in B (1-104 ppm B, Spivack and Edmond 1987). Additionally, pelagic sediments deposited on al-
tered oceanic lithosphere have elevated B contents (80-160 ppm, Ishikawa and Nakamura 1993). At
convergent plate margins, oceanic lithosphere gets subducted into the deep mantle. Overlying sed-
iments as well as serpentinized portions of the down-going slab, store significant amounts of water
and B, both of which are continuously liberated along the prograde pressure-temperature (P-T)
path by the breakdown of hydrous minerals (e.g. Ishikawa and Nakamura 1994). Subsequently, the
buoyant fluids infiltrate the overlying mantle wedge causing its partial melting by lowering of the
peridotite solidus temperature, leading to the formation of magmatic arcs enriched in B compared
to partial peridotite melts generated at mid ocean ridges.

During all these mass transfer processes, B is not only redistributed between the several reser-
voirs. Concomitantly, the two B isotopes (11B and 10B) are strongly fractionated, due to their high
mass difference of 10%. This leads to natural δ11B variation of about 100%� (e.g. Barth 1993).
Depending on the B source, fractionation process, and P-T conditions, the resulting B isotope sig-
nature among different reservoirs varies significantly (e.g. van Hinsberg et al. 2011). Isotopically
heavy B is generally derived frommarine evaporites, seawater and subducting slabs, whereas meta-
morphic solid-fluid fractionation, magmatic degassing and non-marine evaporites are sources of
isotopically light boron.
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1.2 B isotopes in tourmaline as a petrogenetic indicator

The Earth’s average continental crust exhibits low B concentrations (<20 ppm;Wedepohl 1995 and
references therein), but due to its incompatible nature, B is concentrated in fluids or melts once they
are generated. B isotope ratios of aqueous fluids and silicate melts in turn, serve as a geochemical
tracer to unravel, for example, their genesis and pathways during metamorphic, magmatic and
hydrothermal processes. Unfortunately, in situ sampling of fluids and melts is impossible in most
cases and hence, other approaches are needed. The most convenient method would be the analyses
of fluid/melt inclusions in minerals, but typically these investigations are very challenging, for
example due to the modification of primary inclusions during uplift and exhumation.

However, if B concentrations reach a certain threshold, e.g.∼2.0wt% of B2O3 at 700°C in fluids
(Weisbrod et al. 1986) or ∼0.7 wt% B2O3 at 700°C in melts (Acosta-Vigil et al. 2003), tourmaline
might form. Tourmaline provides a powerful tool to reconstruct the B-isotope composition of its
host environment, particularly because it is stable over a wide range of P-T conditions (up to 7
GPa, 900°C, Krosse 1995), occurs in many rock types, and preserves its chemical signature over
time due to slow intracrystalline volume diffusion (Henry and Dutrow 1996).

Systematic studies on B isotope ratios in tourmaline have been successfully applied to gain in-
sights, for example, into the recycling of crust at convergent margins (Nakano andNakamura 2001),
fluid movements during metasomatism (Trumbull et al. 2009), or seawater-related hydrothermal
alteration (Bast et al. 2014). In Chapter 3, B isotope ratios in natural tourmaline are used to unravel
the history of tourmaline mineralizing fluids during alpine metamorphism of the Pfitsch Formation
in the western Tauern Window (Alps). Here, tourmaline crystals show successively decreasing B
isotope ratios from their cores to their rims and it is shown that these B-isotope signatures are most
easily explained by the redistribution of B via internally sourced aqueous fluids fed by a B-rich
precursor mineral (e.g. mica).

The inferences drawn in this and other similar studies, rely on the accurate quantification of the
B isotope fractionation between tourmaline and its mineralizing agent. Throughout this study the
following relations are defined:

Δ11Bphase A-phase B = �11Bphase A − �11Bphase B.

�11Bphase A =
[(

(11B∕10B)phase A
(11B∕10B)NIST SRM 951

)

− 1

]

⋅ 1000

Δ11B ≈ 1000 ⋅ ln(�-1)

� =
(11B∕10B)phase B
(11B∕10B)phase A

.

with α being the fractionation coefficient and (11B/10B)NIST SRM 951=4.04362 (Catanzaro 1970).
Up to now there is not a single experimental study that is concerned with the B isotope frac-

tionation between tourmaline and melt. This is a shortcoming, because there is evidence for strong
B isotope fractionation between aqueous fluids and silicate melts (Hervig et al. 2002) and hence at
a given temperature Δ11Btur-fluid and Δ11Btur-melt will likely differ from each other.

In contrast, B isotope fractionation between tourmaline and aqueous fluid has already been
investigated (Meyer et al. 2008; Palmer et al. 1992), but unfortunately, these experimental studies
were only taking into account tourmaline with B in trigonal coordination. Based on piston-cylinder
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syntheses experiments it is shown in this thesis, that the occurrence of tetrahedral B ([4]B) in tour-
maline has a large impact on the B isotope fractionation between tourmaline and fluid. Hence, [4]B
in tourmaline needs to be considered in order to prevent false interpretations of B isotope patterns in
natural tourmaline. The results will greatly help to improve tourmaline as a petrogenetic indicator.

Before explaining the details hereof, the general tourmaline structure is introduced and in par-
ticular, where and via which mechanism B is incorporated in tourmaline. Subsequently, a literature
review on the occurrence and detection of [4]B in natural and synthetic tourmaline is presented.
The introductory Chapter is closed with a summary of theoretical principles and studies of the B
isotope fractionation between tourmaline and fluid.

1.3 Tourmaline crystal chemistry and structure

Tourmaline has the general formula XY3Z6T6O18(BO3)3V3W (Henry et al. 2011) and belongs to
the group of cyclosilicates. A schematic illustration of the tourmaline structure is presented in Fig.
1.1. It’s main building unit are 6 membered, corner-shared TO4 tetrahedra, where T denotes the
T site in tourmaline, which is occupied by Si, Al or B. The plane of the T6O18 rings is oriented
perpendicular to the c axis.

There are two octahedral sites in tourmaline, Y and Z with the former being larger and more
distorted (Bosi and Lucchesi 2007). The Y site is typically occupied by: Mg2+, Fe2+, Al3+, Li+,
Ti4+, Mn2+, Fe3+, Zn2+, whereas at the Z site typically Al3+, Cr3+, Fe3+, Mg2+ and Fe2+ are
incorporated. Three YO6 octahedra are inter-connected via edges and each of the YO6 octahedra
is connected to two ZO6 octahedra building octahedral layers. Along the c- direction T6O18 rings
are connected directly via corners to the octahedral layers, whereas along the c+ direction they are
connected indirectly via an XO9 polyhedron. The X site is occupied by large cations such as Na+,
K+, Ca2+ or is left vacant (�).

Only two sites incorporate anions other than oxygen, namely the V and the W sites. Within the
tourmaline unit cell, three anionic V sites are located outside the T6O18 ring, whereas one W site is
located directly above it. Each V site is surrounded by two Z and one Y cation, whereas the W site
is surrounded by three Y cations. Both, V and W sites can incorporate O2- and OH-, whereas F - is
only found at the W site. Due to the multitude of crystal lattice positions and possible occupants,
32 tourmaline species exist, which are organized according to the X site occupancy in alkali, calcic
and X-vacant groups (Table 1.1).

1.3.1 B in tourmaline

In most tourmalines, B is exclusively three-fold coordinated, with three O surrounding B in a trig-
onal planar coordination (Clark et al. 2008); see Fig. 1.1. The substitution B3+⇔ 3H+ leading to
[3]B deficiency (Hawthorne 1996) is only hypothetical, as no tourmaline with less than 3 B pfu has
been described so far. Thus, Henry et al. (2011) is followed, who stated that the B site exclusively
contains B and for any tourmaline composition given in this study a full occupation at this site is
assumed, i.e. three [3]B pfu.

There is now general agreement that tourmaline can incorporate additional B at the tetrahe-
drally coordinated T site (Fig. 1.1). Wodara (1996) was first to synthesize olenitic tourmaline with
about 2.27 [4]B per formula unit (pfu) at 2.5 GPa and 600°C and further chemical, spectroscopic
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Table 1.1 Tourmaline species accepted by the IMA and their end-member compositions

Species X Y3 Z6 T6O18 (BO3)3 V3 W

Alkali group
Dravite Na Mg3 Al6 Si6O18 (BO3)3 (OH)3 OH
Oxy-dravite Na Al2Mg Al5Mg Si6O18 (BO3)3 (OH)3 O
Fluor-dravite Na Mg3 Al6 Si6O18 (BO3)3 (OH)3 F
Chromium-dravite Na Mg3 Cr3+6 Si6O18 (BO3)3 (OH)3 OH
Oxy-chromium-dravite Na Cr3+3 Cr3+4Mg2 Si6O18 (BO3)3 (OH)3 O
Vanadio-oxy-dravite Na V3+3 Al4Mg2 Si6O18 (BO3)3 (OH)3 O
Vanadio-oxy-chromium-dravite Na V3+3 Cr3+4Mg2 Si6O18 (BO3)3 (OH)3 O
Oxy-vanadium-dravite Na V3+3 V3+4Mg2 Si6O18 (BO3)3 (OH)3 O
Schorl Na Fe2+3 Al6 Si6O18 (BO3)3 (OH)3 OH
Oxy-schorl Na Fe2+2Al Al6 Si6O18 (BO3)3 (OH)3 O
Fluor-schorl Na Fe2+3 Al6 Si6O18 (BO3)3 (OH)3 F
Fluor-buergerite Na Fe3+3 Al6 Si6O18 (BO3)3 O3 F
Bosiite Na Fe3+3 Al4Mg2 Si6O18 (BO3)3 (OH)3 O
Povondraite Na Fe3+3 Fe3+4Mg2 Si6O18 (BO3)3 (OH)3 O
Chromo-alumino-povondraite Na Cr3+3 Al4Mg2 Si6O18 (BO3)3 (OH)3 O
Olenite Na Al3 Al6 Si6O18 (BO3)3 O3 OH
Darrellhenryite Na Al2Li Al6 Si6O18 (BO3)3 (OH)3 O
Elbaite Na Al1.5Li1.5 Al6 Si6O18 (BO3)3 (OH)3 OH
Fluor-elbaite Na Al1.5Li1.5 Al6 Si6O18 (BO3)3 (OH)3 F
Tsilaisite Na Mn2+3 Al6 Si6O18 (BO3)3 (OH)3 OH
Fluor-tsilaisite Na Mn2+3 Al6 Si6O18 (BO3)3 (OH)3 F
Luinaite-(OH) (Na, �) (Fe2+,Mg)3 Al6 Si6O18 (BO3)3 (OH)3 OH
Maruyamaite K MgAl2 Al5Mg Si6O18 (BO3)3 (OH)3 OH
Calcic group
Uvite Ca Mg3 Al5Mg Si6O18 (BO3)3 (OH)3 OH
Fluor-uvite Ca Mg3 Al5Mg Si6O18 (BO3)3 (OH)3 F
Feruvite Ca Fe2+3 Al5Mg Si6O18 (BO3)3 (OH)3 OH
Adachiite Ca Fe2+3 Al6 (Si5Al)O18 (BO3)3 (OH)3 OH
Fluor-liddicoatite Ca Li2Al Al6 Si6O18 (BO3)3 (OH)3 OH
Lucchesiite Ca Fe2+3 Al6 Si6O18 (BO3)3 (OH)3 O
X-vacant group
Foitite � Fe2+2Al Al6 Si6O18 (BO3)3 (OH)3 OH
Magnesio-foitite � Mg2Al Al6 Si6O18 (BO3)3 (OH)3) OH
Rossmanite � Al2Li Al6 Si6O18 (BO3)3 (OH)3 OH
(Note: effective 18/01/2017)
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transform infrared- (e.g. Fantini et al. 2014; Gonzalez-Carreño et al. 1988) andRaman spectroscopy
(e.g. Berryman et al. 2016; Watenphul et al. 2016). Here, tourmaline composition is deduced
from unambiguous assignment of Raman/infrared-active bands in the frequency region of the OH-
stretching vibration to a specific cation arrangement around the O1-H1 and/or O3-H3 groups in
tourmaline (Fig. 1.1).

Despite its sensitivity to tourmaline composition, vibrational spectroscopy has not been tested
yet for its potential to obtain [4]B concentration in tourmaline. In Chapter 4, a convenient method
for the detection and quantification of [4]B is established based on polarized single crystal Raman
spectroscopy. Within the frequency region of the OH-stretching vibration, two bands at 3284-3301
cm-1 and 3367-3390 cm-1 are identified, whose relative integrated intensities positively correlate
with the [4]B concentrations in tourmaline. In Chapter 4 and Chapter 5 it is also shown that syn-
thetic, chemically well-characterized tourmalines of rather simple composition generally provide
a more compelling alternative with respect to band assignment compared to natural tourmaline.

1.3.2 Li in tourmaline

Li-rich tourmaline preferentially forms in chemically evolved granites and related pegmatites. Li+
is assumed to exclusively occupy the larger octahedral position Y to a maximum of 2 Li pfu; bond-
valence constraints exclude Li from the smaller octahedral Z position (Hawthorne 1996). The four
Li-rich end-members of the tourmaline supergroup are: elbaite, darrellhenryite, liddicoatite and
rossmanite (Table 1.1). Because natural Li-tourmaline commonly contains [4]B (Ertl et al. 1997;
Tagg et al. 1999; Schreyer et al. 2002), their synthesis provides a complementary approach to obtain
[4]B-bearing tourmaline in the laboratory.

However, as summarized by London (2011), all attempts to synthesize of Li-rich tourmaline
from seed-free starting materials at low pressures and temperatures have been unsuccessful. Some
low P-T synthesis experiments using seeds of natural tourmaline added to the Li-rich starting
material produced overgrowths of newly-formed tourmaline on the seeds (London 2011; Vorbach
1989). However, the significance of these experiments remains limited, because the Li contents
of the tourmaline overgrowths were not determined directly, but only calculated by the difference
method, i.e. by assuming that the remainder to 3.0 pfu at the Y site, as determined by electron
microprobe analyses, is equal to the Li content. This assumption may be problematic because of
potential vacancies at the Y site (Wodara and Schreyer 2001; Ertl et al. 2006).

In Chapter 5 the first successful synthesis of rossmanitic tourmaline in the system Li2O-Al2O3-
SiO2-B2O3-H2O is presented, based on a high-pressure piston-cylinder experiment and using a
starting material free of tourmaline seeds. Characterization of the product tourmalines by means
of EMP/SIMS analyses, Raman spectroscopy and SREF verifies the incorporation of [4]B. Remark-
ably, there is strong evidence that some of the Li is incorporated not only at the octahedral Y site
but also at the X site, which has important application for example for the Li isotope fractionation
between tourmaline and fluid.
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1.4 B isotope fractionation between tourmaline and fluid

1.4.1 B isotope fractionation between [4]B-free tourmaline and fluid

Direction and magnitude of isotope fractionation between two phases in equilibrium mainly de-
pend on the bonding environment of the element of interest and temperature. Typically, the lighter
isotope fractionates into the phase in which it can form the longer bonds, i.e. the light isotope
prefers higher coordination. Secondly, isotope fractionation increases with decreasing tempera-
ture (Kendall and Caldwell 1998). B is either present in trigonal coordination at the B site and/or
in tetragonal coordination at the T site (Fig. 1.1). In aqueous fluids and at acidic to near neutral
pH, which is needed to crystalize tourmaline (Smith 1949; Morgan and London 1989), trigonal
H3BO3 is the dominating B species (Schmidt et al. 2005) and hence B isotope fractionation be-
tween [4]B-free tourmaline and fluid is expected to be rather small. However, two experimental
studies of Meyer et al. (2008) and Palmer et al. (1992), which are yet the only ones, report non-zero
Δ

11Btur-fluid values and in particular, a significant enrichment of the light 10B isotope in tourmaline
relative to the fluid.

Palmer et al. (1992) determined the fractionation of B isotopes between dravitic tourmaline
and fluid in hydrothermal experiments at 350-750°C and 0.05-0.2 GPa. As expected, the resulting
Δ

11Btur-fluid is decreasing with temperature, but additionally an inverse correlation with pressure
has been observed [-8.35 to -5.88%� (0.05 GPa, 350-450°C); -7.76 to -2.34%� (0.1 GPa, 350-
750°C); -6.50 to -2.24%� (0.2 GPa, 350-750°C)]; see also Fig. 1.2. Palmer et al. (1992) noticed
a small but negligible amount of [4]B in product tourmalines.

Meyer et al. (2008) determined the fractionation of B-isotopes between dravitic tourmaline and
fluid in hydrothermal experiments between 400 and 700°C at 0.2 GPa. The starting material con-
sisted of homogeneous mixture of oxides, boric acid and water that contained B in varying excess
with respect to the dravite end-member stoichiometry. After the run, the ratio of B concentration
in the fluid to B concentration in tourmaline (Bfluid/Btur) was 9; in another series it was 0.1. For ex-
periments with Bfluid/Btur=9, a consistent T-dependent B-isotope fractionation, valid from 400 to
700°C, was established and suggests much smaller fractionation (about 2-4%�) compared to Palmer
et al. (1992) (Fig. 1.2). By repeating the 500°C experiment at higher pressures of 0.5 GPa, the same
Δ

11Btur-fluid value was obtained (Fig. 1.2) and hence a pressure effect was ruled out by Meyer et al.
(2008). No significant amounts of [4]B have been detected in their product tourmalines.

For the experiments with Bfluid/Btur=0.1, Meyer et al. (2008) detected a larger apparent frac-
tionation of up to -4.7%� at 600°C, which is comparable to the results of Palmer et al. (1992). This
is explained by the lower concentration of B in the fluid B reservoir, leading to successive enrich-
ment of 11B in the fluid with ongoing crystallization of tourmaline. Consequently, B isotope ratios
of the coexisting tourmaline are expected to increase from core to rim, which has been confirmed
by Marschall et al. (2009c) using spatially resolved determination of B isotope ratios by secondary
ion mass spectroscopy.

Both, Meyer et al. (2008) and Palmer et al. (1992) argue that their experiments represent equi-
librium isotope fractionation. Their approach involved the syntheses of tourmaline from a tourma-
line saturated fluid within a closed system by adjustment of P, T and composition (X). To ultimately
derive Δ11B tur-fluid values, tourmaline and fluid were separated from the quenched run products
and analyzed for their B isotope ratios. A prerequisite for meaningful results is, however, that the
analyzed tourmaline and fluid truly represent an equilibrium assemblage. However, as shown by the
experiments of Meyer et al. (2008) with Bfluid/Btur=0.1, early formed tourmaline and the latest fluid
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may find themselves out of equilibrium and due to the refractory nature of tourmaline (including
slow self-diffusion of B), re-equilibration within reasonable timescales is suppressed. Hence, the
dataset of Palmer et al. (1992) is likely to be erroneous, as their experiments were also conducted
with a small excess of B (10%) in the fluid. This example illustrates, how easily the interpretation
of such synthesis experiments is misguided if disequilibrium features are not taken into account.

By monitoring the crystallization pathway of the synthetic olenitic tourmaline described in
Chapter 4, it is shown in Chapter 6 that even more complex disequilibrium features emerge from
the occurrence of a precursor phase during tourmaline formation. In this particular example, the
precursor phase is the hydroxyl-analogue of jeremejevite [Al6(BO3)5(OH)3], which contains B and
hence affects the B isotope patterns of the resulting tourmaline. Nevertheless, reliableΔ11Btur-fluid
values are achievable, given the proper understanding of the tourmaline crystallization sequence
such as the B isotope evolution in tourmaline and fluid.

1.4.2 B isotope fractionation between [4]B-bearing tourmaline and fluid

Asmentioned above, the light 10B isotope prefers the longer <B-O> bonds. In mica, B is in tetrahe-
dral coordination and hence B isotope fractionation at near neutral to acidic pH between mica and
fluid is expected to be greater than between tourmaline and fluid. This is confirmed by experimental
data of Wunder et al. (2005) showing larger B isotope fractionation (Δ11Bmica-fluid = -10.9 ± 1.3%�
at 500°C and -6.5 ± 0.4%� at 700°) compared to the results of Meyer et al. (2008). Based on this
observation, it is likely that [4]B in tourmaline similarly increases the affinity of tourmaline for the
light 10B isotope. To express the relative amount of [4]B with respect to the total B in tourmaline,
the parameter [4]Btot is defined as:

[4]Btot (mol%) =
[4]B (pfu)

[4]B (pfu) + [3]B (pfu)
⋅ 100

Indeed, theoretical studies of Kowalski et al. (2013) suggest that in dravite, 10mol% of [4]Btot, cause
a shift of theΔ11Btur-fluid towards more negative values (0.7%� at 700°C and 1.6%� at 350°C). For
their study Kowalski et al. (2013) applied an ab initio approach that included the calculation of
B factors (reduced partition function ratios), of which by combination the equilibrium fractiona-
tion coefficient α and Δ11Btur-fluid as defined in our study are obtained by αtur-fluid=Bfluid/Btur and
Δ11Btur-fluid ≈ 1000⋅ln(Btur) -1000⋅ln(Bfluid), respectively. For

[4]B-free dravite and within the un-
certainty, their results are also in agreement with the experiments of Meyer et al. (2008), whereas
they disagree with the results of Palmer et al. (1992); Fig. 1.2.

Given that [4]B concentrations in natural dravitic tourmaline are usually small (∼7mol% [4]Btot,
Marschall et al. 2004), the effect of [4]B is more relevant for Al-rich tourmaline as these are com-
monly associated with higher [4]B contents (∼22 mol% [4]Btot, Ertl et al. 2007). With respect to
olenite, the effect of [4]B is expected to be even larger based on the work of (Kowalski et al. 2013).
Here,Δ11Btur-fluid values are even shifted by 0.9%� at 700°C and by 1.9%� at 350°C towards more
negative values for each 10 mol% of [4]Btot.

Unfortunately, experimental studies aiming on quantifying the effect of [4]B on Δ11Btur-fluid
are yet absent, but are urgently needed to account for the widespread occurrence of [4]B-bearing
tourmaline in nature (see above). As detailed in Chapter 7, for the first timeΔ11Btur-fluid values are
experimentally derived as a function of [4]B content in synthetic olenitic tourmaline.
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Figure 1.2Δ11Btur-fluid as a function of temperature dravite (left) and olenite (right). Data points for dravite
are based on experiments ofMeyer et al. (2008) (blue) and Palmer et al. (1992) (red). Corresponding coloured
lines represent a linear fit to the data. Product tourmalines were virtually [4]B-free. Lines in greyscale rep-
resent ab initio calculation of Kowalski et al. (2013) for dravite and olenite assuming only trigonal B in the
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2 | Experimental and analytical
methods

2.1 Piston-cylinder synthesis experiments

Olenitic tourmaline Olenitic tourmaline has been synthesized in the system SiO2-Al2O3-B2O3-
NaCl-H2O. The starting material consisted of a solid homogenous mixture of quartz, G-Al2O3,
H3BO3 and a 5.4 mol/l NaCl solution. To promote the incorporation of

[4]B, a 300 mol% excess of
H3BO3 and a 5mol% deficiency of SiO2 were used relative to the olenite end-member stoichometry
(Table 1.1). Solid mixture and NaCl solution were loaded into gold capsules 13 mm in length and
3 mm in diameter. Three experiments were performed at 4.0 GPa, 700°C with the same starting
composition but varying run duration of 0.5 h, 2.5 h and 216 h. Exact starting compositions of the
experiments as well as the solid/fluid ratios are summarized in Table 2.1.

After loading, the capsules were welded shut and were placed into a high-pressure cell consist-
ing of a steel furnace with fired pyrophyllite and rock salt as pressure media. The pressure uncer-
tainty of this assembly is approximately 1%, calibrated according to the quartz-coesite transition
(Mirwald and Massonne 1980). Pressure was maintained constant within 0.05 GPa throughout the
experiment. The temperature was monitored using a Ni-CrNi thermocouple, with an uncertainty
estimated to be ±10°C. At the end of the experiment, the sample was quenched isobarically to
below 200°C in less than 15 seconds and subsequently the pressure was slowly released. The re-
trieved capsules was then cleaned and reweighed to check for leakage. Run durations include 0.5 h
of heating-up time, i.e. the 0.5 h experiment was immediately quenched when 700°C were reached.
Both quenching and heating was performed isobarically at 4.0 GPa.

Rossmanitic tourmaline Rossmanitic tourmaline has been synthesized in the systemLi2O-SiO2-
Al2O3-B2O3-H2O at 4.0 GPa, 700°C with a run duration of 288 h in a piston-cylinder press. The
solid starting material consisted of a homogenous mixture of Li2O, G-Al2O3, quartz, and H3BO3 in
the stoichiometric proportions of rossmanite (Table 1.1), but with an excess of 60 mol% Li2O and
100 mol% H3BO3 (Table 2.1). About 15 mg of the solid starting material together with 2 mg of
water were loaded into a gold capsule with 10 mm in length and 3 mm in diameter. After loading
the capsule was welded shut. The further experimental setup is identical to the synthesis of olenitic
tourmaline.
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Table 2.1 Starting compositions of syntheses experiments

olenitic tur rossmanitic tur

run duration 0.5 h 2.5 h 216 h 288 h
solida (mg) 14.35a 18.86a 14.07a 15.00b

fluidb (mg) 6.20c 7.56c 5.79c 2.00d

wt% mol% wt% mol% wt% mol% wt% mol%
SiO2 15.72 8.99 16.07 9.30 15.95 9.19 27.33 19.09
Al2O3 21.06 7.09 21.53 7.34 21.38 7.26 30.92 12.72
NaCl 7.84 4.61 7.43 4.42 7.57 4.49 - -
Li2O - - - - - - 1.87 2.63
B2O3 18.60 9.18 19.02 9.50 18.87 9.38 15.83 9.54
H2O 36.77 70.14 35.94 69.43 36.23 69.68 24.05 56.02
sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

amixture: quartz (22.6 wt%), G-Al2O3 (30.1 wt%), H3BO3 (47.3 wt%)
bmixture: quartz (31.0 wt%), G-Al2O3 (35.0 wt%), H3BO3 (31.9 wt%), Li2O (2.1wt%)
c5.4 mol/L NaCl fluid prepared with doubly distilled water
dpure H2O fluid

2.2 Powder X-ray diffraction (powder XRD)

In order to identify crystalline phases and determine their abundance in the run products, pow-
der XRD analysis was performed with a STOE Stadi-P diffractometer equipped with a Cu an-
ode operated at 40 kV and 40 mA. Prior to analyses, about 3 mg of dried solid material were
ground in an agate mortar and placed between two X-ray transparent polyimide foils. A primary
Ge monochromator provided convergent Cu-Kα1 radiation. Diffraction patterns were recorded with
a 7° wide position-sensitive detector in transmission between 5° and 125° 2Θ at a step width of
0.01° 2Θ. Unit-cell parameters, other structural parameters and phase proportions were refined
using the GSAS software package for Rietveld refinement (Larson and Von Dreele 2004). For the
Rietveld refinement, the initial structural data for olenitic tourmaline and the olenite reference tour-
maline were taken from the single crystal structure refinement reported in Table 2.2. For quartz and
albite the structural data from Kihara (1990) and Armbruster et al. (1990) were used, respectively.
For rossmantic tourmaline, the structural input parameters of Marler et al. (2002) were used and
modified according to the EMP- and SIMS-determined site occupancies. For spodumene and du-
mortierite crystal structures published in Clark et al. (1969) and Golovastikov (1965) were used,
respectively. For coesite the structural data fromAraki and Zoltai (1969) were used. Starting model
for jeremejevite was the structure reported in Rodellas et al. (1983), which was modified by substi-
tuting F by O2- to account for the absence of F in the experiments (Table 2.1). All X-ray reflections
could be attributed to either of the above named phases.

2.3 Single-crystal X-ray structure refinement (SREF)

Single crystal XRD analyses of synthetic olenitic and rossmantic tourmalines crystals (un-twinned
and inclusion free) were made with a BRUKER APEXII diffractometer equipped with a CCD area
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Table 2.2 Refinement details for SREF of synthetic [4]B-bearing olenitic and rossmanitic tourmalines

Olenitic tourmaline Rossmanitic tourmaline

crystal dimension (μm) 60 ⋅ 25 ⋅ 25 25 ⋅ 35 ⋅ 100
collection mode, 2 Θmax(°) Full sphere, 59.97 Full sphere 59.94
Frame width 2° 2°
Frame scan time (s) 250 200
Detector distance (mm) 25 35
h, k, l ranges -21/21, -21/21, -9/8 -22/22, -22/22, -9/9
total reflections measured 13131 24284
unique reflections 1032 1084
R1*(F), wR2a(F2), Rintb(%) 1.94 %, 4.10%, 4.26% 1.62 %, 4.19%, 4.91%
flack x parameter -0.04(14) 0.05(11)
’observed’ reflections [Fo>4σ(Fo)] 1009 1074
number of refined parameters 95 95
Goodness-of-Fitc 1.113 1.15
Δσmin, Δσmax (e/Å3) -0.43, 0.30 -0.23, 0.27

Notes: X-ray radiation:Mo-Kα (ń= 0.71073Å); Z: 3; space group:R3m (no. 160); multi-scan
absorption correction; refinement on F2. Scan mode: sets of� and Θ scans.
* R1 = Σ| |Fo|- |Fc| | / Σ|Fo|
awR2 = {Σ[w(Fo

2 - Fc
2)2] / Σ[w(Fo

2)2]}1/2

w = 1 / [σ2(Fo
2) + (aP)2 + bP], P = [2Fc

2 + Max(Fo
2,0)] / 3

bRint= Σ|Fo
2 - Fo

2(mean)| / Σ[Fo
2]

cGooF = S = {Σ[w(Fo
2 - Fo

2)2] / (n - p)}1/2
where n is the number of reflections and p is the number of refined parameters. Fo and Fc
are the observed and calculated structure-factor amplitudes. For further details see Sheldrick
(1993).

detector and an Incoatec microfocus source ImS (30 W, multilayer mirror, Mo-Kα). Analyses were
performed by Andreas Ertl and Gerald Giester at the Institut für Mineralogie und Kristallogra-
phie at the University of Vienna, Austria. Single-crystal X-ray diffraction data were collected at
room temperature (up to 60° 2Θ), integrated and corrected for Lorentz and polarization factors
with an absorption correction by evaluation of partial multi-scans. The structure was refined with
SHELXL97 (Sheldrick 1993) using scattering factors for neutral atoms and a tourmaline starting
model from (Ertl et al. 2012). Refinement was performed with anisotropic displacement parame-
ters for all non-hydrogen atoms. The H atom bonded to the O3 atom was located from a difference-
Fourier map and subsequently refined with an isotropic displacement parameter (Uiso). For all
non-hydrogen atoms, refinement was performed with anisotropic displacement parameters, which
were used to calculate an equivalent isotropic displacement parameter (Ueq). Detailed refinement
parameters are compiled in Table 2.2.

2.4 Scanning electron microscopy (SEM)

SEM imaging was performed on a Carl Zeiss SMT Ultra 55 Plus instrument at an accelerating
voltage of 20kV at the GFZ Potsdam. Prior to analyses about 1 mg of the solid experimental run
products were placed on a sticky carbon grid and coated with carbon.
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2.5 Electron microprobe (EMP) analysis

The compositions of synthetic olenitic/rossmanitic tourmaline, jeremejevite, the natural tourmaline
from the Koralpe and the olenite reference tourmaline were determined with wavelength-dispersive
X-ray spectroscopy (WDX) using a JEOL Hyperprobe JXA-8500F at the GfZ Potsdam equipped
with a thermal field emission gun and 5 spectrometers. Prior to analyses, the samples were embed-
ded in a 1 inch epoxy holder and subsequently polished and carbon coated.

To avoid disintegration of the delicate synthetic crystals during analyses a low beam current of
5 nA was used. Accelerating voltages of 10 kV, a small beam diameter of 1-2 μm and a careful se-
lection of measurement spots ensured that the stimulated volume was not contaminated by phases
other than the one of interest. The natural Koralpe tourmaline was investigated under identical
conditions. For the olenite reference tourmaline only the beam diameter varied and was adjusted
to 10 μm. A liquid nitrogen cold trap was used to reduce effects of hydrocarbon contamination.
Natural minerals were used as standards: for B (schorl), for Al (schorl or pyrope), for Si (ortho-
clase or pyrope) for Ca (wollastonite or diopside), for Mg (periclase or diopside), for Na (jadeite),
for K (orthoclase), for Mn (rhodonite), for Fe (hematite) and for Ti (rutile). Counting times on the
peaks/background were 20/10 s for Si, 80/40 s for B and 30/15 s for all other elements. Background
intensities were collected at higher and lower energies relative to the corresponding Kα-line. Raw
data were processed by applying a F(ρZ) correction scheme (CITZAF; Armstrong 1995). Maxi-
mum uncertainty (2 RSD) and detection limits under these conditions are: 1% and 110 ppm for Al,
1.2% and 160 ppm for Si, 5% and 80 ppm for Na, 5% and 1350 ppm for B, 6% and 160 ppm for
Ca, 20% and 560 ppm for Fe, 50% and 80 ppm for Mg, 120% and 480 ppm for Mn, 120% and 100
ppm for K, 180% and 270 ppm for Ti. High maximum uncertainty for the latter 5 elements results
from their low concentration in the olenite reference tourmaline compared to the concentration in
the corresponding standard. Accuracy of the analytical protocol with respect to B-concentrations
was verified using natural tourmaline from the Koralpe as an internal reference (see Chapter 4).
Element maps of one acicular synthetic olenite crystal in Chapter 4 were recorded in WDX mode
using a “zero diameter” beam at an accelerating voltage of 6.0 kV and a probe current of 20 nA. In
the stage-scanning mode a step size of 0.2 μm was used in X and Y directions. The counting time
for each step was 2000 ms.

Kalt et al. (2001) reported that the natural tourmaline from the Koralpe (including the olenite
reference tourmaline) contain minor amounts of Li2O (0.47 - 0.49 wt%), F (0.09 - 0.11 wt%) and
ZnO: (0.04 - 0.06 wt%), which were not analyzed in our study.

For calculation of tourmaline formulae, the EMP data was normalized to 18 cations at the Y, Z,
T and B sites assuming Fetot = Fe

2+ and Mntot = Mn
2+. In addition, another normalization scheme

was applied for the synthetic rossmanitic tourmaline, namely normalizing the EMP data to 31
oxygen anions. Chemical analyses for jeremejevite were normalized to 6 Al to calculate structural
formulae. Hydrogen contents were calculated in order to achieve charge balance.

2.6 Transmission electron microscopy (TEM)

In order investigate the textural relationships of the run products at high spatial resolution an elec-
tron transparent foil was prepared from the 0.5 h experiment with focused ion beam (FIB) tech-
nique. The specimen included all phases detected by the Rietveld refinement. Details of the FIB
sample preparation are given by Wirth (2004). TEM was performed in a Tecnai F20 X-twin with a
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Schottky field emitter as electron source. The instrument was operated at 200 kV and is equipped
with a Gatan imaging filter (GIF) for the acquisition of energy-filtered images or lattice fringe im-
ages applying a 20 eVwindow to the zero loss peak. High-angle annular dark field (HAADF) imag-
ing was performed in Z-contrast imaging mode using a camera length of 75 mm with a Fishione
detector system. Energy dispersive analyses (EDX) were acquired to determine phase compositions
using an EDAX detector with ultra-thin window in the scanning transmission mode (STEM) in a
100 ⋅ 100 nm window to reduce mass loss during the measurement.

2.7 Polarized single-crystal Raman spectroscopy

Room temperature spectra of synthetic olenite, rossmanite and the natural olenite from the Koralpe
were recorded by using a HORIBA Jobin LabRAMHR800 UV-VIS spectrometer with a grating of
1800 grooves/mm. The 488 nm line of a coherent Ar+ laser model Innova 70-3 was used for excita-
tion. Laser power was 145 mW during measurements of the synthetic olenite and natural Koralpe
tourmaline and 280 mW and for measurements of the synthetic rossmanite, corresponding to 20
and 40 mW on the sample, respectively. The inherent polarization of the excitation laser light is
coincident with the y direction of the microscope stage (N-S direction), which allowed orientation-
dependent measurements with the electric field vector (E) of the light parallel and perpendicular
to the crystallographic c axis (E G c and E ⟂ c) by rotating the sample. Using a 100× objective,
spot sizes were 3-5 μm. Energy of the scattered photons was determined with a peltier cooled CCD
detector at a resolution of about 1 cm-1. Acquisition time for each spectrum was 20 s for synthetic
olenite and natural Koralpe olenite and 25 s for the synthetic rossmanite. For noise reduction 10
accumulations for the synthetic olenite and natural Koralpe olenite and 20 for the synthetic ross-
manite were performed. The region of the OH-stretching vibration was monitored between 2800
and 4000 cm-1. Three spectral windows were required resulting in a total time of 10 min per mea-
surement of the synthetic olenite and natural Koralpe tourmaline and 25 min for measurements of
the synthetic rossmanite.

Measurements of the synthetic tourmaline were performed on crystals placed on a KBr pellet,
whereas Raman spectra of natural Koralpe olenite were recorded from an epoxy-embedded crystal,
which previously has been analyzed by EMP. KBr pellets where chosen in order to avoid spectral
contributions from the supporting medium during measurements of the small synthetic crystals.
Prior to the Raman measurements the carbon coating of the epoxy mount was removed and all
samples were heated overnight at 170°C to remove adsorbed surface water. Blank measurements
on the KBr pellet before and after the acquisition of the tourmaline spectra proved that spectral
contribution of remaining surface water is below the detection limit.

After subtracting a linear background, the spectra were fitted with the program PeakFit by
Jandel Scientific. Peak shape functions were set to Gaussians in case of synthetic olenite crystals
and the natural Koralpe olenite, whereas for the synthetic rossmanite pseudo-Voigt functions were
used. The criterion for the maximum number of functions included in the fit was ΔIrel <Irel ⋅ 0.5
where Irel is the relative integrated intensity of a particular band and ΔIrel its uncertainty. Uncer-
tainty of band position, Irel and full width at half maximum (FWHM) are estimated by the standard
deviation (1 SD) derived from the fit itself if n=1. In case n>1, the uncertainty is estimated as the
standard deviation (1 SD) of n measurements. The r2 value (goodness) of the individual fit is 0.999
for measurements of the synthetic olenite crystals and the natural Koralpe olenite and 0.9999 for
the synthetic rossmanite.

15



Chapter 2

2.8 Multi-collector plasma source mass spectroscopy (MC-ICP-MS)

Boron isotope ratios were determined for powdered whole rock samples of the Pfitsch Formation,
the olenite reference tourmaline and the bulk solids and fluids of the olenite syntheses experiments.
Boron concentrations were determined for the whole rock samples of the Pfitsch Formation and the
fluids of the olenite synthesis experiments. Prior to analyses, all solid samples have been ground in
an agate mortar. To extract the fluids of the olenite syntheses experiments, the capsules were first
pierced under doubly distilled water and then completely opened and rinsed with doubly distilled
water, and finally extracted from a petri dish. This procedure was repeated until 50 ml of diluted
fluid was recovered.

All MC-ICP-MS analyses have been conducted by Anette Meixner in the Isotope Geochem-
istry Laboratory at theMARUM-Centre forMarine Environmental Sciences, University of Bremen
(Germany). Sample dissolution and separation procedure of high-concentrated boron solid samples
followed the procedure described in Romer et al. (2014) that was modified from Kasemann et al.
(2001) and Tonarini et al. (1997). For analyses of the solid run products of the olenite synthesis
experiments, 0.5-1 mg were fused with K2CO3 (1:200) in Pt crucibles, and the resulting melt cake
was dissolved in ultrapure water. For the olenite reference tourmaline and the whole rock sam-
ples of the Pfitsch Formation, 2 mg and 10-250 mg of sample were used, respectively. An aliquot
of sample solution usually containing 2-10 µg B was passed through a two-step anion-cation col-
umn separation (Romer et al. 2014). Boron contained in the fluid samples was purified on sample
aliquots of about 1.5 µg B using the cation column separation and 60 µg Mannitol as complexing
agent. B loss during separation can result in significant isotopic fractionation. Therefore, each sep-
aration step was checked for B loss collecting 2 ml of the tail fraction. In all cases, more than 99.6
% of the B was collected in the main fraction.

Standard reference materials including NIST SRM 951 were processed with the samples for
monitoring the accuracy of the analytical procedure. The procedure blank was always less than 10
ng B and had no influence on the isotopic composition at the given sample size of 1.5 to 10 µg B.
Purified samples and standard reference materials were dissolved in 2% HNO3 and matched to a
100 ppb B (± 5%) NIST SRM 951 reference solution. Boron concentrations and isotope ratios were
analyzed on a MC-ICP-MS Neptune Plus (ThermoFisher Scientific) equipped with the SIS (stable
introduction system) and a high-efficiency x-cone using the standard-sample bracketing method
and 2% HNO3 as baseline for correction. B isotope ratios are reported relative to standard boric
acid NIST SRM 951 [δ11B = [(11B/10B)sample/(11B/10B)NIST SRM 951] - 1]. The boric acid NIST
SRM 951 has a measured δ11B of -0.1 ± 0.1%� (2 SD, n=5). Internal laboratory seawater standard
(bottom seawater taken from SuSu Knolls, eastern Manus basin) has a δ11B of +39.8 ± 0.1%� (2
SD), which is within the range for modern seawater +39.6 ± 0.2%� (2 SD) determined by Foster
et al. (2010).

Agreement of both, NIST SRM 951 and the internal laboratory seawater standard proof the
accuracy of the determination of B isotope ratios in fluid samples. Additionally solid standard
reference materials B4 (tourmaline), B5 (basalt), B8 (clay) and TB (schist) were processed together
with the samples and yield B isotope ratios and B concentrations in agreement with published
values, which underlines the accuracy of the analytical procedure involving sample dissolution and
separation of boron from solid samples (Table 2.3). From repeated analysis of geologic reference
materials, the external precision is estimated to be better than 0.2%� (2 SD) for δ11Bsolid/fluid and
better than 6% (2 RSD) for B concentration.
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Table 2.3 B contents and isotopic compositions of solid reference materials determined by MC-ICP-MS

Reference material n This study Literature Refa
(description/source) δ

11B (%�) B (ppm) δ
11B (%�) B (ppm)

B4 (tourmaline/IAEA) 2 -9.0 ± 0.1 30000 ± 2000 (-8.7) - (-8.9) 28700 2, 3
B5 (basalt/IAEA) 3 -4.3 ± 0.2 9.3 ± 0.4 (-1.6) - (-5.5) 8.9 - 11.3 3, 8
B8 (clay/IAEA) 1 -5.3 94 (-4.3) - (-6.1) 96 - 107 3, 4, 5, 8
TB (clay shale/ZGI) 2 -11.6 ± 0.2 80 ± 1 (-10.95) - (-12.56) 86 - 90 6, 7, 8
Note: If n >1, uncertainties for δ11B and B concentrations are presented, which denote the standard
deviation (2 SD) of n measurements of the same standard.
For the literature data only the range in mean values is presented.
a References: (1) Tonarini et al. (2003) (2) Meyer et al. (2008) (3) Gonfiantini et al. (2003) (4) Gurenko
et al. (2005) (5) Romer et al. (2005) (6) Govindaraju (1994) (7) Rosner and Meixner (2004) (8) Romer
et al. (2014)

2.9 Secondary ion mass spectroscopy (SIMS)

2.9.1 Measurement of Li concentration

The lithium concentration of synthetic rossmanitic tourmaline was determined with the CAMECA
1280-HR instrument at the GFZ-Potsdam (GFZ German Research Centre for Geosciences 2016),
using the polished grain mount from EMP analysis after removal of the carbon coat, washing in
ethanol in an ultrasonic bath and applying a 35nm high-purity gold coat. SIMS analyses employed
at 4 nA, 16O primary ion beam with an energy of 23 keV, resulting in a beam diameter of approxi-
mately 5 µm at the sample surface. Positive secondary ions were extracted using a +10 kV potential
as applied to the sample holder, with no offset voltage. Each analysis was preceded by a 90 second
pre-sputtering to remove the gold coat and establish steady sputter conditions. The analyses were
done in single-collection peak-stepping mode using Faraday cups. Each analysis consisted of 10
cycles, with each cycle consisting of the sequence 7Li (2 seconds integration time), dwell time
(1 second) and 28Si (1 second integration time). The mass resolution of the instrument was set at
M/ΔM ≈ 2450. The typical count rate for 7Li under these conditions was approximately 6 ⋅ 108
ions per second. The total data collection time for a single point was 110 seconds.

Analytical quality was monitored by multiple measurements of the reference tourmaline Har-
vard 98144 (elbaite) described in Dyar et al. (2001). A slight drift occurred over the measurement
period of 7 hours, which was accounted for by a linear drift correction based on multiple measure-
ment of the elbaite reference tourmaline. Repeatability of 7Li/28Si ratios is better than 1 % (1 RSD)
after and better than 2 % (1 RSD) before drift correction. The internal precision of a single analysis
is better than 2 % (1 RSD). The lithium concentrations of synthetic tourmalines were calculated
using the following formula:

Li2O(wt%)real, sample =

[Li2O(wt%)
SiO2(wt%)

]

real, reference ⋅
[

7Li
28Si

]

meas, sample
[

7Li
28Si

]

meas, reference

⋅ SiO2(wt%)real, sample

Calibration was made using average 7Li/28Si of the reference elbaite (1.17). Its SiO2 con-
tent (37.10 wt%) was calculated from the crystal X-ray structure refinement in Dyar et al. (2001),
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whereas SiO2 contents of the synthetic rossmanitic tourmaline (35.11 wt%) were taken from the
average of EMP measurements (Chapter 5). Because the Li2O concentrations of the reference el-
baite vary depending on the analytical technique, a mean value of 1.16 wt% Li2O is used, which
is calculated from the results of three independent measurements reported in Dyar et al. (2001).
These are: 1.33 wt% Li2O determined with proton-induced gamma-ray emission (PIGE), 0.98 wt%
determined with flame atomic absorption spectroscopy (FlameAAS) and 1.17 wt% calculated from
a single crystal structure refinement (SREF). The result of a single SIMS measurement (Li2O =
0.31 wt%) strongly deviates from the results of the other methods. Following Dyar et al. (2001),
this is likely due to a matrix-induced bias (see below) caused by their analytical protocol and hence
the value is not considered in the calibration. The largest source of error arises from the uncertainty
of the Li2O concentrations in the reference elbaite. Based on the standard deviation from its mean
Li2O concentration, the accuracy of our Li2O measurements is estimated to be better than 20 %.

Using the above calibration, the Li2O concentration of spodumene, which formed as a by-
product, has been determined by measuring 7Li/28Si ratios of 4 grains and using a SiO2 content
of 64.58 wt% calculated from the ideal spodumene formula (LiAlSi2O6). The SIMS derived Li2O
concentrations are in very good agreement with the stoichiometric Li2O content in spodemene
(7.96 wt% vs. 8.03 wt%). Hence, it is reasonable to assume that our calibration is accurate.

2.9.2 Measurement of B isotope ratios

Matrix effects during analysis of B isotope ratios in tourmaline During SIMS analysis, ma-
terial is sputtered from the sample surface using a focused ion beam. As the sputtering process
involves momentum and energy transfer between the primary and secondary ions, the secondary
ion yield is mass-dependent and typically the yield of the lighter isotope is enhanced (Shimizu
and Hart 1982 and references therein). Thus, the sputtering process biases the real ratio of stable
isotopes (11B/10B)real, which is referred to as instrumental mass fractionation (IMF). The IMF is
empirically defined as:

IMF = (11B∕10B)meas
(11B∕10B)real

In order to obtain meaningful results, the B isotope ratios measured by SIMS, (11B/10B)meas have
to be corrected for instrumental mass fractionation with:

(11B∕10B)real, sample =
(11B∕10B)meas, sample ⋅ (11B∕10B)real, reference

(11B∕10B)meas, reference

In practice, this is realized by measuring a well-characterized and homogeneous reference mate-
rial from which the (11B/10B)real is known from independent analysis (e.g.MC-ICP-MS or thermal
ionization mass spectroscopy). Given that (i) the matrices of reference material and sample agree
and (ii) reference material and sample are measured under the same analytical conditions and (iii)
within a narrow timeframe, (11B/10B)real, sample values are likely to be accurate. Whereas the points
(ii) and (iii) are realized in the majority of B isotope studies, a matrix mismatch may impose a sys-
tematic error known as matrix effect. This is illustrated by two studies that determined the B isotope
ratios of natural elbaite from three localities. Shabaga et al. (2010) found extremely negative B iso-
tope ratios of -19.1 to -42.4%� using NIST 610 glass as a reference material. More accurate values
of -0.9 to -16.9%� were later obtained by re-investigations of the same samples using tourmalines
as reference material Ludwig et al. (2011).
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Figure 2.1 Difference of the IMF value of various reference tourmalines (IMFref tur) and the IMF of dravite
(IMFdravite) calculated from the literature data (Table 2.5) and data obtained in this study (Table 2.6). The
location of the SIMS device is indicated (He: Heidelberg, Po: Potsdam, Ed: Edinburgh). Error bars include
repeatability of both dravite and the respective reference tourmaline. Whereas the IMF of schorl is ten-
dentially higher compared to dravite, the IMF of elbaite is tendentially lower, pointing to compositionally
induced matrix effects during SIMS analysis of tourmaline. For more information see text.
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Figure 2.2 Compositions of reference tourmalines in FeO-MgO-Al2O3 ternary space based on concentra-
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olenites (black circle), whereas compositions of tourmalines from the Pfitsch Formation (Berryman 2016)
studied by SIMS (black ellipse) are closely bracketed by dravite, schorl and B4
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Table 2.4 Chemical composition (wt%) of the reference tourmalines

olenite dravite schorl elbaite B4
BSE-light BSE-dark mean(n=46) 108796 112566 98114

SiO2 33.19 32.77 32.80(60) 35.28(12) 34.11(12) 37.41(14) 34.40(16)
TiO2 0.00 0.07 0.07(6) 1.63(10) 0.63(6) 0.30(3) n.d.
B2O3 10.68 11.42 11.36(31) 10.86 (52) 11.41(60) 8.33(53) 10.79(19)
Al2O3 44.52 45.67 45.60(1.04) 22.31(30) 33.52(15) 36.39(16) 34.85(12)
FeO 2.86 1.51 1.72(0.73) 13.99(39) 13.85(2) 6.67(13) 14.25(40)
MnO 0.00 0.00 0.05(5) 0.02(3) 1.30(8) 0.34(5) 0.18(3)
MgO 0.04 0.28 0.1(1) 8.66(11) 0.21(1) 0.92(9) 1.51(27)
CaO 1.48 1.10 1.3(2) 2.54(4) 0.12(1) 0.12(1) 0.33(1)
Na2O 1.18 1.41 1.2(1) 1.49(4) 1.91(3) 2.53(4) 1.83(7)
K2O 0.00 0.02 0.01(1) 0.06(1) 0.04(1) 0.02(1) 0.04(1)
Li2O n.d. n.d. n.d. n.d. 0.09(2)a 1.33(9)a n.d.
H2O n.d. n.d. n.d. 2.59(6)b 2.85(4)b 2.85(2)b n.d.
Total 94.05 94.25 94.90 96.84 99.78 100.04 98.18
mean composition for dravite, schorl and elbaite from Dyar et al. (2001). For B4, mean composition of
fragment 3 is reported (Tonarini et al. 2003)
All components derived by EMP analyses except:
a determined by proton-induced gamma-ray emmision
b determined by uranium extraction

Among the tourmalines reference materials, the following are the best established: Harvard
112566 (schorl), Harvard 108796 (dravite), Harvard 98114 (elbaite) specified in Dyar et al. (2001);
Leeman and Tonarini (2001), and B4 described in Tonarini et al. (2003). Whereas some studies
exclude that differences in their composition (Table 2.4) cause a bias on SIMS derived B isotope
ratios (e.g. Marschall et al. 2006; Nakano and Nakamura 2001), other studies describe a severe
matrix effect, with the main discrepancies found between elbaite and schorl (e.g.MacGregor et al.
2013; Chaussidon and Albarède 1992). A compilation of IMF values of dravite, schorl, elbaite and
B4 reference tourmalines (measured with a particular analytical setup on a particular day) is pre-
sented as reported in the literature (Table 2.5) and in this study (Table 2.6). In fact, a general trend
is apparent, with schorl showing a positive offset and elbaite showing a negative offset compared
to the IMF of dravite (Fig. 2.1). The values of the B4 tourmaline are more rather scattered, which
might be explained by small-scale isotopic heterogeneity. Based on this observation matrix effects
during SIMS B Isotope analyses of tourmaline have to be taken into account.

For SIMS analyses of tourmaline from the Pfitsch Formation (Chapter 3) the matrix effect is
rather unproblematic as the matrix of the reference tourmalines brackets the matrix of the analyzed
tourmalines (Fig. 2.2). However, in case of the synthetic olenitic tourmaline analysed in Chapter
7, none of the reference tourmalines available provides a sufficient matrix match (Fig. 2.2). Hence,
additionally, a natural [4]B-bearing olenite from the Koralpe (Ertl et al. 1997) has been used as a
new in-house reference tourmaline in order to optimize the matrix match and hence the accuracy
of the SIMS measurements. In the following, a detailed characterization of the olenite reference
tourmaline is presented.
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Table 2.5 Literature compilation of instrumental mass fractionation and external precision of various reference tourmalines

Study SIMS device analysis date schorl 112566 dravite 108796 elbaite 98114 B4
IMF rep (%�) n IMF rep (%�) n IMF rep (%�) n IMF rep (%�) n

a Cameca ims 3f Oct/2011 0.9580 0.21 5 0.9567 0.42 5 0.9563 0.52 5 not measured
(Heidelberg) Dec/2011 0.9572 0.21 6 0.9557 0.31 5 0.9551 0.31 5 not measured

b Cameca ims 6f 1/15/2010 not measured 0.9795 0.52 3 0.9768 0.41 3 0.9773 1.64 3
(Potsdam) 1/18/2010 not measured 0.9794 0.72 2 0.9762 0.36 2 0.9783 0.72 2

c Cameca ims 6f 12/13/2006 0.9527 0.37 2 0.9531 0.42 3 0.9508 0.12 3 0.9529 0.30 3
(Potsdam) 12/14/2006 0.9518 0.22 2 0.9524 0.22 2 0.9493 0.89 2 0.9524 0.74 2

3/27/2007 0.9506 0.61 3 0.9498 0.69 3 not measured not measured
d Cameca ims 6f 24/01/2005 0.9550 0.66 4 0.9532 1.38 5 0.9519 1.14 5 not measured

(Potsdam)
e Cameca ims 4f ? 0.9682 1.14 24 0.9647 1.66 42 0.9631 1.14 93 not measured

(Edinburgh)
f Cameca 1280-HR 01/17/2014 0.9656 0.61 ? 0.9650 0.78 ? not measured not measured

(Potsdam) 01/20/2014 0.9655 0.58 ? 0.9647 0.70 ? not measured not measured
01/21/2014 0.9656 0.54 ? 0.9649 0.65 ? not measured not measured
01/22/2014 0.9637 0.52 ? 0.9632 0.58 ? not measured not measured

Note: a = Ludwig et al. (2011) b = Trumbull et al. (2013) c = Trumbull et al. (2009) d = Trumbull et al. (2008) e = MacGregor et al. (2013)
f = Farber et al. (2015)
IMF = (11B/10B)meas/(11B/10B)real; (11B/10B)real for schorl, dravite and elbaite from Dyar et al. (2001); for B4 from Tonarini et al. (2003)
rep = repeatability based on multiple (n) analyses of each reference tourmaline: (standard deviation/mean) ⋅1000
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Composition, homogeneity and B isotope ratio of the olenite reference tourmaline as a new
in-house reference tourmaline for SIMS analyses A whole rock specimen of about 2⋅3 cm in
size from the Koralpe pegmatite east of the Stoffhütte was made available by Andreas Ertl. The
specimen was collected about 2 cm away from the contact of the pegmatite to its host rock, which is
a mylonitic garnet-mica schist. For more geologic background information see Capter 4, Kalt et al.
(2001) and references therein. From that specimen, a 2⋅1.75⋅1 mm sized, pale green tourmaline
crystal was cut, which was macroscopically homogeneous in color. The tourmaline crystal was
tested for its applicability as an in-house reference material for SIMS analysis. Therefore, it was cut
into halves, of which one (about 2 mg) was powdered whereas the other was embedded in a 1-inch
epoxy holder and polished (Fig. 2.3). Phase proportions and B isotope ratios were determined on
the powdered sample by powder X-Ray diffraction andMC-ICP-MS, respectively. Homogeneity in
terms of major element chemistry and B isotope ratios was determined by EMP and SIMS analyses
on the epoxy mount.

100 µm

tur

tur

qtz

qtz
ab

ab

ms

tur

Figure 2.3 Backscattered electron image of the olenite reference tourmaline used for SIMS and EMP anal-
yses. Tourmaline (tur) shows slight patchy zonation with BSE light and BSE dark areas and coexists with
quartz (qtz), albite (ab), and muscovite (ms).

In backscattered electron mode, the reference tourmaline crystal appears as an intergrowth
with albite and quartz. Additionally, accessory muscovite has been detected. The tourmaline itself
shows a faint patchy zonation (Fig. 2.3) with higher FeO, higher SiO2 and lower Al2O3 contents
distinguishing the BSE-light areas from the BSE-dark areas. Altogether 46 microprobe analyses
were performed across the tourmaline, measuring both BSE-light and BSE-dark areas. Variations
in B2O3 concentrations are within the precision of the EMP and hence are considered constant,
whereas variations of Al2O3, FeO and SiO2 (Table 2.4) slightly exceed the precision of the micro-
probe. However, the inhomogeneity of the olenite reference material in terms of major elements is
small compared to the differences in composition between reference tourmalines (Table 2.4) and
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hence, a bias of the SIMS analyses due to intracrystalline chemical variation of the olenite refer-
ence tourmaline is excluded. Normalizing the averaged microprobe data to 18 cations on the Y, Z,
T and B sites, yields the following chemical formula:

X(Na0.40(3)Ca0.24(3)�0.36(3))
Y(Al2.74(11)Fe

2+
0.24(10)Mg0.02(2)Ti0.01(1))

Z(Al6.00)
T(Si5.48(10)B0.28(8)Al0.24(9))O18(BO3)3

V+W[O2.11(10)(OH)1.89(10)]

A SIMS B isotope homogeneity test was performed on the same mount by measuring 11B/10B
ratios across the olenite reference tourmaline in 3 clusters (one in the center and two at opposite
edges). Each cluster consisted of 5 points (15 measurements altogether) whereby within each clus-
ter BSE-dark and BSE-light areas were sampled. No systematic difference between clusters and
BSE-light and BSE-dark areas was detected and the mean 11B/10B is 3.9411(13). This corresponds
to a repeatability of 0.33%� (1 RSD), which is in the range of the repeatability obtained for other ref-
erence tourmalines (Table 2.6). Hence, the olenite reference tourmaline is considered isotopically
homogeneous.

Independent determination of the B isotope ratio of the olenite by MC-ICP-MS yielded a
11B/10B ratio of 4.038 ± 0.0008 (2 SD) corresponding to a δ11B of -1.4 ± 0.2%�. The Rietveld
refinement of a fraction of the same sample (Dwd: 1.551, X2 = 0.9724) results in the following
phase proportions: tourmaline 95 (1) wt%, quartz 3 (1) wt% and traces of albite 2 (1) wt%. In con-
trast to the epoxy mount, muscovite has not been detected. Unit cell parameters of the tourmaline
are: a = 15.7979(5)Å, c = 7.0823(4)Å and V = 1530.8 (2)Å3. Boron contents of albite and quartz
were both below the detection limit during EMP analysis (0.41 wt% B2O3), which is taken as a
maximum estimate for their B concentrations. In combination with the average B concentration in
tourmaline obtained from EMP analyses (11.36 wt% B2O3) and the phase proportions derived by
powder XRD, it is calculated that more than 99.8 wt% of the total boron is hosted in tourmaline.
Hence it is reasonable to assume that the B isotope ratios obtained by MC-ICP-MS derive from the
olenite reference tourmaline only.

Analytical conditions SIMS analyses were performed with the Cameca 1280-HR SIMS instru-
ment at the GFZ in Potsdam. Samples were prepared as 1-inch flat and polished epoxy mounts,
which were cleaned with ethanol in an ultrasonic bath, then sputter coated in vacuum with 35 nm
of high-purity gold. Analyses for the Pfitsch Formation samples were performed during 5 days
(01/26-01/28/2015 and 07/30-07/31/2015). Within the long period of time, similar IMF values
were obtained for a particular reference tourmaline. Hence, all IMF values for a particular refer-
ence tourmaline were averaged and accordingly, the 5 measurements days are combined into one
measurement session (S1). The synthetic olenite crystals from the 216 h experiment were analyzed
during 2 days and a significant difference in daily IMF values for dravite was noted. Hence, differ-
ent IMF values according to the measurement day were used for correction (07/28/2015 = S2 and
06/06/2016 = S3).

In the following, analytical conditions of S1 are presented. In case these varied during S2 or
S3, the difference is indicated in squared brackets. The analyses were done with a nominal 13 kV,
5 nA 16O primary beam [S3: 3 nA], focused to a ∼5 μm [S3: 4μm] spot on the sample surface.
Each analysis was preceded by a 90 s preburn on a 10 μm ⋅ 10 μm raster to remove the gold coating
and establish stable sputtering conditions. Positive secondary ions were extracted using a +10
kV potential applied to the sample holder. A 400 μm diameter contrast aperture, a 3000 μm field
aperture [S3: 4000μm] and a 50 V energy windowwere used without application of a voltage offset.
The instrument was operated at a mass resolving power of M/ΔM ∼ 2400, which is sufficient to
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separate the 11B+ from the 10B1H+ mass station (ΔM = 900) and 10B+ from the 9Be1H+ mass
stations (ΔM= 1400). Faraday cup multi-collection was applied for simultaneous measurement of
10B and 11B. The typical count rates under these conditions were 1.3 ⋅ 107 ions per second for 11B
[S2: 1.6 ⋅ 107; S3: 1.4 ⋅ 107] and 0.35 ⋅ 107 ions per second for 10B [S2: 0.41 ⋅ 107; S3: 0.36 ⋅ 107].
Each analysis comprised 20 mass scans (4 blocks of 5), resulting in a total analysis time of about
3 minutes. In S3, a drift occurred over the measurement period of 5 hours, which was accounted
for using a linear regression based on multiple measurement of the olenite reference tourmaline.
During S1 and S2 and the homogeneity test on the olenite reference tourmaline no instrumental
drift occurred.

Instrumental mass fractionation (IMF) and analytical quality were monitored by multiple daily
measurements of the reference tourmalines Harvard 112566 (schorl), Harvard 108796 (dravite)
and B4 (intermediate schorl-dravite) [S2: Harvard 112566 (schorl) and Harvard 108796 (dravite);
S2: Harvard 108796 (dravite), Harvard 98114 (elbaite), and olenite]. The internal precision of a
single analysis, expressed as the relative standard deviation from the mean of 20 cycles is better
than 0.2%� (1 RSDmean, Table 2.6). However, a more reliable estimate of the precision is obtained
by calculating the pooled relative standard deviation of the single relative standard deviations (1
RSD) obtained for multiple daily measurements of a particular reference tourmaline (Table 2.6).
Thereby the precision of is better than 0.4%� (1 RSD).

As explained above, to obtain meaningful (11B/10B)real, sample values, all (11B/10B)meas, sample
have to be corrected for instrumental mass fraction. For the analyses of the tourmaline of the Pfitsch
Formation during S1, an average IMF approach is followed using the average IMF values of all ref-
erence tourmaline (Table 2.6). Their standard deviation is 1.1%� (1 RSD), which is the estimate of
the accuracy during S1. For the measurement of the synthetic olenitic tourmaline during S2 and S3,
a single IMF approach is followed, using the IMF value obtained for a particular reference tourma-
line. Finally, δ11Bvalueswere calculated relative toNIST SRM951 using the certified 11B/10B ratio
of 4.04362 from Catanzaro (1970) and [δ11B (%�) = [(11B/10B)real, sample/(11B/10B)NIST SRM 951) -
1⋅1000]. Within the range of the 11B/10B ratios obtained in this study, which are close to the NIST
SRM 951 value, the relative standard deviation (RSD) of 11B/10B values (in%�) is considered equal
to the standard deviation (SD) of δ11B values (in%�).
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Table 2.6 Summary of SIMS B isotope analyses of reference tourmalines

session n (11B/10B)meas 1 RSDmean(%�)a IMFb δ
11B(%�)c

schorl 112566: (11B/10B)real = 3.993 and δ11B = -12.5%�
S1 46 3.904 0.2 0.9777 -12.3
1 RSD (%�)d 0.17 0.17
S2 3 3.896 0.1 0.9757 -11.7
1 RSD (%�)d 0.14 0.14

dravite 108796: (11B/10B)real = 4.017 and δ11B = -6.6%�
S1 50 3.922 0.2 0.9764 -7.8
1 RSD (%�)d 0.35 0.35
S2 3 3.913 0.2 0.9741 -7.4
1 RSD (%�)d 0.31 0.31
S3 5 3.930 0.1 0.9783 -4.5
1 RSD (%�)d 0.18 0.18

B4: (11B/10B)real = 4.008 and δ11B = -8.9%�
S1 23 3.922 0.2 0.9785 -7.8
1 RSD (%�)d 0.22 0.22

elbaite 98114: (11B/10B)real = 4.001 and δ11B = -10.5%�
S3 16 3.901 0.1 0.9750 -11.9
1 RSD (%�)d 0.31 0.31

olenite Koralpe: (11B/10B)real = 4.038 and δ11B = -1.4%�
S3 13 3.940 0.2 0.9757 -2.0
1 RSD (%�)d 0.48 0.48
Note: (11B/10B)meas, internal precision, IMF and δ11B given as average of n measurements of
each reference tourmaline acquired in a particular session.
ainternal precision for a single analysis consisting of 20 cycles.
1 RSDmean(%�) = [(standard deviation/200.5)/mean]⋅1000.
bInstrumental mass fractionation; IMF = (11B/10B)meas/(11B/10B)real.cCorrected with average IMF of all reference tourmalines for a particular session: 0.9775 (S1)
0.9749 (S2); 0.9763 (S3) and calculated relative to 11B10B = 4.04362 of NBS SRM 951.
dRepeatability based on multiple analysis of each reference tourmaline (standard
deviation/mean)⋅1000.
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3 | Boron source, genesis and pathway
of tourmaline mineralizing fluids
in the Pfitsch Formation (Western
Tauern Window, Alps)

Contents of this Chapter are published in Lithos 284-285:138-155. Here and in Berryman (2016)
more data on tourmaline textures, inclusion mineralogy, sector zoning thermometry and major and
trace element composition of tourmaline andwhole rock samples are available. All of the aforemen-
tioned data has been collected and discussed by EJ Berryman. Sample collection and description
of their mineralogy and occurence in the field has been realized by EJ Berryman (including Fig.
3.1 and Fig. 3.2 and Fig. 3.3). Summary on metamorphism in the W Tauern Window is modified
from the manuscript version written by EJ Berryman.

3.1 Introduction and approach

The post-Variscan sedimentary evolution in the Tauern Window has been intensively studied on
the example of the Pfitsch-Mörchner basin (Veselá and Lammerer 2008), which comprises a well
documented sedimentary succession known as the Pfitsch Formation (Veselá and Lammerer 2008).
Both, the widespread occurrence of tourmaline, such as its varying abundance, point to extensive
fluid movements within the Pfitsch Formation. Whereas its alpine P-T history and geodynamics
are well understood (see below), little is known about the fluid history during pro- and retrograde
metamorphism. In this study, a combination of intracrystalline B isotope variations determined
by SIMS, B concentrations and B isotope ratios of whole rocks determined by MC-ICP-MS and
Rayleigh fractionation modeling is used, to constrain fluid movements and the source of B that led
to the extensive tourmaline mineralization in the Pfitsch Formation. The first Chapter will serve as
an example to illustrate the strength of B isotopes in tourmaline as a petrogenetic indicator.

3.2 Metamorphism in the W Tauern Window

The Tauern Window is a tectonic window in the eastern Alps exposing part of the Subpenninic
and Penninic units, which are otherwise covered by the overthrusted Austroalpine superunit (Fig.
3.1). Within the Subpenninic units, exposed at the core of the TauernWindow, the stratigraphically
lowermost tectonic unit consists of Variscan basement rocks, which include amphibolite, serpen-
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tinite, and garnet-graphite schist (e.g. Schmid et al. 2013 and references therein). These have been
intruded by late Variscan granitoids (Ahorn, Tux and Zillertal gneiss), which in turn are overlayn
by a post-variscan sedimentary cover. During alpine metamorphism, granitoids and sedimentary
cover were stacked into nappes forming the Veniger Duplex (e.g. Frisch 1980; Lammerer et al.
2008; Schmid et al. 2013). Peak-metamorphism is estimated to have occured at temperatures up
to 500-550°C (Selverstone et al. 1984; Oberhänsli et al. 2004; Schuster et al. 2004, and references
therein) and pressures up to 1.0-1.1 GPa (Selverstone et al. 1984). Decompression was rapid and
nearly isothermal (Selverstone et al. 1984) during orogen-parallel exhumation (e.g. Ratschbacher
et al. 1991) and large-scale E-W extension (Frisch et al. 2000). The boundaries between the main
nappes (Ahorn, Tux and Zillertal Nappes) are defined by the sedimentary cover, which has been
squeezed and folded into elongated basins striking ENE-WSE (Veselá and Lammerer 2008; Petra
et al. 2011) among which the Pfitsch-Mörchner basin is a well-studied example.
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Figure 3.1 Geological sketch map of the western Tauern Window emphasizing the exposed units of the
Subpenninic Nappes (modified after Schmid et al. 2013 by EJ Berryman). The star indicates the position
of the Pfitscher Joch Haus, the study area within the Pfitsch-Mörchner Basin. Alpine faults and shear zones
are abbreviated as follows: AH Ahorn Fault; BNF Brenner Normal Fault; DAV Defereggen-Antholz Vals
Fault; GSZ Greiner Shear Zone; PF Pustertal Fault; SM Sterzing-Mauls Fault; SF Silltal Fault; TNB Tauern
Northern Boundary Fault.
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3.3 Tourmaline occurence in the Pfitsch Formation

The Pfitsch Formation of the Pfitsch Mörchner basin consists of a fining-upward sequence of meta-
conglomerate, grading into biotite schist, and followed by ∼30 m of a tourmaline-rich foliated
feldspathic gneiss, which is referred to here as the Tur-gneiss (Veselá and Lammerer 2008, their
Fig. 7). In sharp contact with the Tur-gneiss is fine-grained chlorite-biotite schist grading upwards
into biotite schist and followed by ankerite-biotite-epidote schist. In some areas, ∼ 20 cm thick
lenses of fine-grained muscovite-bearing quartzite appear between the Tur-gneiss and the chlorite-
biotite schist.

A ubiquitous feature is the occurrence of tourmaline throughout the Pfitsch Formation with the
Tur-gneiss being the major tourmaline-bearing unit in terms of stratigraphic thickness and tour-
maline abundance. Within the Tur-gneiss, coarse-grained quartzofeldspathic segregations appear
which are boudinaged and lie subparallel to the foliation. The modal amount of tourmaline is vari-
able and increases in proximity to the segregations. Near segregations, individual tourmaline crys-
tals have up to three growth zones, recording prograde growth (∼350-500°C, 0.7-1.0 GPa) in stage
1 and 2 and retrograde growth (∼400°C, 0.2 GPa) in stage 3 as determined by combining textural
information, inclusion mineralogy and sector-zoning thermometry (Berryman 2016). Retrograde
tourmaline occurs as individual crystals as well as overgrowths on prograde tourmaline crystals,
especially on the surface of extensional fractures.

3.4 Study area and samples

Samples comprise whole rocks such as tourmaline crystals and were collected primarily from the
Tur-gneiss in the southern limb exposure of the Pfitsch formation, 50 m south of the Pfitscher
Joch Haus (Fig. 3.1). These samples were located in direct contact with the quartzofeldspathic
segregations (TU15, Fig. 3.2). Additionally, samples from the Tur-gneiss segregations (TU54U)
and away from the segregations (28-17), as well as from the tourmaline-bearing neighboring units
were collected from a roadcut located ∼300 m SW of the Pfitscher Joch Haus (Fig. 3.3). The latter
samples include tourmaline schist (Tur-schist; 28-11), chlorite-biotite schist (Chl-Bt-schist; 28-
15), and muscovite quartzite (Ms-quartzite; 28-14), located within 1 m of the contact with the
Tur-gneiss. A sample of the Tur-gneiss without obvious tourmaline crystals was also collected
(“Tur-free” gneiss; 22-1).

Tourmaline occurs as euhedral crystals, typically 0.1-1.5 cm in length in the Chl-Bt schist, the
Tur-schist, the Ms-quartzite, and the Tur-gneiss. Tourmaline crystals from the Tur-gneiss in near
the segregations are up to 3 cm in length (Fig. 3.2a, b).

3.5 Results

3.5.1 B concentrations and B isotope ratios of whole rock samples

Three samples of the Tur-gneiss were analyzed for their whole rock B content (Table 3.1). Results
show that B is unevenly distributed throughout the unit, but correlates with tourmaline abundance
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Figure 3.2 Tourmaline textures in (A) handsample and (B) BSE images of the Tur-gneiss occurring near
the quartzofeldspathic segregations. The minerals labelled as inclusions in tourmaline and in the matrix are
albite (Ab), quartz (Qz), K-feldspar (Kfs)
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Figure 3.3 Roadcut sampling location ∼300 m SW of the Pfitscher Joch Haus. Samples were collected from
the Tur-gneiss, near and far from the quartzofeldspathic segregations, the Chl-Bt-schist, the Ms-quartzite,
and the Tur-schist.
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Table 3.1Whole rock B content and δ11B values of Tur-gneiss and neighboring tourmaline-bearing units

Sample Tur-schist Ms-quartzite Chl-Bt-schist
Tur-gneiss

“Tur- Away from Near
free” segregations segregations

# 28-11 28-14 28-15 22-1 28-17 TU15
B (µg/g) 516 419 40 21 165 1200
δ
11B (%�) -14.4 -14.1 -24.2 -33.6 -16.0 -17.7
Based on repeat analysis of geological reference materials, the external precision is estimated
to be better than 0.2%� (2 SD) for δ11B and better than 6% (2 RSD) for B content

and crystal size, in agreement with tourmaline being the dominant B-repository in these rocks.
B contents range from 21 µg/g B in samples free of visible tourmaline crystals to 1200 µg/g B
in tourmaline-rich samples taken from near segregations (Table 3.1). B contents in the schist and
quartzite units neighboring the Tur-gneiss are also variable, ranging from 40 - 516 µg/g B. In
general, the whole rock B isotopic compositions of the different samples correlate with their B
content (Table 3.1). The two samples with the lowest whole rock B contents (22-1 Tur-gneiss and
28-15 Chl-Bt-schist) also have the lowest δ11B values (-33.6 and -24.2%�, respectively; Table 3.1).
All other samples have B contents >150 µg/g, and correspondingly have higher δ11B signatures in
the range -17.7 to -14.1%�.

3.5.2 B isotope ratios in tourmaline

Tourmaline collected near the segregation in the Tur-gneiss (TU15) yields a range of δ11B values
from -10.5%� to -20.3%� and shows a consistent decrease in δ11B from the early to late growth
stages (Table 3.2). Stage 1 (cores) exhibits the least negative δ11B at -13.0%� (average for n=8;
min= -15.3%�; max = -10.5%�), followed by a more negative value of -17.6%� (average for n=8;
min = -18.5%�; max = -16.4%�) in stage 2 (mantles). Finally, stage 3 (rims) is most enriched in
the lighter 10B isotope, and displays a δ11B value of -19.7%� (average for n=6; min =-20.3%�;
max=-18.7%�). Whereas within stages 1 and 2, tourmaline growth is accompanied by successively
decreasing δ11B values from the cores towards the rims, stage 3 appears to be rather homogeneous
in B isotopic composition (Figs. 3.4a, b).

The B isotope ratios of tourmaline from within the segregation (TU54U) form two clusters
(Fig. 3.4c). The largest fraction of tourmaline has a δ11B value of -19.9%� (average for n=4; min=-
20%�; max=-19.7%�), which coincides with the δ11B ratios of stage 3 in the Tur-gneiss near the
segregation. Despite being in direct contact, a smaller fraction of tourmaline exhibits an abrupt
shift of ∼6%� to more negative values (average= -25.9%� for n=6; min= -26.5%�; max= -25.8%�).
Both tourmaline regions are distinguishable by their BSE contrast and therefore differ in composi-
tion. The highest δ11B values were measured in regions with the lighter grey colour. Their relative
order of crystallization is not clear from textural observation (Fig. 3.4c), but their high Ca content
suggests their later crystallization (Berryman, personal communication).

In the Tur-schist (TU28-11, Fig. 3.4d), δ11B values continuously decrease from -7.9%� in the
cores to -17.8%� in the outermost mantle (average = -12.4%� for n=17). The overall decrease of
about 10%� towards more negative δ11B values with growth is in the same range as observed for
tourmaline in the Tur-gneiss near the segregations (Fig. 3.4a, b). The Ms-quartzite (TU28-14, Fig.
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Table 3.2 δ11B values of tourmaline in the Pfitsch Formation derived by SIMS

Sample
Tur-gneiss near Tur-gneiss within Tourmaline away from
segregation segregation segregations

stage 1 stage 2 stage 3 BSE light BSE dark Tur-schist Ms-quartzite
# TU15 TU15 TU15 TU54U TU54U 28-11 28-14
δ
11B (%�) -13.0(15) -17.6(7) -19.7(6) -19.9(2) -25.9(3) -14.7(24) -12.4(39)
n 8 8 6 4 6 17 17
Min. (%�) -15.3 -18.5 -20.3 -20.0 -26.5 -17.3 -17.7
Max. (%�) -10.5 -16.4 -18.7 -19.7 -25.8 -11.2 -7.8
n indicates the number of spots measured. Numbers in brackets denote the standard deviation (1 SD)

3.4e), exhibits a slightly smaller range of δ11B values but with the same sense of variation, starting
with -11.3%� in the tourmaline core and progressing to more negative values down to -17.4%� in
the mantle (average = -14.7%� for n=17). In contrast to the Tur-gneiss, there is no evidence from
zoning or variation in inclusion mineralogy that tourmaline growth in samples from neighbouring
units occurred in distinct stages.

3.6 Discussion

3.6.1 Fluid movement within the Pfitsch Formation

Tourmaline is commonly the major host of B in metamorphic rocks. As a result, its distribution
depends on the initial distribution of B within the protolith, the mobilization of B during meta-
morphism, as well as the introduction of boron from metasomatic fluids. B concentrations in the
Tur-gneiss range from 21-1200 µg/g B, with a typical value being 165 µg/g B. The B concentration
and, correspondingly, the abundance of tourmaline in the Tur-gneiss are highly variable, with the
highest concentrations occurring in and near segregations and the lowest far from them (Table 3.1).
The field association of the highest B concentrations with the quartzofeldspathic segregations in the
Tur-gneiss suggests that the segregation-forming fluids concentrated B, leading to the crystalliza-
tion of tourmaline on the prograde path. The positive correlation of whole-rock δ11B values and B
concentrations, with the most positive δ11B (-17.7 to -14.1%�) found in B-rich samples (165-1200
µg/g B), and the most negative δ11B (-24.2 to -33.6%�) found in B-depleted samples (21-40 µg/g),
points to the preferential loss of 11B from the rocks during prograde metamorphism.

3.6.2 Internal vs. external source of B in the Pfitsch Formation

In the first two prograde tourmaline growth stages in the Tur-Gneiss, δ11B values decrease from
-10.5 to -15.3%� and from -16.4 to -18.5%�, respectively, with the most negative values correlat-
ing with the outermost edge of each growth zone. The same decrease with growth is observed in
the units neighboring the Tur-gneiss (Tur-schist: -7.9 to -17.8%�; Ms-quartzite: -11.3 to -17.4%�).
During crystallization, tourmaline preferentially incorporates the lighter 10B isotope (Palmer et al.
1992; Meyer et al. 2008). As a result, fractional crystallization of tourmaline within a fluid at con-
stant temperature would result in increasing δ11B values with crystal growth (e.g. Marschall et al.
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Figure 3.4Results from SIMS analyses of tourmalines from the Pfitsch Formation. Circles show analyses lo-
cation and numbers denote δ11B values in%� (a) tourmaline grain (oriented G c) from the Tur-gneiss (TU15);
(b) Tourmaline grain (oriented ⟂ c) from the Tur-gneiss (TU15). Note that δ11B values in (a) and (b) are
assigned to the three growth stages with blue = stage 1, pink = stage 2 and orange = stage 3; (c) Tourmaline
within the qtz-fsp segregation in the Tur-gneiss (TU54U); (d) representative grain (oriented ⟂ c) from the
Tur-schist (28-11); (e) representative grain (oriented G c) from the Ms-quarzite (28-14); (f) Histogram of all
δ11B values determined by SIMS (including the ones not indicated in the figures). Vertical arrows denote
bulk rock δ11B determined by MC-ICP-MS. Horizontal arrows indicate the evolution of δ11B values with
tourmaline growth.
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2009c). Since fractionation between tourmaline and a coexisting fluid decreases with increasing
temperature (Meyer et al. 2008), prograde crystal growth in a closed tourmaline-fluid systemwould
also lead to increasing δ11B values. As such, the observed decrease in δ11B values can only be
explained by (a) decreasing temperature with growth; or (b) decreasing 11B/10B ratio in the fluid.
Both, sector zoning thermometry andXMg trends suggest that stage 1 and stage 2 tourmaline growth
occurred along the prograde path (Berryman 2016), ruling out decreasing temperature as a cause
of decreasing δ11B values. The remaining and more likely explanation is a decreasing δ11B value
of the fluid from which tourmaline crystallized. The fluid δ11B signature could evolve as a result
of either: fluid mixing or progressive release of B from the devolatilization of B-bearing minerals
in the host rock, representing open and closed system behavior, respectively.

22-1 Tur-gneiss
(Tur-free)

Fluid

Tur

Mica

Tur-gneiss

F (fraction of B remaining in Mica)

δ11B
[‰]

-55

-50
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0

1.00.80.60.40.20.0

Figure 3.5 Evolution of δ11B values of fluid, mica and tourmaline as a function of B that remains in mica
during its progressive batch (straight lines) or Rayleigh (dashed lines) devolatilization. The range of δ11B
values in the Tur-gneiss can be explained by removal of 50-70% of the B originally present inmica. Following
B-extraction, the remaining mica is modelled to have a δ11B value close to the δ11B value of the nominally
Tur-free Tur-gneiss (22-1; Table 3.1). The model is inspired by the work of Bebout and Nakamura (2003)
and uses fractionation coefficients from Meyer et al. (2008) and Wunder et al. (2005). See text for further
details
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A fluid-mixing scenario would require the δ11B values of the external fluids to be substantially
more negative than the δ11B of the first tourmaline to grow in the Pfitsch Formation. Palmer and
Slack (1989) describe very low δ11B signatures in tourmaline (-23.1 to -17.2%�) as characteristic of
B sources formed by evaporation of non-marine water. Such a source could be the epidote-ankerite
schists in the hanging wall of the Pfitsch formation, which are interpreted to have formed in a Playa
lake environment (Veselá and Lammerer 2008). However, due to the contrasting bulk rock compo-
sitions of the two units, fluids expelled from the epidote-ankerite schist are likely not in chemical
equilibrium with the rocks of the Pfitsch formation and hence would produce reactions fronts or
localized zones of contrasting mineralogy in the Pfitsch Formation. Due to the absence of such
disequilibrium features indicative of metasomatism, it is reasonable to assume chemical equilib-
rium between the segregation forming fluids and the rocks of the Pfitsch formation, supporting an
internal fluid source.

If the tourmaline-forming B was internally sourced, the most likely B-bearing precursor min-
erals are sheet silicates, such as micas, which are abundant in all rocks of the Pfitsch Formation.
Nakano and Nakamura (2001) found that during prograde metamorphism, mica loses B during its
progressive devolatilization. The fluid released during this process is enriched in 11B, based on
experimentally determined fractionation coefficients of Wunder et al. (2005) withΔ11Bmica-fluid =
-10.9 ± 1.3%� at 500°C and -6.5 ± 0.4%� at 700°C (both for near-neutral fluids). Correspondingly,
the remaining mica is left with a more negative δ11B value. Continuation of this process with
prograde metamorphism results in progressively more negative δ11B values in the crystallizing
tourmaline. This model, which also results in a progressive B release to the fluid, is similar to what
has been observed in tourmaline from other metamorphic rocks (e.g. Marschall et al. 2009b;a).

The nominally tourmaline-free Tur-gneiss with a B content of only 21 µg/g has an exceptionally
negative δ11B value of -33.6%� (Table 3.1). In contrast, samples of tourmaline-rich Tur-gneiss with
165 - 1200 µg/g B have less negative whole rock δ11B values of -16.0 to -17.7%� . Assuming that
all the B in the Tur-gneiss is internally sourced, the light isotopic composition of the low-B Tur-
gneiss can be interpreted as the signature of the remnant B that was not mobilized and concentrated
towards the segregations but remains principally hosted in white mica.

To explore the scenario of a closed system whereby the B necessary to form tourmaline is
sourced from the progressive devolatilization of micas, the evolution of δ11B in coexisting mica,
fluid and tourmaline is modeled as a function of the fraction of B remaining in the mica (F) (Fig.
3.5), following the approach of Bebout and Nakamura (2003). To account for the effect of increas-
ing temperature on isotope fractionation, Δ11Bmica-fluid of -15%� was used at F=1 (extrapolated
from Wunder et al. 2005 for 300°C) andΔ11Bmica-fluid of -11%� was used at at F=0 (from Wunder
et al. 2005 for 500°C). Fractionation between mica and tourmaline for intermediate F values is
calculated from a weighted average of these two extremes. Similarly, for the B isotope fractiona-
tion between tourmaline and fluid, the fractionation coefficients determined in Meyer et al. (2008)
[Δ11Btur-fluid = -4%� at 300°C andΔ11Btur-fluid = -2%� at 500°C] were used. The model shows that
between 50 % (for batch devolatilization) and 70 % (for Rayleigh devolatilization) of the B must be
removed from the mica in order to produce the range of δ11B values observed in prograde stages
1 and 2 in tourmaline from the Tur-gneiss (Fig. 3.5). Correspondingly, for F values between 0.3
and 0.5, the modeled mica approaches δ11B values between -28 and -27%� for batch- and between
-34 and -29%� for Rayleigh volatilization, in the range of the very low whole rock δ11B value of
-33.6%� obtained for the nominally Tur-free Tur gneiss.

Stage 3 tourmaline, which grew after brittle extension on the retrograde path, has even more
negative δ11B values than stage 2 tourmaline (Fig. 3.4). This is explained either by further de-
volatilization and/or by its lower crystallization temperature relative to near peak metamorphism.

35



Chapter 3

Similarly, these processes also lead to the very negative δ11B values (-25.8 to -26.5%�; Fig. 3.4c)
values observed in tourmaline within the large segregations.

3.7 Conclusions

Tourmaline in the Pfitsch Formation of the Tauern Window, eastern Alps, grew on the prograde
and retrograde path, recording the formation’s fluid history during the alpine orogeny. The B con-
centration and, correspondingly, the tourmaline content of the different units increase towards
coarse-grained quartzofeldspathic segregations present in the Tur-gneiss. Tourmaline occurring
near the segregations record the mobilization and concentration of B during prograde metamor-
phism (∼300-500°C, up to 1.0 GPa). The absence of textural features indicating metasomatism by
external fluids suggests that the B required for tourmaline growth was sourced internally. The most
likely B source is a B-bearing precursor mineral, e.g. mica, which continuously releases B dur-
ing prograde metamorphism resulting in increasingly negative δ11B values recorded in tourmaline
core-rim profiles.
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4 | Tetrahedral boron in natural and
synthetic (ultra)high-pressure
tourmaline: Evidence from
Raman spectroscopy, electron
microprobe analyses, and
single-crystal X-ray diffraction

Contents of this Chapter have been published in American Mineralogist 101:93-104.

4.1 Introduction and approach

In the particular case study of the Pfitsch Formation, the fractionation coefficients derived byMeyer
et al. (2008) for [4]B-free dravites are valid, as the Pfitscher Joch tourmalines display a dominant
dravite component and are free of [4]B (Berryman 2016). As explained in Chapter 1, Δ11Btur-fluid
for [4]B-bearing tourmaline likely deviates from the results of Meyer et al. (2008), which is yet
unexplored from an experimental point of view. Studying the effect of [4]B, first of all requires
the successful syntheses of [4]B-bearing tourmaline. To synthesize olenitic tourmaline, a piston-
cylinder experiment has been performed for 216 h following the protocol detailed in Chapter 2.
Solid run products were characterized by means of powder XRD, EMP analyses, SREF and single
crystal Raman spectroscopy. Analytical conditions are documented in Chapter 2. In order to verify
the accuracy of B concentrations obtained by EMP analyses, natural [4]B-bearing tourmaline from
the Koralpe was analyzed and the results are compared to previous B-measurements of tourmaline
from the same locality performed by Kalt et al. (2001) and Hughes et al. (2004), who used SIMS
and SREF techniques, respectively.

4.2 Natural Tourmaline from the Koralpe, Austria

The Koralpe pegmatite is a small (3-4 m3) intrusive body, which is exposed East of the Stoffhütte,
Austria (Kalt et al. 2001). Within the main pegmatite, tourmaline occurs as an accessory phase
closely adjoining plagioclase, quartz, and muscovite. At the contact to the country rock it is con-
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centrated in tourmalinite layers. Tourmaline within the pegmatite is mainly olenitic and exhibits
extensive color zoning due to higher schorl and lower olenitic component in the core compared to
the rim. Its B concentrations increase from 12.00 wt% B2O3 in the core to 14.31 wt% B2O3 in the
rim (Kalt et al. 2001). Rare colorless crystals exhibit the highest B-concentration among all natural
tourmalines known so far (14.69 wt% B2O3, based on the optimized formula given in Ertl et al.
2007). All tourmalines from the Koralpe contain excess B, varying from 0.33 [4]B pfu in cores and
0.62 [4]B pfu in rims of zoned crystals (SREF data by Hughes et al. 2004) and up to 0.83 [4]B pfu
in the most B-rich colorless crystals (Ertl et al. 2007).

The country rock is a mylonitic garnet-mica schist metamorphosed under high- P-T conditions
(1.8-2.1 GPa and 580-650°C) during the Eo-alpine metamorphic overprint (100 ± 10 Ma; Miller
1990; Miller and Thöni 1997; Stüwe and Powell 1995). Ertl and Brandstätter (1998) assumed that
the olenite-bearing pegmatite experienced the same metamorphic event.

The natural Koralpe tourmaline crystal analyzed in this study by EMP and single-crystal Raman
spectroscopywas prepared from awhole rock specimen, whichwasmade available byAndreas Ertl.
The specimen was collected from the main pegmatite body about 2 cm away from the contact to the
host rock. The natural Koralpe tourmaline crystal is dark green in the core and light green in the rim
and about 8⋅3 mm in size. It must not be confused with the olenite reference tourmaline described
in Chapter 2, which was extracted from the same whole rock specimen. Rim and core compositions
of similar pegmatitic tourmalines from the same location are given inKalt et al. (2001); their Table
1.

4.3 Results

4.3.1 Powder X-ray diffraction and scanning electron microscopy

A powder XRD pattern of the experimental run product and its Rietveld refinement (Durbin Wat-
son statistic = 1.475; Χ2 = 1.108) show that tourmaline (94 wt%) formed as the most abundant
phase together with traces of coesite (3 wt%) and traces of the hydroxyl-analogue of jeremejevite
Al6(BO3)5(OH)3 (3 wt%). No other phases are present. The tourmaline crystals are either idiomor-
phic, prismatic crystals (denoted “columnar” in the following) or form acicular, radially grown
aggregates (denoted “acicular” in the following). Columnar tourmalines are up to 150 µm in length
parallel to the c-axis and are generally 1 - 10 µm wide (Fig. 4.1); a few crystals up to a width of
30 µm are present. Acicular tourmalines forming aggregates are generally smaller. Coesite appears
rarely idiomorphic (Fig. 4.1) and mostly as fine-grained material (<10 µm).

The unit cell dimensions derived for the synthetic tourmaline powder are a= 15.6207(9)Å; c=
7.0305(7) Å; V = 1485.7(2) Å3. Although tourmaline diffraction peaks are apparently symmetric,
it is shown later that acicular crystals exhibit significant chemical zonation. A similar small cell-
volume of 1484(2) Å3 was determined from powder diffraction of synthetic [4]B-bearing olenitic
tourmaline with 2.27 [4]B pfu Schreyer et al. (2000). The mean <T-O> distance is 1.590(5) Å,
which is significantly smaller than the ideal <Si-O> bond length of 1.62 Å in an undistorted tetra-
hedron Hawthorne (1996). Both the small cell-volume and the small mean <T-O> bond length
strongly indicate substantial [4]B-contents in the synthetic tourmaline.
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10 µm

Coe

Tur

Tur

Figure 4.1 SEMmicrograph of the experimental products. Large tourmalines (Tur) appear in columnar and
acicular habits. Fine-grained material consists of coesite (Coe), which rarely forms larger isometric crystals.

4.3.2 Electron microprobe analyses

Synthetic tourmaline Backscattered electron (BSE) contrast indicates that the columnar tour-
malines are chemically homogenous, whereas the acicular crystals are strongly zoned (Fig. 4.2a).
As indicated by element mapping, this zonation is due to B enrichment and Si depletion in the
core compared to the rim (Fig. 4.2b, c). The Al content is nearly constant across the grains with
apparently slightly higher Al concentration in the core (Fig. 4.2d). Supplementary to the SEM in-
vestigations, coesite has been detected as inclusion throughout the columnar tourmaline crystals
and in the rims of the acicular grains (Fig. 4.2), but not in the cores. The hydroxyl-analogue of jere-
mejevite also forms inclusions throughout the tourmaline crystals (Fig. 4.2). The structural formula
for columnar tourmaline is:
X(Na0.57(9)�0.43(9))Y(Al3.00(0))Z(Al5.92(8)Si0.08(8))T(Si4.82(15)B1.18(15))O18
(BO3)3V+W[(OH)2.53(9)O1.47(9)].

For the acicular tourmaline the following average rim and core compositions resulted:
X(Na0.66(7)�0.34(7))Y(Al3.00(0))Z(Al5.96(4)Si0.04(4))T(Si4.55(14)B1.43(15)Al0.02(3))O18
(BO3)3V+W[(OH)2.75(9)O1.25(9)] (rim)
X(Na0.84(2)�0.16(2))Y(Al3.00(0))Z(Al5.97(4)Si0.03(3))T(Si3.45(24)B2.53(25)Al0.03(3))O18
(BO3)3V+W[(OH)3.68(23)O1.32(23)] (core)
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OH content was calculated based on charge balance requirements. Compositional data are sum-
marized in Table 4.1 and Fig. 4.3. The columnar and acicular tourmalines are chiefly solid solu-
tions between the hypothetical end-member olenite [NaAl3Al6Si6O18(BO3)3O3(OH)] and X-site-
vacant Al-tourmaline [�Al3Al6Si6O18(BO3)3O2(OH)2] (Wodara and Schreyer 2001). The small
amount of calculated octahedral ZSi might be insignificant considering the range of error. How-
ever, small amounts of ZSi have also been suggested for synthetic tourmaline from other high-P
studies (Schreyer et al. 2000; Berryman and Wunder 2014; Wunder et al. 2015). The amount of
excess B significantly varies between the columnar crystals [1.18(15) [4]B pfu] and core [2.53(25)
[4]B pfu] and rim [1.43(15) [4]B pfu] of the acicular crystals. Cores of the acicular tourmalines have
the highest B concentration ever detected in synthetic or natural tourmalines. The mechanism of
[4]B incorporation into the synthetic olenitic tourmaline is discussed below.

Tourmaline

(acicular)

rim

core

Jeremejevite

Coesite

a

dc

b

5µm
BSE

Si

B

Al

Figure 4.2 BSE micrograph (a) and WDX element mappings (b, c, d) showing chemical zoning of an aci-
cular tourmaline crystal with warm colors denoting high and cold colors denoting low concentrations. B is
enriched in the core compared to the rim. Si shows the opposite behavior. Concentrations of Al are rather
constant across the grain, slightly enriched in the core. Two inclusions of the hydroxyl-analogue of jere-
mejevite Al6(BO3)5(OH)3 (dark in BSE) and one coesite inclusion (bright in BSE) are marked in (a). The
hydroxyl-analogue of jeremejevite shows up as dark red spots in (d, b).

Natural Koralpe tourmaline The natural tourmalines are generally of olenitic composition with
a small schorl component, which is higher in the core than in the rim (Table 4.1). [4]B contents
vary from 0.33(6) [4]B pfu in the core to 0.67(12) [4]B pfu in the rim (Table 4.1). Both the major
element composition and the total B concentrations perfectly reproduce the compositional range
found in previous studies that used a combination of single-crystal X-ray diffraction, EMP, and
SIMS analyses (Hughes et al. 2004; Kalt et al. 2001). This confirms the reliability of our EMP
analyses, particularly for the determined B concentrations.
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Table 4.1 Average chemical compositions in oxide wt% and atoms per formula unit of the synthetic
and natural [4]B-bearing olenitic tourmaline determined with EMP and SREF

acicular crystals columnar crystals Koralpe
method EMP EMP EMP SREF EMP EMP
position core rim center + rim whole crystal core rim
n 9 12 8 1 10 10
SiO2 22.31(1.27) 28.98(59) 30.75(90) 29.52a 32.22(58) 31.72(63)
TiO2 n.d. n.d. n.d. n.d. 0.17(5) 0.06(4)
B2O3 20.58(1.06) 16.19(66) 15.22(58) 16.36a 11.35(26) 12.86(45)
Al2O3 48.97(39) 48.07(19) 47.50(40) 48.09a 40.02(1.12) 45.62 (37)
FeO n.d. n.d. n.d. n.d 7.10(1.37) 0.95(47)
MnO n.d. n.d. n.d. n.d 0.12(6) 0.04(4)
MgO n.d. n.d. n.d. n.d 0.52(9) 0.14(12)
CaO n.d. n.d. n.d. n.d 1.12(13) 1.55(14)
Na2O 2.78(8) 2.13(24) 1.84(29) 2.81a 1.76(11) 1.28(13)
K2O n.d. n.d. n.d. n.d. 0.03(1) 0.01(1)
H2O n.d. n.d n.d. 3.21a n.d. n.d.
total 94.65(20) 95.37(56) 95.32(40) 100 94.39(52) 94.22(55)

norm 18 YZTB 18 YZTB 18 YZTB none 18 YZTB 18 YZTB
T site

Si 3.44(24) 4.55(14) 4.82(15) 4.59(9) 5.47(11) 5.25(10)
B 2.53(25) 1.43(15) 1.18(15) 1.41(9) 0.33(6) 0.67(12)
Al 0.02(3) 0.02(3) 0.00(0) 0.00 0.20(10) 0.08(10)
B site

B 3.00 3.00 3.00 3.00 3.00 3.00
Y site

Al 3.00(0) 3.00(0) 3.00(0) 2.83(1) 1.91(31) 2.83(10)
Fe2+ n.d. n.d. n.d. n.d. 0.94(29) 0.13(7)
Mn2+ n.d. n.d. n.d. n.d. 0.00(0) 0.00(0)
Mg n.d. n.d. n.d. n.d. 0.13(3) 0.03(3)
Ti n.d. n.d. n.d. n.d. 0.02(1) 0.01(1)
� 0.00(0) 0.00(0) 0.00(0) 0.17(1) 0.00(0) 0.00(0)
Z site

Al 5.97(4) 5.96(4) 5.92(8) 6.00(0) 6.00(0) 6.00(0)
Si 0.03(4) 0.04(4) 0.08(8) 0.00(0) 0.00(0) 0.00(0)
X site

Na 0.84(2) 0.66(7) 0.57(9) 0.58(1) 0.57(5) 0.41(4)
Ca n.d. n.d. n.d. n.d. 0.21(3) 0.28(2)

continued on next page
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Table 4.1 – continued from previous page

acicular crystals columnar crystals Koralpe
K n.d. n.d. n.d. n.d. 0.01(1) 0.00(0)
� 0.16(2) 0.34(7) 0.43(9) 0.42(1) 0.22(3) 0.31(4)
V + W site

O 0.32(22) 1.25(9) 1.47(9) 0.66(4) 1.42(27) 2.06(10)
OH 3.68(22) 2.75(9) 2.53(9) 3.34(4) 2.58(27) 1.94(10)
Notes: n.d. = not determined; n = number of analysis
acalculated from SREF and normalized to 100 wt%
numbers in brackets for EMP data = standard deviation (1 SD) of n measurements. Numbers
in brackets for the SREF data = standard deviation (1 SD) as derived from refinement.OH/O
ratios calculated to achieve charge balance.

4.3.3 Single-crystal X-ray structure refinement of a synthetic columnar olenite

The lattice parameters of the synthetic columnar tourmaline are a = 15.613(5) Å, c = 7.043(2) Å,
V = 1486.8(8) Å3. Compared to the results of the powder XRD, the length of the a axis is slightly
smaller, whereas the c axis is slightly larger. However, the resulting unit cell volume derived from
the SREF is higher than the one from the powder XRD [1485.7(2) Å3] pointing to lower [4]B
concentrations in the columnar crystal (Ertl et al. 2012), which is in line with the EMP analyses
(Table 4.1). As the mixture used for the powder XRD contained both, [4]B-rich acicular tourmaline
and [4]B-poor columnar crystals, the resulting unit cell volume is slightly smaller.

Final atomic coordinates, displacement parameters and site-occupancy factors are given in Ta-
ble 4.2 and selected interatomic distances in Table 4.3. A CIF of the SREF is available1. The
single-crystal X-ray structure refinement of the investigated synthetic tourmaline crystal results in
the following formula:
X(Na0.58(1)�0.42(1))Y(Al2.83(1)�0.17(1))Z(Al6.00)T(Si4.6(1)B1.4(1))O18
(BO3)3V(OH)3W[(OH)0.34(4)O0.66(4)]

Compared with the EMP-derived concentrations (Table 4.1), the refinement of site occupancies
indicates a similar [4]B content. Hence, this synthetic tourmaline crystal has the highest refined
[4]B content [1.4(1) pfu; Table 4.2] compared to all other published SREF of natural or synthetic
tourmalines (Ertl et al. 1997; 2012). There is no clear indication of presence of octahedral ZSi and
of tetrahedral TAl from the refinements alone. Contrary to the formula calculated from EMP analy-
ses, a small number of Y site vacancies were identified from the refinement (Table 4.2). The mean
<Y-O> distance with 1.930(1) Å and the mean <T-O> distance with 1.587(1) Å (Table 4.3) are
by far the smallest distances ever derived from a SREF.

For a fully occupied V site by 3 OH, the bond-angle distortion of the ZO6 octahedron (Zσoct2)
is linearly correlated to the <Y-O> distance (Ertl et al. 2005). The structural refinement results in
1Deposit item AM-16-15341, CIF. Deposit items are free and are found on the MSA web site, via the specific issue’s
Table of Contents (go to http://www.minsocam.org/MSA/AmMin/TOC/).
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Figure 4.3 Variations of total Si (a), Na (b) and Al (c) with total B (all given in pfu). Values calculated
from EMP analyses of the acicular and columnar tourmalines synthesized in the piston-cylinder experiment
(normalization to 18 cations on the Y, Z, T and B sites). Black squares with roman numerals mark the compo-
sition of tourmaline end-members. Hypothetical end-members (not yet accepted by the IMA-nomenclature
commission) are denoted with (*). Variation in excess B is systematic and mainly due to coupled substi-
tution following exchange vector ⃖⃖⃖⃖⃖⃖⃗I,II* (a, c). Na vs. B variations (b) are explained by a linear combination
of at least two exchange vectors (dotted arrow) potentially including a coupling of Na and [4]B via vector
⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗III*,IV*. Within errors there is no correlation of Al and [4]B, therefore contribution of exchange vector ⃖⃖⃖⃖⃖⃖⃖⃗I,V*
is unlikely.
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Table 4.2Atom coordinates, isotropic (Uiso) or equivalent isotropic (Ueq) displacement parameters and site-
occupancy factors (Occ.) from SREF of a synthetic columnar olenite with [4]B

Site x y z Uiso/Ueq (Å2) Occ.
X 0 0 0.2246(6) 0.0297(14) Na0.58(1)
Y 0.12127(6) 1/2x -0.33845(12) 0.0065(2) Al0.944(4)
Z 0.29700(4) 0.26155(4) -0.37402(9) 0.00720(12) Al1.00
B 0.1090(1) 2x 0.4701(4) 0.0071(5) B1.00
T 0.18936(2) 0.18795(4) 0.02152(8) 0.00658(18) Si4.6B1.4(1)
H3 0.247(3) 1/2x 0.438(6) 0.031(14)a H1.00
O1 0 0 -0.2134(5) 0.0075(6) O1.00
O2 0.05999(6) 2x 0.5132(3) 0.0076(4) O1.00
O3 0.25514(14) 1/2x -0.4733(3) 0.0089(4) O1.00
O4 0.09471(7) 2x 0.0938(3) 0.0131(4) O1.00
O5 0.18699(14) 1/2x 0.1138(3) 0.0129(4) O1.00
O6 0.19221(8) 0.18216(8) -0.20477(19) 0.0075(2) O1.00
O7 0.28498(8) 0.28468(8) 0.09167(18) 0.0079(2) O1.00
O8 0.20974(9) 0.27005(9) 0.45452(17) 0.0070(3) O1.00
Notes: for definition of Ueq see Fischer and Tillmanns (1988)
aisotropic displacement parameter Uiso
numbers in brackets = standard deviation (1 SD) as derived from the refinement

Zσoct2 = 58.9 and mean <Y-O> = 1.930(1) Å; these values plot only slightly away from the linear
correlation (Ertl et al. 2005). Thus, 3 OH at the V site are assumed and by charge balance, the W
site occupancy was calculated to be [(OH)0.34(4)O0.66(4)].

4.3.4 Single-crystal Raman spectroscopy

Synthetic tourmaline EMP analyses indicated that [4]B concentrations decrease significantly
from core to rim of the acicular tourmaline. Columnar tourmalines have the smallest but more
homogeneously distributed [4]B concentrations (Table 4.1). A main goal of this study was to clar-
ify whether changes in [4]B concentrations can be detected with Raman spectroscopy in the OH-

Table 4.3 Selected interatomic distances (Å) in synthetic columnar olenite with [4]B from SREF

X- Y- Z- T- B-
O2 (⋅3) 2.601(4) O1 1.8611(17) O6 1.8990(14) O7 1.5808(13) O2 1.360(3)
O5 (⋅3) 2.646(2) O6 (⋅2) 1.9005(14) O8 1.8633(13) O6 1.5982(15) O8 (⋅2) 1.367(2)
O4 (⋅3) 2.722(3) O2 (⋅2) 1.9371(13) O7 1.8808(14) O4 1.5740(9) Mean 1.365(2)
Mean 2.656(3) O3 2.0440(21) O8’ 1.8743(14) O5 1.5949(10)

Mean 1.930(1) O7’ 1.9100(13) Mean 1.587(1)
O3 1.9811(12)
Mean 1.901(1)

Note: (’) denotes a different equivalent oxygen position. For further details see Selway et al. (1998).
Error of the mean values calculated by propagating the errors (1 SD) of the single cation-oxygen
distances
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stretching region. To test this hypothesis, Raman spectra were recorded with the electric field vec-
tor, E, parallel and perpendicular to the c axis (E G c and E ⟂ c, respectively) of the columnar
tourmaline and of the core and rim regions of acicular tourmaline. Only grains big enough to ac-
commodate the rather large Raman spot (3 - 5 μm) were chosen for the measurements. Since the
acicular tourmaline aggregates are generally smaller, only one crystal was found for which it was
ensured that the scattered light is exclusively derived from the B rich core region (Fig. 4.4a). An-
other spectrum was acquired from the corresponding rim (Fig. 4.4b), and also spectra in each rim
of three additional acicular crystals (4 spectra altogether) were recorded. For the columnar crystals
two grains were measured at points halfway between the c+ and c- poles and another grain directly
at the c+ and c- poles (4 spectra). A representative Raman spectrum of a columnar crystal is shown
in Fig. 4.4c. Exact band positions, relative integral intensity (Irel) and FWHM are summarized in
Table 4.4. In all spectra the intensity is distributed over six bands within three frequency regions,
which are clearly separated from each other.

The low-frequency region (3000 - 3400 cm-1) comprises two bands centered at 3284 - 3301
cm-1 (ν1) and 3367 - 3370 cm

-1 (ν2), the latter generally being the more intense. The ν1 band is
visible as a shoulder at the low energy side of the ν2 band in the spectrum of the columnar crystal
(Fig. 4.4c) and fades into a tailing to lower wavenumbers in the spectrum of the acicular core (Fig.
4.4a). The sum of the relative intensities of ν1 and ν2 is highest in the core of the acicular crystal
(58%) and lowest in the columnar crystals (43%). For the latter, only small variations exist between
different grains. Concurrently, different spot positions inside a single grain yielded similar intensity
sums for ν1 and ν2. Spectra from the rim of the acicular crystals show large variations (Table 4.4,
Fig. 4.4b) but have intermediate values on average (51%).

The mid-frequency region (3400 - 3550 cm-1) consists of two bands at 3451 - 3458 cm-1 (ν3)
and 3498 cm-1 (ν4), which combine to higher intensities than the ν1 and ν2 bands in the columnar
crystals (54%), whereas they are less intense in the core of the acicular crystal (40%). Again, the
rims of the acicular tourmalines show intermediate values (46%) but also a large scatter.

The high-frequency region (3550 - 3800 cm-1) shows the lowest intensity bands in all mea-
surements (1-2 %). A small separate band at 3554 - 3556 cm-1 (ν5) appears in the columnar crystal
spectra (Fig. 4.4b), whereas in the cores of the acicular crystals the contribution of the same band
leads to a little tailing of ν4 towards higher wavenumbers. All tourmaline domains also contain an
isolated band at 3601 - 3603 cm-1 (ν6). If E is perpendicular to the c-axis, all bands have a much
lower intensity. The reduction is most pronounced for the bands at the low- and the mid-frequency
regions (90 - 100%). The ν6 band only loses 40 - 60% of intensity (Fig. 4.4).

Natural Koralpe tourmaline Raman spectra of the natural tourmaline were acquired at three
different spots in the [4]B rich rims (Fig. 4.4d) and three spots in the [4]B poor cores (Fig. 4.4e).
Compared to the synthetic tourmalines, the Raman spectra are much more complex. In total 11
bands were needed to yield an adequate fit (r2 = 0.999). Results of the fitting were averaged and
compiled in Table 4.5.

In the low frequency region only one band appears at 3385 - 3390 cm-1, corresponding to the ν2
band in the spectra of the synthetic crystals with a slight shift of ∼20 cm-1 to higher wavenumbers.
Its relative integrated intensity in the [4]B rich rim (22%) is higher than in the B-poor core (14%).

The mid frequency region contains two bands at 3462 - 3471 cm-1 and 3517 - 3522 cm-1. Their
positions coincide with the locations of the ν3 and ν4 band of the synthetic crystals by tolerating
a ∼20 cm-1 wavenumber shift to higher energies. About half of the integrated intensity is accom-
modated by the ν3 band (47 - 50%), whereas the ν4 band is less intense (10 - 17%) and appears as
a shoulder of the ν3 feature (Fig. 4.4d, e).
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Table 4.4 Fitting parameters for the Raman spectra of the synthetic tourmaline (E G c)

acicular crystals (core); n = 1 acicular crystals (rim); n = 4 columnar crystals; n = 4
[4]B = 2.53(25) pfu [4]B = 1.43(15) pfu [4]B = 1.18(15) pfu

Band
Raman shift FWHM Irel Raman shift FWHM Irel Raman shift FWHM Irel
(cm-1) (cm-1) (%) (cm-1) (cm-1) (%) (cm-1) (cm-1) (%)

ν1 3301(6) 165(6) 15(2) 3297(16) 135(14) 17(5) 3284(6) 103(20) 16(3)
ν2 3367(1) 89(2) 43(2) 3368(3) 88(8) 34(10) 3370(4) 89(4) 27(4)
ν3 3458(1) 52(2) 16(1) 3454(1) 56(5) 25(11) 3451(3) 56(4) 42(4)
ν4 3498(1) 19(2) 24(1) 3498(4) 50(3) 21(8) 3498(5) 49(5) 12(3)
ν5 3556(1) 21(2) 0.3(1) 3556(4) 27(3) 0.7(3) 3554(2) 27(2) 0.8(1)
ν6 3601(1) 52(2) 1.4(1) 3603(1) 51(17) 3(1) 3602(1) 43(14) 2.1 (8)

Note: n = number of analyses. FWHM = full width at half maximum. Irel = relative integrated in-
tensity, i.e. Numbers in brackets denote the standard deviation (1 SD) of n measurements except for
the spectrum of the acicular crystal core, where the standard deviation (1 SD) is derived from the fit
itself.

Table 4.5 Fitting parameters for the Raman spectra of the natural tourmaline (E G c)

Koralpe (core); n = 3 Koralpe (rim); n = 3
[4]B = 0.33(6) pfu [4]B = 0.67(12) pfu

Band
Raman shift FWHM Irel Raman shift FWHM Irel
(cm-1) (cm-1) (%) (cm-1) (cm-1) (%)

ν1 not observed not observed
ν2 3385(3) 143(4) 14(2) 3390(5) 145(3) 22(2)
ν3 3471(2) 66(2) 47(3) 3462(1) 69(1) 50(2)
ν4 3522(1) 50(3) 17 (3) 3517(1) 44(1) 10(1)
ν7 3562(1) 39(1) 13(2) 3551(1) 36(1) 6(1)
ν8 3601(1) 30(3) 6(1) 3597(1) 44(1) 8.9(2)
ν9 3641(5) 34(7) 1.7 (5) 3653(1) 19(1) 1.5(1)
ν10 3666(1) 9(1) 0.7 (1) 3668(1) 9(1) 0.4(1)
ν11 3675(1) 9(1) 0.7 (1) 3677(1) 13(1) 0.4(1)
ν12 3682(1) 23(7) 0.3 (1) 3703(1) 22(1) 0.4(1)

Note: see notes Table 4.4
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The high frequency region is made up of six bands. Although two bands at 3551 - 3562 cm-1
and 3597 - 3601 cm-1 appear to correspond to the ν5 and ν6 bands in the synthetic crystals, their
relative intensities are about an order of magnitude higher. Hence, they are assigned as ν7 and ν8,
respectively. This will be justified by the Raman band assignment below. Another four low intensity
bands (∼1% each) are observed at 3641 - 3653 cm-1 (ν9), 3666 - 3668 cm-1 (ν10), 3675 - 3677 cm-1
(ν11), 3682 - 3703 cm-1 (ν12). None of those were detected in the Raman spectra of the synthetic
tourmaline crystals.

It is important to note that the low frequency band at about 3370 cm-1 (ν2) shows up in each of
the spectra. Its position is compatible with the IR-band, which Schreyer et al. (2000) attributed to
the occurrence of [4]B in synthetic olenitic tourmaline (3367 cm-1). It is shown later that the sum
of the relative integrated intensities of the two low frequency bands (ν1 and ν2) correlates with the
amount of [4]B measured by EMP (see Fig. 4.5, below). Band-assignments will also be discussed
below (see Table 4.6, below).

4.4 Discussion

4.4.1 Mechansims of [4]B incorporation into synthetic olenitic tourmaline

Olenite with the end-member structural formula, NaAl3Al6Si6O18(BO3)3O3(OH), has a large H
deficit compared to other members of the tourmaline supergroup, which allows excess B to be
incorporated via the coupled substitution

TSi-1VO-1TB1V(OH)1 (4.1)
[4]B incorporation in our synthetic tourmaline is mainly due to this exchange vector (Fig. 4.3).
Based on bond valence considerations (Hawthorne 2002) the maximum amount of excess B that
can be incorporated by substitution (4.1) is two [4]B pfu given that the Y and Z sites are completely
occupied by Al. However, the synthetic high-P tourmalines described by Wodara (1996) and that
of this study have more than two [4]B pfu. Secondly, Marschall et al. (2004) reported on excess B in
natural dravitic tourmaline (∼ 0.26 [4]B pfu). Hence, additional mechanisms must be present with

TSi-1ZAl-1TB1ZSi1 (4.2)
X�-1TSi-1XNa1TB1 (4.3)

being the most likely. Our data show a positive correlation of Na pfu and B pfu, which suggests that
substitution (4.3) is effective (Fig. 4.3b), thus pointing to a co-occurence of Na at the X site and B
at the T site. Such a coupling is reasonable as substituting B3+ for Si4+ provides a charge deficit that
is compensated with Na on the X site. However, by synthesizing an X-vacant olenite with excess
B, Wodara and Schreyer (2001) have shown that occupancy of the X site is not a pre-requisite for
the incorporation of [4]B and it is unclear how much of the [4]B is incorporated by substitution
(4.3) as Na could as well enter the structure via the B-absent exchange X�-1V,W(OH)-1XNa1V,WO1.
To solve this problem, accurate and independent determinations of the water concentrations are
needed.

With regard to substitution (4.2), a linear anti-correlation of Al and B was not detected within
errors of the EMP analyses. This is in line with the observation that the single-crystal XRD refine-
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ment does not show significant ZSi to be present, and that the amount of ZSi determined by EMP
is insignificant within analytical errors. It is concluded that if coupled substitution (4.2) is present
at all, it only subordinately contributes to the incorporation of [4]B.

Because the main mechanism for the incorporation of [4]B is exchange vector (4.1), tourma-
lines with the highest B concentrations should have the highest OH contents. It is well-known that
the total integrated Raman intensity (Itot) in the OH-stretching region linearly correlates with the
OH content (e.g., McMillan and Hofmeister 1988). Therefore, Itot in the frequency region 2800 -
4000 cm-1 should display a positive linear correlation with the B concentrations. Itot of our Raman
spectrum of the B rich core of the acicular crystal is about 20% higher than that of the B poor
columnar crystal (Fig. 4.4a, c), thus confirming exchange vector (4.1) as dominant [4]B incorpora-
tion mechanism into tourmaline.

4.4.2 Raman band assignment

The detection of [4]B by Raman spectroscopy requires unambiguous assignment of the Raman
bands. For this purpose, it has to be ensured that the spatially resolved determination of tourmaline
composition by EMP is accurate, particularly with respect to B contents. First of all, the results of
the EMP analyses are in good agreement with the single crystal structural refinement of a synthetic
columnar crystal (Table 4.1). Such a comparison is only possible because our tourmalines are
significantly larger than the synthetic [4]B-bearing tourmaline presented by Schreyer et al. (2000),
which rarely exceeded 1 µm (their Fig. 2). As a second test, the EMP analyses of the natural Koralpe
tourmaline are compared to the chemical characterizations in Hughes et al. (2004) and Kalt et al.
(2001), whose results are also in good agreement with our data. Hence, it is reasonable to assume
that the B quantifications by EMP analyses are sufficiently accurate. Concurrently, the small beam
diameter of 2 µm allows for spatial correlation of [4]B concentrations with the according Raman
signal. Contribution of small inclusions of the OH-bearing hydroxyl-analogue of jeremejevite to
the Raman signal is excluded as its most intense Raman band at 3673 cm-1 (Frost and Xi 2012)
does not appear in either of the spectra (Fig. 4.4)
Influence on frequency of OH-stretching vibration in tourmaline In tourmaline, H bonding
occurs at the two crystallographic sites V (with O3) and W (with O1) and both, O1-H1 and O3-
H3 groups have their vibrational vector aligned parallel to the crystallographic c-axis (Fig. 1.1),
with the larger off-axis displacement observed for the O1-H1 group (Gatta et al. 2014). It has been
shown that the frequency of the OH-stretching vibrations in tourmaline is systematically coupled to
atomic number, size and charge of neighboring cations and hence, tourmaline composition (Skogby
et al. 2012; Fantini et al. 2014; Berryman et al. 2016; Watenphul et al. 2016).

Bands associated with O1-H1 stretching vibrations always have the highest frequencies as the
distanceO1-H1 is smaller than the distanceO3-H3 (Gatta et al. 2014). Local arrangement of cations
around the two proton-accepting oxygens further affects the strength of the OH bonds. O3-H3
groups are surrounded by two Z and one Y cation (YZZ configuration) and O1-H1 by three Y
cations (YYY configuration); see also Fig. 1.1. The higher the sum of the charge of the Y and Z
cations the lower the frequency of the associated OH-stretching vibration (Gonzalez-Carreño et al.
1988).

A second order effect is caused by hydrogen bridge bonding between O3-H3 groups and the O5
ion in the T6O18 ring. The stronger the O3-H3. . .O5 bond, the weaker the O3-H3 bond. Substituting
Al3+ for Si4+ on the T site, corresponding to a T(AlSi) configuration, shifts the O3-H3 vibration up
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Figure 4.4 (Caption next page.)

to 50 cm-1 towards lower frequencies (Gourdant et al. 1997) because trivalent Al lowers the negative
charge of the O5 and therefore strengthens the O3-H3. . .O5 hydrogen bridge bond. Concurrently,
O1-H3. . .O5 and O1-H3. . .O4 hydrogen bridge bonding are considered as absent or very weak
(Skogby et al. 2012).
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Figure 4.4 (Previous page.) Representative single-crystal Raman spectra recorded in the frequency region
of the OH-stretching vibration in the core (a) and rim (b) of a synthetic acicular crystal, a synthetic columnar
crystal (c), and rim (d) and core (e) of the natural Koralpe tourmaline. Synthetic crystals were handpicked
and placed on a KBr pellet. Spectra of the synthetic tourmalines were collected from the area indicated in
the reflected light images. Zoned Koralpe tourmaline was probed as a polished epoxy mount. Spectra with E
G c (top) and E ⟂ c (bottom) were each acquired at the same location. [4]B pfu concentrations are taken from
the EMP analyses (Table 4.1). Gaussians marked in red are bands associated with [4]B (for fit parameters
see Table 4.4, 4.5; for band assignments see Table 4.6)

A third order effect is caused by the occupancy of the X site by Na+, K+ or Ca2+, reduc-
ing the charge of the O5, such that O3-H3. . .O5 bonds are weakened and the frequency of the
O3-H3 stretching vibration shifts to higher frequencies. In comparing synthetic Mg-foitites and
dravites this results in a splitting of up to 50 cm -1 between the X(�)Y(Al)Z(AlAl)T(SiSi) and
X(Na)Y(Al)Z(AlAl)T(SiSi) species (Veličkov 2002). Similarly, charge and ionic radius of the cation
at the X site affects the strength of the O1-H1 bond due to repulsive interaction with the positively
charged H. If K+ substitutes for the smaller Na+ ion in synthetic dravites, a shift of about 20 cm-1

to higher frequencies of the O1-H1 band occurs (Berryman et al. 2016).

The sum of the effects produces a pattern of several bands, whose relative intensities give a
measure for the abundance of the associated cation arrangements and directly reflect tourmaline
chemistry.

Synthetic tourmaline The advantage of assigning Raman bands to the spectra of our synthetic
olenitic tourmalines is that only Al is present at the octahedral sites. Therefore, all bands relate
to either Y(Al)Z(AlAl) or Y(AlAlAl) configurations. Vacancies at the Y site or Si at the Z site are
insignificant. Moreover, since Al as a tetrahedral occupant is rare or even absent, only T(SiSi) and
T(BSi) configurations have to be considered. B as a trivalent cation should generally cause a shift
to lower wavenumbers. Compared to Al on the T site, the shift should be much more pronounced
as in an undistorted tetrahedron B-O distances (1.48 Å) are smaller then Al-O distances (1.70
Å). The core of the acicular crystal is highest in B and shows the highest intensity in the low-
frequency region (Fig. 4.4, Table 4.4). Therefore, it is concluded that the bands ν1 and ν2 in the
low frequency region are associated with T(BSi) configurations in the tetrahedral ring (Table 4.6).
This is in agreement to the assignment of the 3367 cm-1 IR-band to [4]B by Schreyer et al. (2000).
Probably due to the potential contribution of molecular water in their KBr pellet Schreyer et al.
(2000) precluded that there is a second band (ν1), which indeed derives from tourmaline. The
two bands ν3 and ν4 in the mid frequency region belong to the

T(SiSi) configuration (Table 4.6),
with the expected large shift of 130 - 150 cm-1 to higher wavenumbers compared to the T(BSi)
configuration. The band splitting in the low (70 cm-1) and mid frequency regions (50 cm-1) is
probably caused by mixed �/Na occupancy on the X site. Within T(BSi) configurations the shift
is higher by about 20 cm-1, which is most likely due to the decrease of <X-O5> distances once
B is present in the tetrahedral ring. This is supported by the fact that average <X-O5> distances
in the columnar crystal are significantly smaller (2.65 Å, Table 4.3) compared to a natural olenite
devoid of [4]B (2.72Å, Cempírek et al. 2006). The intensity ratio of X(Na)Y(Al)Z(AlAl)T(BSi) (ν2)
/ X�

Y(Al)Z(AlAl)T(BSi) (ν1) is considerably higher than that of
X(Na)Y(Al)Z(AlAl)T(SiSi) (ν4) /

X
�
Y(Al)Z(AlAl)T(SiSi) (ν3), which might argue for preferred occurrence of

X(Na) together with
T(BSi) configurations.

The high frequency region has the lowest intensities, thus bands are assigned to O1-H1 stretch-
ing vibrations. The ν5 band is assigned to the

X(�)Y(AlAlAl), and the ν6 band to the X(Na)Y(AlAlAl)
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Table 4.6 Raman band assignment

Band O X YZZ YYY T
ν1 O3 � AlAlAl BSi
ν2 O3 Na AlAlAl BSi
ν3 O3 � AlAlAl SiSi
ν4 O3 Na AlAlAl SiSi
ν5 O1 � AlAlAl SiSi or BSi
ν6 O1 Na AlAlAl SiSi or BSi
ν7 O3 Na ? Fe2+AlAl ? SiSi
ν8 O3 Na ? LiAlAl ? SiSi
ν9 O1 Na ? LiAlAl ? SiSi or BSi
ν10 O1 Ca ? LiAlAl ? SiSi or BSi
ν11 O1 Na ? �AlAl ? SiSi or BSi
ν12 O1 Ca ? �AlAl ? SiSi or BSi
Note: ? = assignment ambiguous. See text

configuration (Table 4.6). The splitting of 50 cm-1 is compatible with observations in synthetic
dravites (Gourdant et al. 1997).

Natural Koralpe tourmaline Due to additional occupants (e.g., Fe, Li and � on Y; Al on T;
Ca on X) band assignment is more difficult. However, the most abundant occupant of the Y site
is Al, of the T site Si and B, and of the X site Na (Table 4.1; see also Kalt et al. 2001; Hughes
et al. 2004). Hence, it is possible to assign some of these bands by comparison with that of the
synthetic tourmalines. Energetic coincidence is found between 3 bands, namely of ν2, ν3, and ν4.
Band ν3 at 3462 - 3471 cm-1 is the most intense and therefore must correspond to the most abundant
configuration, which is X(�)Y(Al)Z(AlAl)T(SiSi). The X(Na) equivalent (ν4) is present at 50 cm-1
towards higher wavenumbers, as deduced from the assignment of the synthetic tourmaline spectra
(Table 4.4). The broad band at 3385 - 3390 cm-1 (ν2) belongs to the X(Na)Y(Al)Z(AlAl)T(BSi)
configuration. Considering the large shift to lower wavenumbers, this band must involve [4]B, also
because the intensity decreases towards the B-poorer rim (Fig. 4.4). The X-vacant equivalent (ν1) is
not sufficiently intense to be detected in any of the Koralpe spectra, probably due to the combined
effect of prefered X(Na) - T(BSi) co-occurence, low abundance of vacancies and lower overall [4]B
concentrations. All three bands are systematically shifted by 20 cm-1 to higher energies, which is
interpreted by the accumulation of various small structural differences between synthesized and
natural tourmalines.

Assignment of bands ν7 - ν12 is rather tentative due to the restricted quantitative understand-
ing of the interaction between other occupants and band positions. For example, for an O3-H3
stretching vibration (in an otherwise similar configuration) the Y(Fe2+)Z(AlAl) arrangement (Σ=
8+) should cause a band at higher energies compared to the Y(Al)Z(AlAl) arrangement (Σ= 9+),
and at lower energies compared to the possible Y(Li)Z(AlAl) cluster (Σ= 7+). Furthermore, Ca2+
on the X site should cause an even more pronounced shift to higher wavenumber than Na+. More-
over, some bands might also derive from superposition of two or more bands, precluding clear
band separation. For example, band ν6 (3601 - 3603 cm-1) in the spectra of the synthetic crystals
corresponds to an O1-H1 stretching vibration with Na on the X site. Its relative intensity is 1-2 %.
In the spectra of the natural Koralpe tourmaline a band at the same position (3597 - 3601 cm-1)
shows up, but its relative intensity is much higher (6 - 9 %), whereas Na contents are even lower
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than in all of the synthetic tourmalines (Table 4.1). Therefore, it is likely that a second band is
superimposed, so a new band ν8 is introduced at the same position as ν6. To infer its most likely
cation configuration two boundary conditions are important: the sum of the cation charge (Σ) must
be below 9+ and the configuration based on the chemistry must be sufficiently abundant. Taking
this into account, the band ν8 is assigned to the X(Na)Y(Li)Z(AlAl)T(SiSi) configuration around
the O3-H3 group. Following this logic, the band ν7 is introduced, superimposing ν5, which is pos-
sibly associated with the X(Na)Y(Fe2+)Z(AlAl)T(SiSi) configuration. Supporting this assignment,
the relative intensity ratio of ν8 (Li-related) over ν7 (Fe-related) increases from the core (0.5) to
the rim (1.5), if the contributions of the underlying low intensity bands ν6 and ν5 are disregarded.
This is in agreement with the increase of YLi/YFe2+ ratios from core to rim determined by Hughes
et al. (2004).

Bands ν9 - ν12 are presumably related to the O1-H1 stretching vibration due to their low inten-
sities. Skogby et al. (2012) recognized a band at 3657 - 3658 cm-1 in a Raman spectrum of a natural
elbaite and assigned it to a Y(LiAlAl) environment around O1-H1. Hence, as these positions are
close, the bands ν9 (3641 - 3653 cm-1) and ν10 (3666 - 3668 cm-1) are assigned to Y(LiAlAl) with
either Na+ (ν9) or Ca2+ (ν10) on the X site. The two outermost bands possibly correspond to the
X(Na)Y(�AlAl) (ν11) and X(Ca)Y(�AlAl) (ν12) arrangement. Both, the occurrence of Li and va-
cancies at the Y site in the Koralpe tourmaline has been confirmed by Ertl et al. (1997); Kalt et al.
(2001); Hughes et al. (2004).

4.4.3 Correlation of [4]B concentration and intensity of low frequency OH bands

The sum of the relative integral area (Irel) of the [4]B-related bands (ν1, ν2) strongly increases with
the [4]B concentrations (Fig. 4.5) Fitting a regression line through the origin and assuming that
Irel(ν1) + Irel(ν2) = 0 if no [4]B is present, this results in the following correlation within a 95%
confidence interval: [4]B (pfu) = 0.03(1) ⋅ [Irel(�1) + Irel(�2)]
At the same time, to the best of our knowledge none of the published IR or Raman spectra of [4]B
free tourmalines contain the ν1 and/or the ν2 bands (so far our attempts to synthesize [4]B free
olenite failed). In summary this means, that if the Raman spectrum of any unknown tourmaline
contains the ν1 and/or the ν2 band, [4]B will definitely be present in the tourmaline structure. This
is also valid for tourmalines with compositions deviating from the olenite end-member as long as
they contain a substantial olenitic component, i.e. as long as they contain sufficient clusters with
Y(Al)Z(AlAl) configurations around the O3-H3 bond.

While Al is the only occupant on the Z site in the core of the Koralpe tourmaline, only 64% of
the Y site are occupied byAl, the reminder being Fe2+ (31%),Mg2+ (4%) and Ti4+ (1%); Table 4.1).
Despite the large schorl component, the ν2 band at 3384 cm-1 is maintained in the Raman spectrum
(Fig. 4.4e). Berryman et al. (2016) presented a Raman spectrum of synthetic dravite with∼ 0.7 [4]B
pfu (their Table 4) and a Y(Al)Z(AlAl) abundance of 36% (their Table 7). This tourmaline which
exhibits a band at 3381 cm-1 that can be attributed to the presence of [4]B (their Fig. 5, sample
EB28). Similarly, infrared spectra of liddicoatites-elbaites from Anjanabonoina, Madagascar with
∼ 0.4 [4]B pfu and a Y(Al)Z(AlAl) abundance of 60% (Ertl et al. 2006, their Fig. 4) show a band
between 3300-3400 cm-1, which is likely associated with [4]B.

However, reduced abundance of Y(Al)Z(AlAl) clusters lowers the detection limit for [4]B as
lower valent substitutes as Li+, Mg2+ or Fe2+ on either Y or Z sites transfer some intensity of
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the ν1 and/or ν2 towards higher frequencies. These bands might not be resolvable as more intense
bands are likely superimposed at the same frequency. This implies that the absence of ν1 and/or
the ν2 bands does not a priori preclude the presence of [4]B, especially if the olenitic component is
very low. For those tourmalines, our approach will solely serve as a qualitative indicator for [4]B,
with a detection limit that depends, besides the quality of the Raman spectra, on the chemistry of
the tourmalines. K-dravite synthesized by Berryman et al. (2016) contains ∼ 0.25 [4]B pfu (sample
EB13, their Table 4) and neither ν1 or ν2 shows up in the single crystal Raman spectra (Berryman
et al. 2016, their Fig. 5). Yet, for more Al-rich tourmalines it is reasonable to assume that a [4]B
content of >0.3 [4]B pfu will easily be detectable by Raman spectroscopy.

4.5 Conclusion

Olenitic tourmaline with high amounts of tetrahedral B (up to 2.53 [4]B pfu) has been synthesized
in a piston-cylinder press at 4.0 GPa, 700°C, and a run duration of 9 days. Crystals are large enough
to allow for reliable and spatially resolved quantification of B by EMP analysis, SREF, and polar-
ized single-crystal Raman spectroscopy. Tourmalines with radial acicular habit are zoned in [4]B
content, which still lacks a proper explanation. Due to the restricted and well-defined variations
in chemistry, Raman bands in the OH-stretching region (3000-3800 cm-1) are unambiguously as-
signed to a specific cation arrangement. The sum of the relative integrated intensity (Irel) of two low-
frequency bands at 3284-3301 cm-1 and 3367-3390 cm-1 is found to positively correlate with the
[4]B concentrations. Hence, those bands correspond to configurations with mixed B/Si occupancy
at the T site. The correlation also holds for well-characterized natural [4]B-bearing tourmaline from
the Koralpe, Austria. This work shows the potential for Raman spectroscopy as a non-destructive
method for the chemical classification of (precious) natural tourmaline, and as a tool to rapidly
characterize chemical zonation of tourmalines in thin section.

53



Chapter 4

I     (ν1) + I     (ν2) [%]

[4
]
B

 [
p

fu
]

3.0

2.5

2.0

1.5

1.0

0.5

0.0

9080706050403020100

[4]
B [pfu] = 0.03(1)  x

. = 0.03(1) [I                           ]

rel rel 

(ν1) + I     (ν2)rel rel 
[4]

B [pfu]

Koralpe (rims)

Columnar crystals

Acicular crystal (rims)

Acicular crystal (core)

Figure 4.5 Correlation of the sum of the relative integrated intensity of Raman bands ν1 and ν2 (Table 4.4and Table 4.5) with the [4]B content determined by EMP analyses (Table 4.5). The solid line represents
the linear fit assuming a regression line through the origin with the 95% confidence interval indicated with
dashed lines. For the calculation the core of the Koralpe tourmaline is excluded due its low Al content on the
Y site (see discussion in this Chapter). The regression equation is indicated in the top part of the figure and
is strictly only applicable to tourmalines with olenitic composition. Note that for the acicular crystal (rims)
the large Raman spot likely also probes parts of the high [4]B cores.
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5 | First high-pressure synthesis of
rossmanitic tourmaline and
evidence for the incorporation of
Li at the X site

The contents of this Chapter have been accepted for publication and are currently in press inPhysics
and Chemistry of Minerals

5.1 Introduction and approach

In Chapter 1 it is shown, that natural Li-rich tourmalines are commonly associated with tetrahedral
B. Hence, the syntheses of Li-bearing tourmalines provides another promising approach to obtain
[4]B-bearing tourmaline in the laboratory. To synthesize rossmanitic tourmaline, a piston-cylinder
experiment has been performed following the protocol detailed in Chapter 2. Solid run products
were characterized by means of powder XRD, EMP analyses, SREF and single crystal Raman
spectroscopy. Analytical conditions are documented in Chapter 2.

5.2 Results

5.2.1 Powder X-ray diffraction

The experiment produced a mixture of tourmaline (68 wt%), dumortierite (28 wt%), with small
amounts of spodumene (3 wt%) and traces of coesite (1 wt%) as determined from the quantitative
phase analysis of the powder XRD spectrum. The refined cell-dimensions of the synthetic tour-
maline are: a = 15.7396(9) Å, c = 7.0575(5) Å, V = 1514.1(2) Å 3. The mean <T-O> distance
determined by the Rietveld refinement is 1.607(2) Å, which is significantly smaller than the ideal
<T-O> distance in tourmalines with only Si at the T site (1.62 Å; MacDonald and Hawthorne
1995) and thus points to substitution of B for Si at the T site (Marler et al. 2002). Correlating the
<T-O> distance to the tetrahedral B content according to the equation [4]B (pfu) = 6 ⋅ (1.62 Å -
<T-O> ) / 0.15 Å (Marler et al. 2002) yields 0.52 [4]B pfu.
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10 µm

tur

dum

dum

Figure 5.1 Backscattered electron image of run products, which mainly comprise rossmanitic tourmaline
(tur) and dumortierite (dum). Notice that the synthetic tourmaline crystals do not show any porosity or
zonation. Only in some grains sparse inclusions of dumortierite (white circle) or coesite occur.

5.2.2 EMP analyses and secondary ion mass spectroscopy

The synthetic tourmaline crystals are idiomorphic and non-porous with dimensions of up to 30 ⋅
100 µm. Both backscattered electron contrast and EMP analysis do not show across-grain variation
and thus it is reasonable to assume that individual crystals are homogeneous (Fig. 5.1). In a few
grains, sparse inclusions of dumortierite and coesite occur. Seven individual SIMS analyses were
performed on large tourmaline crystals free of inclusions and resulted in a mean Li-concentration
of 1.24 wt% Li2O. Although Na2O has not been part of the starting oxide mixture, trace amounts
have been detected by EMP (0.02 wt% Na2O) and likely stem from the NaCl pressure cell (see
Chapter 2). For calculating the structural tourmaline formulae, the combined SIMS and EMP data
were normalized to 18 cations at the Y, Z, T and B sites (18 YZTB) and alternatively to 31 O;
in both normalizations 3 [3]B are assumed (Table 5.1). Within error, both calculating schemes
yielded the same amount of [4]B pfu: [0.48(14) for 18 YZTB and 0.58(15) for 31 O], which is in
good agreement with the value of 0.52 [4]B pfu calculated from the mean <T-O> distance derived
from the powder XRD. The normalization to 18 YZTB resulted in a lack of positive charge among
the cations, leading to an unrealistic occupation of the V, W-sites with >4 H (Table 5.1). Lithium
is exclusively occupying the [6]Y site (0.78 Li pfu). In contradiction to the 18 YZTB scheme, the
normalization on 31 O came to charge-balanced results, when splitting the lithium cation occu-
pancy on two structural positions with 0.47 Li pfu on [6]Y and 0.33 Li pfu on the large [9]X site
(Table 5.1). The average structural formula of the 31 O normalized tourmaline (ignoring the EMP-
measured trace of Na, see Table 5.1) is:
X(�0.67(11)Li0.33(11))Y(Al2.53(10)Li0.47(10))Z(Al6.00)T(Si5.42(15)B0.58(15))O18
(BO3)3V+W[(OH)2.40(3)O1.60(3)]

This synthetic tourmaline is basically a solid solution between ([4]B, [9]Li)-bearing rossmanite and
the hypothetical end-member “X-site vacant Al-tourmaline” [�Al3Al6(Si6O18)(BO3)3(OH)2O2]
(Wodara and Schreyer 2001).
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Table 5.1 Composition of synthetic rossmanitic tourmaline determined from EMP and SIMS analyses
and calculated from SREF data

method EMP/SIMS SREF
n 24/7 1
SiO2 (EMP) 35.11(91) 35.13(20)a
B2O3 (EMP) 12.96(63) 13.70(23)a
Al2O3 (EMP) 45.22(69) 46.04(22)a
Na2O (EMP) 0.02(2) —
Li2O (SIMS) 1.24(14) 1.36(11)a
H2O n.d. 3.77a
total 94.55 100.00

normalization 18 YZTB 31 O none

T site

Si 5.44(15) 5.42(15) 5.38(3)
B 0.48(14) 0.58(15) 0.62(3)
Al 0.08(7) 0.00(0) —
B site

B 3.00 3.00 3.00
Y site

Al 2.22(9) 2.53(10) 2.31(2)
Li 0.78(9) 0.47(10) 0.69(2)
� 0.00(0) 0.00(0) —
Z site

Al 5.99(3) 6.00(0) 6.00
Si 0.01(3) 0.00(0) —
X site

Li 0.00(0) 0.33(11) 0.15(5)
� 1.00(0) 0.67(11) 0.85(5)
V + W site

O — 1.60(3) 0.15
OH 4.10(15) 2.40(3) 3.85
Note: n.d. = not determined; n = number of analysis.
aCalculated from site occupancy derived fromSREF.
Trace amounts of Na2O have been neglected for the
calculation of cation proportions.
OH/O ratios calculated to achieve charge balance.
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Table 5.2 Atom coordinates, isotropic ( Uiso) or equivalent isotropic (Ueq) displacement parameters and
site-occupancy factors (Occ.) from SREF of a synthetic rossmanitic tourmaline

Site x y z Uiso/Ueq (Å2) Occ.
X 0 0 0.137(12) 0.05(3) Li0.15(5)
Y 0.12195(5) 1/2x -0.34445(11) 0.0075(3) Al2.31Li0.69(2)
Z 0.29673(3) 0.26055(3) -0.37259(7) 0.00685(11) Al1.00
B 0.10906(8) 2x 0.4722(3) 0.0071(4) B1.00
T 0.19100(3) 0.18893(3) 0.02103(6) 0.00539(13) Si5.38B0.62(3)
H3 0.254(2) 1/2x 0.423(5) 0.023(8)a H1.00
O1 0 0 -0.2079(4) 0.0158(5) O1.00
O2 0.06046(5) 2x 0.5140(2) 0.0111(3) O1.00
O3 0.25883(12) 1/2x -0.4739(2) 0.0111(3) O1.00
O4 0.09496(6) 2x 0.0927(2) 0.0106(3) O1.00
O5 0.18882(12) 1/2x 0.1157(2) 0.0107(3) O1.00
O6 0.19390(7) 0.18308(7) -0.20555(16) 0.00833(19) O1.00
O7 0.28606(7) 0.28573(7) 0.09505(14) 0.00788(18) O1.00
O8 0.20950(7) 0.27003(7) 0.45621(14) 0.0076(2) O1.00
Notes: for definition of Ueq see Fischer and Tillmanns (1988)
aisotropic displacement parameter Uiso
numbers in brackets = standard deviation (1 SD) as derived from the refinement

5.2.3 Single-crystal X-ray structure refinement

As determinined by SREF, the lattice parameters of the synthetic tourmaline are a = 15.751(1)
Å, c = 7.066(1) Å, V = 1518.2(3) Å3. Compared to the results of the powder XRD, all unit cell
parameters are slightly larger, resulting in a larger unit cell volume. Final atomic coordinates, dis-
placement parameters and site-occupancy factors are given in Table 5.2 and selected interatomic
distances in Table 5.3.

The SREF data show electron density at the X site, which is equal to an amount of 0.15(5) Li
pfu. As the amount of Na detected by EMP analyses is negligible, Li+ is the only possible occupant
to account for the electron density. Contrary to recent investigations on high-pressure tourmaline
(Schreyer et al. 2000; Wunder et al. 2015), there is no evidence for Si at the octahedral Z position.
In agreement with the chemical EMP/SIMS analyses, there is no evidence for vacancies at the Y
site. For a fully occupied V site by 3 OH, the bond-angle distortion of the ZO6 octahedron (Zσoct2)
is linearly correlated to the <Y-O> distance according to Ertl et al. (2005). The structural refine-
ment results in Zσoct2 = 58.9 and a mean <Y-O>= 1.959(7)Å; these values plot only slightly away
from the linear correlation (Ertl et al. 2005). Thus, 3 OH at the V site are assumed and by charge
balance, the W-site occupancy was calculated to be W[(OH)0.85O0.15]. Combining these structural
data, the single-crystal X-ray structure refinement of the investigated synthetic tourmaline crystal
results in the following structural formula:
X(�0.85(5)Li0.15(5))Y(Al2.31(2)Li0.69(2))Z(Al6.00)T(Si5.38(3)B0.62(3))O18
(BO3)3V(OH)3W[(OH)0.85O0.15]

This chemical composition is closest to the tourmaline end-member rossmanite
[�(LiAl2)Al6(Si6O18)(BO3)3(OH)4] and in very good agreement with the average composition
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Table 5.3 Selected interatomic distances (Å) in synthetic rossmanitic tourmaline from SREF

X- Y- Z- T- B-

O1 2.44(8) O1 1.9230(16) O6 1.8786(11) O7 1.5991(10) O2 1.359(3)
O5 (⋅3) 2.580(5) O6 (⋅2) 1.9409(12) O8 1.8768(11) O6 1.6056(12) O8 (⋅2) 1.3749(15)
O4 (⋅3) 2.610(10) O2 (⋅2) 1.9350(11) O7 1.8803(11) O4 1.6025(6) Mean 1.370(2)
O2 (⋅3) 3.13(7) O3 2.0793(18) O8’ 1.8916(11) O5 1.6168(7))
Mean 2.74(3) Mean 1.930(1) O7’ 1.9293(10) Mean 1.606(1)

O3 1.9755(8)
Mean 1.905(1)

Note: (’) denotes a different equivalent oxygen position. For further details see Selway et al. (1998).
Error of the mean values calculated by propagating the errors (1 SD) of the single cation-oxygen
distances

determined with EMP/SIMS analyses (Table 5.1). In contrast to the cell dimensions of natural
rossmanite from the type-locality Rožná, Czech Republic [a = 15.770(2) Å, c = 7.085(1) Å, V =
1525.8(4) Å3; Selway et al. 1998], those of the synthetic rossmanitic tourmaline are significantly
smaller. Besides the latter containing higher amounts of tetrahedral B, this might be explained by
the small Li+ at the X site of the synthetic tourmaline, whereas the X site of the natural rossmanite
is occupied by the larger Na+ (0.43 XNa pfu; Selway et al. 1998, their Table 7).

5.2.4 Single-crystal Raman spectroscopy

The Raman spectrum recorded in the OH-stretching region (Fig. 5.2) comprises 8 bands assigned
as ν1 - ν8 in ascending wavenumber. Their positions, as well as their full widths at half maximum
(FWHM) and relative integrated intensities (Irel) are compiled in Table 5.4. O-H vibrations associ-
ated with the O3 oxygen at the V site (termed “O3-H” in the following) are generally more intense
and are situated at lower wavenumbers, whereas O-H vibrations associated with the O1 oxygen
at the W site (termed “O1-H1” in the following) have low intensities and are situated at higher
wavenumbers (Gonzalez-Carreño et al. 1988). Hence, low wavenumber/high intensity bands ν1 -
ν4 are assigned to the O3-H3 stretching vibrations and high wavenumber/low intensity bands ν5 -
ν8 to O1-H1 stretching vibrations. In spectra E ⟂ c, all bands suffer severe intensity loss (Fig. 5.2)
compared to E G c. However, the relative intensity decrease is least pronounced for O1-H1 bands
ν5 - ν8. The assignment of the Raman bands and calculation of the site occupancy is included in
the following discussion.

5.3 Discussion

5.3.1 Raman band assignment

Basically, H can be incorporated on two structural positions in tourmaline: at the O1 oxygen (W
site) and at the O3 oxygen (V site). Due to interactions with neighboring cations and the formation
of hydrogen bonds, the strength of the O-H bonds and hence frequencies of the OH-stretching
vibrations are variable. Therefore, Raman spectra of tourmaline consist of a multitude of bands,
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Figure 5.2 Single-crystal Raman spectrum of synthetic rossmanitic tourmaline recorded with the electric
field vector, E, parallel (E // c) and perpendicular (E ⟂ c) to the c axis of tourmaline in the frequency region
of the OH-stretching vibration. Assignment of cation configurations for O3-H3 (grey) and O1-H1 bands
(black) are also indicated. For more details see Table 5.4.

with their relative integrated intensities reflecting the abundance of a certain arrangement and hence
tourmaline chemistry (e.g. Fantini et al. 2014; Berryman et al. 2016; see also Chapter 4). Whereas
the O3-H3 bands are rather sensitive to the occupation of Y and Z sites, the O1-H1 vibrations are
sensitive to the occupation of the Y and X sites. Hence, the occurrence of Li at the X site should be
traceable by Raman spectroscopy, but reliable assignment of the Raman bands is mandatory. In the
following discussion, a consistent band assignment is presented, which is based on the comparison
to other spectroscopic studies on tourmaline and summarized in Table 5.4. It is shown, that the
occupancy of the X, T and Y sites derived from the assignment is in agreement with the SREF and
EMP/SIMS data.

Assignment of bands associated with O3-H3 stretching vibrations (ν1 - ν4). The lowest fre-
quency band ν1 is located at 3311 cm-1. Bands at such a low wavenumber derive from strong
O3-H3. . .O5 hydrogen bonding (e.g. Gonzalez-Carreño et al. 1988; Bosi et al. 2012), which is re-
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Table 5.4 Assignment and fitting parameters of the Raman spectrum (E G c) of synthetic rossmanitic tour-
maline

Band
Raman shift FWHM Irel P XLi set X

� set
(cm-1) (cm-1) (%)

O3 site
ν1 3311(1) 97(1) 13.4(4) 0.14 Y(Al)Z(AlAl)T(BSi)
ν2 3394(1) 45(5) 1.4(3) 0.02 Y(Li)Z(AlAl)T(BSi)
ν3 3452(1) 59(1) 65.3(13) 0.69 Y(Al)Z(AlAl)T(SiSi)
ν4 3574(1) 51(1) 14.5(6) 0.15 Y(Li)Z(AlAl)T(SiSi)

O1 site
ν5 3620(2) 34(5) 1.5(5) 0.27 X

�
Y(AlAlAl) X

�
Y(AlAlAl)

ν6 3648(1) 17(3) 0.8(3) 0.15 XLiY(AlAlAl) X
�
Y(LiAlAl)

ν7 3668(1) 16(1) 2.7(2) 0.49 X
�
Y(LiAlAl) X

�
Y(LiLiAl)

ν8 3706(1) 11(1) 0.5(1) 0.09 XLiY(LiAlAl) X
�
Y(LiLiLi)

Note: FWHM = full width at half maximum. Irel = relative integrated intensity.
Numbers in brackets denote the standard deviation (1 SD) as derived from the fit.
Pνi = Irel(νi)/[Irel(ν1) + Irel(ν2) + Irel(ν3) + Irel(ν4)], for i = 1,....,4.
Pνi = Irel(νi)/[Irel(ν5) + Irel(ν6) + Irel(ν7) + Irel(ν8)], for i = 5,....,8.

lated to excess B substituting for Si at the T site (Table 5.1). In agreement with the results presented
in Chapter 4, the ν1 band is assigned to the

Y(Al)Z(AlAl)T(BSi) configuration around the O3-H3
group. Band ν2 at 3394 cm

-1 is likely to be also associated with tetrahedral B due to its low fre-
quency. A possible explanation for its shift to higher wavenumber is a lower charged YZZ triplet
(Gonzalez-Carreño et al. 1988) and hence band ν2 is assigned to a

Y(Li)Z(AlAl)T(BSi) configura-
tion around the O3-H3 group. The most intense band ν3 with Irel = 65.3% has been observed at
3452 cm-1, which is similar to the position of a high intensity band in other Al-rich tourmalines
(Fantini et al. 2014; Berryman et al. 2016; see also Chapter 4, Fig. 4.4). In accordance with these
studies band ν3 is assigned to the configuration

Y(Al)Z(AlAl)T(SiSi). Close to the location of band
ν4 at 3574 cm

-1, Fantini et al. (2014) measured bands between 3591 - 3594 cm-1 in natural elbaite
and assigned them to a Y(Li)Z(AlAl)T(SiSi) configuration.Watenphul et al. (2016) measured bands
between 3517 - 3607 cm-1 in various natural Li-rich tourmaline and attributed them to mixed (Li,
Al) occupancy at the Y site. Due to the good agreement with the latter studies, band ν4 derives
from the configuration Y(Li)Z(AlAl)T(SiSi).

Occupancy of Y and T sites derived from Raman spectroscopy Based on the band assignment
of the O3-H3 stretching vibrations, occupancy of Y and T sites are calculated. The relative inte-
grated intensities of bands ν1 - ν4 are normalized to the combined relative integrated intensity of all
O3-H3 bands in order to derive the probability (P) for a certain cation arrangement (Table 5.4). The
amount of a cation at a specific site (in atoms pfu) is calculated by multiplying the site multiplicity
(M), which is 3 for the Y site and 6 for the T site, by the sum of the probability weighted cation
fractions (x) at Y or T sites within the arrangement assigned to bands ν1 - ν4. The calculation of Y
and T site occupancies is represented by the following formulae:
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YLi (pfu) =MY −Y Al (pfu)
=MY ⋅

[

(xYLi)�1 ⋅ P�1 +
(xYLi)�2 ⋅ P�2 +

(xYLi)�3 ⋅ P�3 +
(xYLi)�4 ⋅ P�4

]

TB (pfu) =MT −T Si (pfu)
=MT ⋅

[

(xTB)�1 ⋅ P�1 +
(xTB)�2 ⋅ P�2 +

(xTB)�3 ⋅ P�3 +
(xTB)�4 ⋅ P�4

]

The YLi occupancy is calculated with 0.51 pfu and the amount of [4]B is 0.48 pfu. Both, YLi and
[4]B contents match the results obtained from SREF and EMP (Table 5.5). The amount of [4]B is
also in perfect agreement with the Raman calibration for the determination of tetrahedral B derived
in Chapter 4 (Fig. 4.5).
Assignment of bands associated with O1-H1 stretching vibrations (ν5 - ν8) Raman bands ν5 -
ν8 belong to O1-H1 vibrations, which is inferred from their very low relative intensity (<3%) and
their high frequency, which are both typical for O1-H1 stretching vibrations in tourmaline.

Fantini et al. (2014) attributed a band between 3655-3660 cm-1 to a configuration involving
a vacant X site in elbaite. Similarly, Watenphul et al. (2016) assigned a band at 3652 cm-1 to a
X(�)Y(LiAlAl) configuration around the O1-H1 group. Both are in agreement with the position of
the ν7 band in our Raman spectrum and hence ν7 is assigned to a X(�)Y(LiAlAl) configuration.
Watenphul et al. (2016) attributed a band at 3714 cm-1 to X(Na)Y(LiAlAl) similar to the position of
the ν8 band in our spectrum. As the shift to higher wavenumbers increases with the size of the cation
occupying the X site (Berryman et al. 2016), the slight shift of 10 cm-1 towards lower wavenumbers
is likely owed to the smaller size of the Li+ ion compared to Na+. Thus band ν8 is assigned to a
X(Li)Y(LiAlAl) configuration. The two lower frequency bands ν5 and ν6 are tentatively assigned
to a X(�)Y(AlAlAl) and X(Li)Y(AlAlAl) configuration, respectively.
Occupancy of Y and X sites derived from Raman spectroscopy To confirm the assignment
of the high frequency Raman bands, Y and X site occupancies are calculated analogously to the
procedure applied for the O3-H3 vibrations. In contrast the relative integrated intensities of bands
ν5 - ν8 are normalized to the combined relative integrated intensity of all O1-H1 bands to derive
probabilities (Table 5.4). The calculation of Y and T site occupancies is represented by the follow-
ing formulae:
YLi (pfu) = MY −Y Al (pfu)

=MY ⋅
[

(xYLi)�5 ⋅ P�5 +
(xYLi)�6 ⋅ P�6 +

(xYLi)�7 ⋅ P�7 +
(xYLi)�8 ⋅ P�8

]

xLi (pfu) = MX −X � (pfu)
=MX ⋅

[

(xXLi)�5 ⋅ P�5 +
(xXLi)�6 ⋅ P�6 +

(xXLi)�7 ⋅ P�7 +
(xXLi)�8 ⋅ P�8

]

Results show that the Y site occupancy is (Li0.58Al2.42) and the X site is occupied with 0.24 Li
pfu. Both are in very good agreement with the site occupancy derived from EMP/SIMS and SREF
(Table 5.5).

Alternatively, it is tried to assign the O1-H1 bands with a set that does not involve Li at the X
site. The X� set is solely based on successively decreasing charge of the YYY triplet, with the X site
left vacant. Hence, the lowest wavenumber band ν5 is assigned to X(�)Y(AlAlAl), ν6 is assigned to
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Table 5.5 Comparison of selected site occupancies of synthetic rossmanitic tourmaline derived from EMP,
SREF and Raman

Site EMP SREF Raman
XLi set X� set

Y
Li0.51(3)a

Li0.47(10) Li0.69(2) Al2.49(3)a
Al2.53(10) Al2.31(2) Li0.58(9)b Li1.40(18)b

Al2.42(9)b Al1.60(18)b

T Si5.42(15) Si5.38(3) Si5.52(3)a
B0.58(15) Bi0.62(3) B0.48(3)a

X �0.67(11) �0.85(5) �0.76(9)b �1.00bLi0.33(11) Li0.15(5) Li0.24(9)b
acalculation based on assignment of the O3-H3 vibrations
bcalculation based on assignment of the O1-H1 vibrations

X(�)Y(LiAlAl), ν7 is assigned to X(�)Y(LiLiAl) and ν8 is assigned to X(�)Y(LiLiLi). Calculating
the Y site occupancy from the X� set would yield Y(Li1.40Al1.60) (Table 5.5), which disagrees with
the chemistry derived from the O3-H3 vibrations and from the EMP/SIMS and SREF data. Hence,
it is reasonable to assume that the assignment allowing for Li at the X site is the most reasonable.

5.3.2 Short range response to the bond valence deficit caused by tetrahedral B

In a tourmaline with only Si at the T site, each O4 and O5 oxygen receives 1 valence unit (vu)
by each of the two neighboring Si4+ in the tetrahedral ring. However, the results of SREF, EMP
and Raman spectroscopy suggest an amount of 0.48-0.62 [4]B pfu (Table 5.5). Substituting one
Si4+ by B3+ at the T site reduces the incident valence sum to 1.75 vu for both, the O4 and the
O5, i.e. they are missing positive charge. As the valence sum rule must hold locally, there must
be a short-range response in order to provide the missing 0.25 vu. Some positive charge for O5
is provided by O3-H3. . .O5 hydrogen bonding, in the order of 0.15 vu, considering the O3-O5
distance and regular O3-H3. . .O5 bond angles (Hawthorne 2002). Still there is a remainder of 0.10
vu for the O5 and 0.25 vu for the O4 oxygen as O3-H3 does not form O3-H3. . .O4 hydrogen bonds.
This deficit is likely compensated by placing a cation at the X site, which provides further positive
charge. In a regular tourmaline, the X site is coordinated by 9 O (3⋅O2, 3⋅O4, 3⋅ O5) and hence
contributes another 0.11 vu to O4 and O5 in the case of a monovalent cation. According to Shannon
(1976), the ionic radius of Li+ at various sites is 0.59Å ([4]Li), 0.76Å ([6]Li) and 0.92Å ([8]Li). By
extrapolating this series to the coordination of 9, the ionic radius of [9]Li at tourmalineÕs X site
would be approximately 1.0 Å. The ionic radius in this configuration is significantly smaller than
that of the smallest monovalent ion [9]Na = 1.24 Å (Shannon 1976) known to be incorporated into
tourmaline, e.g. in the synthetic olenitic tourmalines described in Chapter 4.

In contrast there is no Na but Li at the X site in the synthetic rossmanitic tourmaline. As Li
is smaller than Na, the X-O4/O5 distances are likely decreasing with Li at the X site to still have
sufficient valence contribution. This is shown by the SREF-data, which demonstrate that the X-O1

63



Chapter 5

z

yx

O1

O3
O3O3

Y

Z

X = Li

a) b)

BO
3

T

H

X = Na

Figure 5.3 Atomic arrangement in synthetic tourmaline around the X site based on SREF. a) rossmanitic
tourmaline with Li at the X site; b) olenitic tourmaline with Na at the X site (see Capter 4). Compared to the
X-O1 distance in the olenitic tourmaline, the X-O1 distance in the rossmanitic tourmaline is significantly
smaller. For further information see text.

distances are shortened significantly, i.e. the Li is getting closer to the Si6O18 ring compared to the
synthetic olenites described in Chapter 4 with the X site occupied by Na (Fig. 5.3). Considering a
cut-off value of 3.0Å for the ligating oxygens, this is accompanied by a decrease in the coordination
number from a regular 9-fold (3⋅O5, 3⋅O4, 3⋅O2) to a 7-fold coordination (1⋅O1, 3⋅O5, 3⋅O4).

5.3.3 Substitution mechansims for the incorporation of Li at the X site

Several substitution mechanisms can be formulated to account for the incorporation of Li at the X
site. One possible mechanism is simple de-protonation of a regular rossmanite via:

X�-1W(OH)-1XLi1WO1 (5.1)

As the SREF data indicate a fully hydrated V site, de-protonation is expected to preferentially
occur at the W site. If the incorporation of Li at the X site is indeed coupled to de-protonation
of the W site, O1-H1 Raman bands that are associated with Li at the X site should not appear.
However, our assignment clearly identifies two bands (ν6 and ν8), which are associated with Li at
the X site. Hence, exchange mechanism (5.1) seems unlikely. Another possible substitution is from
hypothetical “X site vacant Al-tourmaline” by:

X�-1YAl-1V,WO-1XLi1YLi1V,W(OH)1 (5.2)

In contrast to mechanism (5.1) the substitution (5.2) involves protonation of V and W sites and
therefore is not relevant in end-member rossmanite as here the maximum of 4 OH pfu is already
reached. A third mechanism is proposed that does not involve hydrogen:

X�-1TSi-1XLi1TB1 (5.3)

This mechanism is similar to the substitution X�-1TSi-1XNa1TB1, which minorly contributes to the
incorporation of tetrahedral B in olenites (see Chapter 4, Fig. 4.3). Based on the observation that
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Li-bearing tourmalines are often associated with tetrahedral B (Ertl et al. 1997; Tagg et al. 1999),
the latter mechanism is considered to be the most likely.

5.4 Conclusions

The analytical methods applied in this study independently show strong evidence that some Li has
been incorporated at the X site of rossmanitic tourmaline. The synthesis experiments have been
conducted at ultra-high pressure of 4 GPa, which deviates from the pressure range expected for
the formation of the majority of natural Li-rich tourmaline (up to ∼1 GPa). In accordance with
the general increase of coordination number with increasing pressure, tourmalines with Li at the X
site might thus be restricted to ultra-high pressure environments, e.g.meta-pegmatites in subducted
continental crust.

However, Li at the X site might also be a more general phenomenon in natural tourmaline,
although this is hardly verifiable by the array of analytical methods presented in this study. Most
promising in this respect is Raman spectroscopy, but due to the affinity of Na for the X site (Berry-
man et al. 2015) and the scarcity of Na-free fluids, mixed X site occupancy is likely to occur.
Because generally the shift of O1-H1 bands related to the X site occupancy is small (Berryman
et al. 2016) and Raman spectra of natural tourmaline are complex, the detection of Raman bands
related to XLi will be problematic.

Hence, the preliminary data presented here will require additional future investigations on the
Li-coordination environment, e.g. by LiNuclearMagnetic Resonance spectroscopy. In any case, the
indication of Li at tourmaline’s X site is compelling not only for crystal-structure considerations,
but might have important implications for the Li isotope fractionation between tourmaline and
fluid, as isotope fractionation not only depends on temperature but also on the Li-O bond length. It
has been shown that the lighter [6]Li is preferred in compounds having longer Li-O bonds (Wunder
et al. 2007; 2011). A substantial amount of Li on the X site would have a great impact on isotope
fractionation due to the longer X-O bonds compared to Y-O bonds. In the case of tourmaline, Li
on the X site would lead to much stronger isotope fractionation, that has to be taken into account
for modeling Li isotope fractionation, e.g. in subduction zone related geological settings.
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6 | Jeremejevite as a precursor for
synthetic olenitic tourmaline:
Consequences of non-classical
crystallization pathways for
composition, textures and B
isotope patterns of tourmaline

The successful syntheses of [4]B-bearing tourmaline (Chapter 4 and Chapter 5) provides an ex-
cellent basis to study the B isotope fractionation between tourmaline and fluid as a function of
tourmaline’s [4]B content. Due to their higher [4]B concentrations, the synthetic olenites (∼1.2-2.5
[4]B pfu) are more likely to render an effect of [4]B visible and hence the rossmanitic tourmalines
(∼0.6 [4]B pfu) are left aside. However, the zonation observed in the acicular olenite crystals is
yet unexplained and in this Chapter it will be shown that its cause has important implications for
the evaluation of the B isotope measurements in Chapter 7. The contents of this Chapter have been
accepted for publication and are currently in press in European Journal of Mineralogy 29:239-255.

6.1 Introduction and approach

Synthetic tourmalines commonly display a chemical gradient between their root zones and rims
(Berryman and Wunder 2014; Setkova et al. 2009; von Goerne and Franz 2000). This zonation
was interpreted to derive from a continuous chemical change of the bulk solution caused by frac-
tional crystallization of tourmaline and/or incongruent dissolution of the starting material (e.g.
von Goerne et al. 1999). However, this concept is in conflict with the observed discontinuity of the
chemical variation from core and rim in many synthetic tourmalines (e.g. Berryman and Wunder
2014; von Goerne et al. 2001). In addition, in some experimental studies, extensive porosity is rec-
ognized in their root zones (e.g. von Goerne et al. 2001; Meyer et al. 2008; Berryman and Wunder
2014), which is yet unexplained.

Over the last decade several studies have found that mineral nucleation does not necessarily
proceed via spontaneous organization of ions to critical clusters, but rather through the aggrega-
tion of solid crystalline (Niederberger and Cölfen 2006), amorphous (Aizenberg et al. 2003) or even
liquid precursor phases (Gower 2008). Those non-classical crystallization paths have been detected
recently in many simple chemical systems studied at ambient P-T conditions (e.g. van Driessche
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et al. 2012; Pouget et al. 2009; Baumgartner et al. 2013). However, non-classical crystallization
pathways are also reported in more complex chemical systems at elevated pressures and tempera-
tures (Maresch et al. 1994; Bozhilov et al. 2004; 2007). Commonly, these precursor phases leave
a chemical and textural imprint preserved in core or root zones of the final single crystal. Maresch
et al. (1994) found that tremolite that formed by topotactic transformation of talc, also exhibits
a chemical shift towards the talc composition. van Driessche et al. (2012) argue that nanometer-
sized pores in larger bassanite crystals are a remnant of a porous network that evolved during the
crystallographically oriented self-assembly of several bassanite nanorods.

Inclusions of corundum or spinel in chemically distinct and porous root zones of synthetic
dravites (vonGoerne et al. 1999; 2001) suggest, that the nucleation of tourmalinemight be similarly
associated with a precursor phase. However, this possibility has been ignored so far in the literature.
The synthetic [4]B-bearing acicular olenites described in Chapter 4 are also zoned from core (high
B, low Si) to rim (lowB, high Si); Table 4.1. Besides the sharp intragranular chemical gradient, root
zones of olenite grains exhibit extensive porosity (Fig. 4.2). By repeating the synthesis experiment
described in Chapter 4 but applying shorter run durations of 0.5 h and 2.5 h, evidence is provided
that chemical zonation and porosity in [4]B-rich olenite is explained by early olenite nucleation
associated with the hydroxyl-analogue of jeremejevite serving as a precursor. For this purpose, run
products have been extensively characterized, including phase proportions of the solid compounds
determined by powder XRD, their unit cell parameters and compositions by powder XRD, TEM
and EMP analyses, B concentrations of the coexisting fluids and B isotope ratios of solids and
fluids by MC-ICP-MS. Details of the analytical methods are given in Chapter 2.

6.2 Occurence, crystal structure and chemistry of jeremejevite

Jeremejevite has the chemical formula Al6(BO3)5(F,OH)3 and is one of the rarest Gem minerals
on earth (Wilson et al. 2002). It was first described by Damour (1883) from Mt. Soktui, Trans-
baikal region, Russia. Worldwide only a few other deposits have been reported so far: Cape Cross,
Swakopmund, Namibia (Strunz and Wilk 1974; Herting and Strunz 1978), Ameib Ranch, Usakos,
Namibia (Wilson et al. 2002), Eifel district, Germany (Beyer and Schnorrer-Köhler 1981; Rondorf
and Rondorf 1988), Pan-Taw, Kyauk-sin and Sakhan-gyi deposits, Mogôk, Myanmar (Themelis
2008), Shakdara Range, SW Pamir Mountains, Tajikistan (Konovalenko et al. 1983), Fantaziya
and Priyatnaya pegmatites, E Pamir Mountains, Tajikistan (Zolotarev et al. 2000). Jeremejevite
occurs in miarolitic cavities hosted in volcanic slag (Eifel district) or granitic pegmaites (other
localities). Mineral associations commonly include quartz, feldspar, apatite, beryl, topaz, and tour-
maline. The latter has been found as an overgrowth on jeremejevite near the Ameib Ranch in the
Erongo Mountains, Namibia (Fig. 6.1). Although natural jeremejevite is dominated by fluorine,
between 8 and 18 mol% of its hydroxyl-analogue component Al6(BO3)5(OH)3 have been detected
(Zolotarev et al. 2000; Foord et al. 1981). So far only the hydroxyl-analogue of jeremejevite has
been synthesized (e.g. Michel-Lévy 1949; Reynaud and Iiyama 1967; Stachowiak and Schreyer
1998. Its crystal structure has been refined by Rodellas et al. (1983) and is illustrated in Fig. 6.2.
When presenting the results of this study, the term jeremejevite refers to its hydroxyl-analogue.
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Figure 6.1 Green acicular tourmaline is overgrowing blue jeremejevite. Specimen found in an outcrop near
the Ameib Ranch in the Erongo Mountains, Namibia. Used by permission of Mike Keim.
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Figure 6.2Crystal structure of the hydroxyl-analogue of jeremejevite Al6(BO3)5(OH)3 viewed parallel (top)and perpendicular to the c-axis (bottom). Octahedrally coordinated Al (blue) forms six membered corner-
shared rings, which are interconnected via the octahedron edges. B is incorporated at two trigonally co-
ordinated sites: B1 (red) and B2 (violet). In the white shaded area in the top figure, Al is illustrated only
as spheres to better visualize the B1-O3 groups. The latter exhibit strong off-planarity, i.e. B1 is located
off the O3 plane at the tip of the red polyhedron, whereas the B2-O3 groups are completely planar. Green
spheres denote the location of OH-groups. The unit cell is indicated by dotted lines. Figure produced with
CrystalMaker® based on the crystal structure refinement of Rodellas et al. (1983).
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6.3 Results

All run products contain solid material that forms a white fine-grained powder. When opening the
gold capsules after the experiment, bubbles appeared at the site where the capsule was punctured,
which indicates the presence of a fluid phase. As revealed by the Rietveld refinement of the pow-
der XRD patterns, solid run products of all experiments contain coesite, olenitic tourmaline and
jeremejevite. All run products together with other relevant phases of the system SiO2-Al2O3-B2O3-
NaCl-H2O are marked in Fig. 6.3.
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Figure 6.3 Relevant phases in the system SiO2-Al2O3-B2O3-NaCl-H2O projected from NaCl and H2O. Astar indicates the bulk composition and major phases involved in the study are marked in red. The approxi-
mate fluid composition is inferred from the solubility of the starting materials (see text). Crossing conodes
(dotted lines) illustrate the Jer→ Tur precursor reaction (for reaction equation see text).

6.3.1 Phase proportions, unit cell parameters and textures.

Jeremejevite contents decrease from 46 wt% in the 0.5 h experiment to 39 wt% in the 2.5 h exper-
iment and 3 wt% in the 216 h experiment (Table 6.1, Fig. 6.4). In the 0.5 h experiment it displays
porous, hypidiomorphic hexagonal platelets reaching 5 µm in diameter, which are commonly inter-
grown with olenite (Fig. 6.5). In the 2.5 h experiment crystal faces are more embayed compared to
the 0.5 h experiment. In the 216 h experiment, jeremejevite is only recognized as inclusion in olen-
ite (Fig. 6.6). Unit cell parameters of jeremejevite range between a = 8.603 - 8.6218 Å, c = 8.229
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Figure 6.4 Evolution of phase contents (wt%) determined by powder XRD in experiments quenched after
0.5 h, 2.5 h and 216 h. The uncertainty is included in the symbol size.

- 8.2490 Å, V = 527.4 - 531.0 Å3 (Table 6.1). All unit cell parameters decrease with run duration
and in all experiments the unit cell parameters are significantly larger than those determined for
the fluorine end-member with a = 8.556(3), c = 8.175(3), V = 518.27 Å3; (Rodellas et al. 1983).

Rietveld refinement of the powder diffraction patterns show minute amounts of olenitic tour-
maline (3 wt%) that formed within 0.5 h. Its abundance increases with increasing run durations
(23 wt% after 2.5 h and 94 wt% after 216 h; Table 6.1, Fig. 6.4). It crystallizes as radial, acicular
aggregates in both the 0.5 h and the 2.5 h experiments while size of the largest crystals increases
with run duration from 5 µm to 10 µm in length and from 2 µm to 4 µm in width. In the 216 h
experiment, isolated columnar single crystals up to 150 µm long and 30 µm thick, constitute about
80 volume% of the olenite (Fig. 6.6). Acicular crystals in fan-like sprays are also present but less
abundant (∼20 vol%) and slightly smaller than the columnar crystals. Unit cell parameters range
between a = 15.608 - 15.6225 Å, c = 7.027 - 7.0335 Å; V = 1482.6 - 1486.7 Å3. Smallest unit cell
parameters are found in the 0.5 h experiment. The mean <T-O> distance in olenite is 1.590(5)Å in
the 216 h and 1.531(19)Å in the 2.5 h experiment, indicating significant substitution of B (B - O =
1.47 Å) for Si (Si - O = 1.62 Å) at the tetrahedral site (Hawthorne 1996). In the 0.5 h experiment,
olenite is not sufficiently abundant to reliably refine <T-O> distances.

All experimental run products contain coesite, with contents decreasing from 52 wt% after
0.5 h to 3 wt% after 216 h (Table 6.1, Fig. 6.4). Coesite forms large platy aggregates in the 0.5 h
experiment with individual crystals showing well-established crystal phases. Idiomorphic coesite
crystals are up to 80 µm in length and 20 µm in thickness (Fig. 6.6a). After 2.5 h the crystal size has
not decreased significantly, but crystal edges are more rounded. Coesite in the 216 h experiment
is fine-grained (<10 µm) and forms rounded, isometric crystals (Fig. 6.6c). Occasionally, well-
established crystal phases are detected. Coesite occurs as an inclusion in olenite only in the 216 h
experiment (Fig. 6.6d).

6.3.2 Jeremejeveite and olenite compositions

Microprobe analyses were performed on several grains of jeremejevite and olenite. Whereas jere-
mejevite was always analyzed in its center due do the small grain size, analysis spots in olenite
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Table 6.1 Phase proportions and unit cell parameters determined by Rietveld refinement of powder X-Ray
diffraction patterns

Run
0.5 h 2.5 h 216 h

duration

Phase Tur Jer Coe Tur Jer Coe Tur Jer Coe
wt% 2(1) 46(1) 52(1) 23(1) 39(1) 38(1) 94(1) 3(1) 3(1)
a (Å) 15.608(10) 8.6218(6) 7.1356(6) 15.6225(29) 8.6157(6) 7.1356(5) 15.6207(9) 8.603(4) 7.131(6)
b (Å) 15.608(10) 8.6218(6) 12.3678(12) 15.6225(29) 8.6157(6) 12.3684(17) 15.6207(9) 8.603(4) 12.369(7)
c (Å) 7.027(8) 8.2490(13) 7.1723(6) 7.0335(12) 8.2393(12) 7.1727(4) 7.0305(7) 8.229(7) 7.171(6)
α (°) 90 90 90 90 90 90 90 90 90
B (°) 90 90 120.327(6) 90 90 120.329(6) 90 90 120.35(4)
G (°) 120 120 90 120 120 90 120 120 90
V (Å3) 1482.6(2.4) 531.0(1) 546.3(1) 1486.7(5) 529.7(1) 546.4(1) 1485.7(2) 527.4(6) 545.9(6)
Dwd 1.503 1.602 1.475
Χ2 1.021 0.954 1.108

Note: For all refined parameters the standard deviation (2 SD) is given in brackets.

grains were chosen according to their textures, i.e. rims and cores of acicular and columnar crys-
tals. The results are reported as the average of n analysis on different grains with the same textural
assignment (Table 6.2).

Compared to the ideal jeremejevite formula, all analyses display unusually high B contents
(36.31 wt%), which translate to more than 5 B pfu (Table 6.2). Significant amounts of SiO2 (2.73
wt%) and small amounts of Na2O (0.05 wt%) have been detected. If the analyses would represent
accurate composition of jeremejevite, the occurrence of Si and excess B leads to an almost an-
hydrous analogue based on charge balance calculation. However, the low average totals of 96.03
wt% indicate that jeremejevite contains at least one more component, with H2O being most likely
as it the only component that was not analyzed. Hence, the possibility of OH-free jeremejevite is
excluded. High B contents are more likely due to systematic error resulting from using an inappro-
priate B standard (schorl) for jeremejevite. The detection of SiO2 and trace amounts of Na2Omight
be attributed to a contribution of fluid trapped in the pores of jeremejevite or the excitation of a
small portion of tourmaline and/or coesite intergrown with jeremejevite. In any case, the analyses
of jeremejevite must be interpreted cautiously.

The olenite compositions range from end-member olenite withNaAl3Al6Si6O18(BO3)3O3(OH),
to the hypothetical end-member NaAl3Al6(Si3B3)O18(BO3)3(OH)4. Due to vacancies at the X site,
all synthetic olenites additionally comprise a fraction of the hypothetical end-member “X-site va-
cant Al tourmaline”�Al3Al6Si6O18(BO3)3O2(OH)2 as described byWodara and Schreyer (2001).
For simplicity, the hypothetical end-members are also included under the term olenite. The high-
est [4]B contents are in the cores of the acicular crystals, which is considered as their root zone,
ranging from 2.5[4]B pfu in the 216 h experiment to 2.6 [4]B pfu in the 0.5 h run. Towards their
rims, an abrupt decrease in B concentrations to 1.4-1.6 [4]B pfu is accompanied by an increase in
Si contents (Table 6.2). In the 0.5 h experiment the rims of the acicular olenites were too small
to be measured. An X-ray element map (Chapter 4, Fig. 4.2) illustrates the chemical zonation in
the acicular crystals from the 216 h experiment. Columnar crystals are found only in the 216 h
experiments and have the lowest B contents with 1.2 [4]B pfu. No significant variation in chemical
composition has been detected across the columnar crystals. A distinct compositional gap sepa-
rates the cores of the acicular crystals from the rims of acicular crystals and the columnar crystals
(Fig. 6.7). Vacancies on the X site vary inversely with the B content, ranging from 0.16-0.25 pfu
in most [4]B-rich olenites and 0.31-0.43 in the [4]B-poorest. Commonly, the total amount of Si pfu
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Figure 6.5 SEM image of the run products after 0.5 h. Jeremejevite occurs as porous hexagonal platelets
that are intergrown with acicular olenite (tur) crystals.
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Figure 6.6 BSE images of the run products. (a) 0.5 h experiment; coesite (coe) is recognized as large platy
aggregates of idiomorphic crystals, whereas jeremejevite (jer) is fine-grained. (b) 0.5 h experiment; Acicular
olenite overgrowing jeremejevite. The core and rim regions of the acicular olenite crystal are outlined with
red and yellow dashed lines respectively. The position of the FIB foil cut for TEM investigations is also
marked. (c) 216 h experiment; the abundance of coesite has decreased and coesite occurs as small and
rounded isometric crystals. The abundance of olenite has increased significantly. (d) 216 h experiment;
olenite forms columnar crystals (green outline in the inset) and acicular crystals. The cores of the acicular
crystals are marked in red, whereas the rims are outlined in yellow. Coesite and jeremejevite are found as
inclusion in olenite.
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exceeds the amount needed to fill up the T site to the sum of six cations. Remaining Si was tenta-
tively placed in the smaller octahedrally coordinated Z site with the maximum amount of 0.23 pfu
observed in the cores of the acicular olenites in the 2.5 h experiment (Table 6.2). Minor amounts
of ZSi have also been suggested for synthetic tourmaline from other high-P studies (Berryman and
Wunder 2014; Schreyer et al. 2000; Wunder et al. 2015) with ZAl-1VOH-1ZSi1VO1 as a likely sub-
stitution mechanism (Schreyer et al. 2000). However, presence of octahedral Si is not excluded
due to minor analytical uncertainty and/or the normalization scheme. Incorporation of Al at the
tetrahedral site is negligible within analytical errors. Olenites with the same textural assignment
from different experimental runs show similar chemical compositions as well as the same pattern of
chemical zonation (Fig. 6.7). This suggests that all experiments evolve from the same initial start-
ing composition and that chemical variation of solids and fluids is restricted to the run duration.
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Figure 6.7 B vs. Si pfu contents pfu of the synthetic olenite as derived from the EMP analyses, normalized
to the sum of 18 cations on YZTB sites. The bars indicate minimum and maximum absolute analytical errors
(2 SD) as derived from the relative errors for Si (1.2 %, 2 RSD) and B (5%, 2 RSD). Squares mark the end-
member compositions of olenite with NaAl3Al6Si6O18(BO3)3O3(OH) and the hypothetical end-member
NaAl3Al6(Si3B3)O18(BO3)3(OH)4. Note, that all analyses plot in between those two end-members with a
distinct compositional gap.
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Table 6.2 Average chemical compositions in oxide wt% and atoms per formula unit of the synthetic [4]B-bearing olenitic tour-
maline and jeremejevite determined by EMP analyses

Run 0.5 h Run 0.5 h 2.5 h 2.5 h 216 h 216 h 216 hduration duration
phase jeremejevite phase olenite olenite olenite olenite olenite olenite
habit platy habit acicular acicular acicular acicular acicular columnar
location center location core core rim core rim center + rim
SiO2 2.73 (38) SiO2 21.78(2.19) 23.14(1.01) 28.34(69) 22.31(1.27) 28.98(59) 30.75(90)
B2O3 36.31(1.47) B2O3 20.58(1.06) 20.25(66) 16.37(81) 20.58(1.06) 16.19(66) 15.22 (58)
Al2O3 56.94(1.15) Al2O3 49.50(1.11) 46.86(9) 46.38(65) 48.97(39) 48.07(19) 47.50(40)
Na2O 0.05(0.03) Na2O 2.59(13) 2.45(13) 2.19(12) 2.78(8) 2.13(24) 1.84(29)
H2O n.d. H2O n.d. n.d n.d. n.d. n.d n.d.
Total 96.03(89) Total 95.08(65) 92.69(66) 93.28(68) 94.65(20) 95.37(56) 95.32(40)

Normalized to 6 Al Normalized to 18 cations on Y,Z,T and B sites

T site

Si 0.23(3) Si 3.29(31) 3.45(18) 4.42(17) 3.44(24) 4.55(14) 4.82(15)
B 2.62(0.35) 2.55(18) 1.57(18) 2.53(25) 1.43(15) 1.18(15)
Al 0.10(13) 0.00(0) 0.01(1) 0.02(3) 0.02(3) 0.00(0)
B site

B 5.61(32) B 3.00 3.00 3.00 3.00 3.00 3.00
Y site

continued on next page75
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Table 6.2 – continued from previous page

Run 0.5 h Run 0.5 h 2.5 h 2.5 h 216 h 216 h 216 hduration duration
phase jeremejevite phase olenite olenite olenite olenite olenite olenite
habit platy habit acicular acicular acicular acicular acicular columnar
location center location core core rim core rim center + rim
Al 6.00 Al 3.00(0) 3.00(0) 3.00(0) 3.00(0) 3.00(0) 3.00(0

� 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0) 0.00(0)
Z site

Al 5.92(11) 5.77(5) 5.84(14) 5.97(4) 5.96(4) 5.92(8)
Si 0.08(11) 0.23(5) 0.16(14) 0.03(4) 0.04(4) 0.08(8)
X site

Na 0.01(1) Na 0.81(3) 0.75(4) 0.69(4) 0.84(2) 0.66(7) 0.57(9)
� 0.19(3) 0.25(4) 0.31(4) 0.16(2) 0.34(7) 0.43(9)
V +W site

O 17.81(99) O 0.17(34) 0.43(16) 1.27(12) 0.32(22) 1.25(9) 1.47(9)
OH 0.19(99) OH 3.83(34) 3.57(16) 2.73(12) 3.68(22) 2.75(9) 2.53(9)
Notes: n.d. = not determined; n = number of analyses. Numbers in brackets = standard deviation (1 SD) of n measure-
ments. OH/O ratios calculated to achieve charge balance.
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Figure 6.8 High-resolution imaging of the run products of the 0.5 h experiment with TEM (a) HAADF image (Z-contrast imaging) of acicular olenite. The cores of olenite (tur)
exhibit porosity and appear darker in HAADF contrast compared to the overgrowth. In bright field mode (inset in a) the mosaic-like texture of the olenite cores becomes visible,
which consist of a multitude of crystallographic domains. (b) Lattice fringe image of olenite rim indicating a regular arrangement of lattice planes. (c) Lattice fringe image of
olenite core indicating defect structures. (d) HAADF image of jeremejevite showing its porous texture. (e) Bright field image of jeremejevite displayed in (d) reveals slightly tilted
crystallographic orientation of individual nanoparticles. (f) Lattice fringe image of jeremejevite indicating defect structures. Rectangles in (a) and (d) indicate position of EDX
analyses (Fig. 6.9). Olenite and jeremejevite are identified based on the their diffraction patterns obtained by FFT of the lattice fringe images (insets in b, c and f). For further
information see text.77
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Table 6.3 Distance and angles between lattice planes derived from FFT of the lattice fringe images

olenite jeremejevite
lattice parameter acicular (core) acicular (rim) calc.a lattice parameter observed calc.bobserved observed
d(112̄0) (Å) 7.82(7) 7.88(13) 7.81 d(11̄00) (Å) 7.59(3) 7.47
d(11̄01) (Å) 6.28(1) 6.40(8) 6.24 d(202̄1) (Å) 3.46(3) 3.40
d(202̄1) (Å) 4.89(3) 4.91(4) 4.87 d(112̄1) (Å) 3.86(3) 3.82
∠(202̄1)/(112̄0) (°) 52.6(7) 51.5(5) 51.38 ∠(202̄1)/(11̄00) (°) 63.1(6) 62.86
∠(202̄1)/(11̄01) (°) 38.1(6) 39.6(6) 38.62 ∠(202̄1)/(112̄1) (°) 27.0(4) 26.93
acalculated from unit cell from powder XRD of olenite in 216 h experiment (Table 6.1)
bcalculated from unit cell from powder XRD of jeremejevite in 0.5 h experiment (Table 6.1)
standard deviation (1 SD) given in brackets

6.3.3 High-resolution imaging with TEM

Microprobe analyses have shown that rims and cores of the acicular crystals are texturally and
chemically distinct. TEM analysis of the interface region was performed to evaluate their crystallo-
graphic relation and to get a detailed picture of their textural properties by means of high-resolution
imaging. Therefore a 150 nm thick foil was cut across a ∼ 15 µm transect across the core/rim tran-
sition of an acicular olenite synthesized in the 0.5 h experiment (Fig. 6.6b). In HAADF mode, the
olenite core appears darker than the rim indicating a lower average atomic number with a sharp
Z-contrast transition within a few nm (Fig. 6.8a). EDX analyses reveal that Si contents increase
from core to rim (Fig. 6.9), which is similar to what has been observed in acicular crystals from
the longer run experiments (Table 6.2). Whereas the core exhibits porosity, the rim of the acicu-
lar crystal is non-porous. In bright field mode, which denotes diffraction contrast, the core shows
a mosaic-like texture consisting of several differently oriented domains (Fig. 6.8a). Based on the
arrangement of lattice fringes in high-resolution imaging mode, the crystal lattice of the acicular
rim appears well ordered (Fig. 6.8b), whereas the core exhibits extensive defect structures (Fig.
6.8c). Both, core and rim are identified as olenite based on the indexing of the diffraction patterns
(Fig. 6.8b, c; Table 6.3). Cores and rims have the same crystallographic orientation and therefore
behave as a single crystal. However, the lattice spacing in the olenite core is slightly smaller (Table
6.3) and diffraction spots are less sharp compared to the rims (Fig. 6.8b, c).

Within the same TEM foil jeremejevite is identified (Fig. 6.8d, e), based on its diffraction
pattern (Fig. 6.8f; Table 6.3). Similar to the core of the acicular olenite, jeremejevite is composed
of small (<200 nm) nanoparticles that show varying diffraction contrast upon rotation of the sample
and hence are crystalline. These nanocrystals exhibit slightly different crystallographic orientations
and form porous aggregates (Fig. 6.8e), which is termed mesocrystals following the definition of
Niederberger and Cölfen (2006). High-resolution lattice fringe imaging mode reveals their defect
structures (Fig. 6.8f). In addition to Al and B, small amounts of Si and Na are detected in the
EDX analysis (Fig. 6.9). Due to the absence of diffraction spots indicating the presence of other
crystalline phases like olenite or coesite, Si and Na are assumed to derive from fluid quenched in
isolated pores.
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6.3.4 B concentrations of fluids

Characterization of the solid run products has shown that solid phase proportion and their chemical
composition vary with run duration. Because the starting composition is constant (Table 2.1), this
suggests that fluid compositions similarly change with run duration. To track those changes, the
diluted fluids were extracted and analyzed after the experiments for their B concentration. The
results show that the B content of the fluid increases from 8.9 ppm after a run duration of 0.5 h to
13.8 ppm after 216 h (Table 6.4). As the B concentration in the final fluid also depends on the size of
the initial B reservoir, more diagnostic results are obtained when B concentrations are normalized
to the total weight of B contained in the starting material (Table 2.1). Similar to the unprocessed B
concentrations, the normalized values (BN,fluid) increase from 7.5 ppm/mg in the 0.5 h experiment
to 11.9 ppm/mg in the 216 h experiment with an intermediate value of 8.3 ppm/mg for 2.5 h (Fig.
6.10, Table 6.4).
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Figure 6.10 Evolution of B isotope composition (δ11B) of fluids and bulk solids such as the fluid’s B con-
centration normalized to the mass of B in the starting material (BN,fluid). With increasing run duration, the
fluid gets successively enriched in 10B while the bulk solids tend to get enriched in 11B. B concentration in
the fluid increases with time. The δ11B of the starting boric acid is marked in grey.

6.3.5 Solubility of the starting material and quench phases

Whereas quartz and corundum can be considered almost insoluble at ambient conditions, signifi-
cant fractions of silica and alumina are expected to be present in the fluid phase at 4.0 GPa/700°C.
An estimate for their concentrations is established by considering coesite and corundum solubility
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in the simple binary systems SiO2-H2O and Al2O3-H2O (Manning 1994; Tropper and Manning
2007). Accordingly, at our experimental conditions an aqueous fluid in equilibrium with coesite
dissolves 7.3 wt% of silica and 0.04 wt% of alumina in equilibrium with corundum. For H3BO3,
Blasdale and Slansky (1939) determined the solubility with 5.42 wt% corresponding to 3.06 wt%
B2O3 in pure H2O at ambient conditions. At high pressure, however, natural primary fluid inclu-
sions in quartz within the Malkhan pegmatite (Transbaikalia, Russia; Thomas et al. (2012)) display
much higher H3BO3 contents of 53.0 ±3.6 wt% (29.9±2.0 wt% B2O3). The latter fluids contain
more B2O3 than available in our experiments (<20 wt% B2O3, Table 2.1) and thus it is reasonable
to assume that all of the B2O3 has dissolved in our experiment.

Because all components of the solid starting material have a higher solubility at elevated pres-
sures and temperatures compared to ambient conditions the formation of quench phases is expected.
However, powder XRD patterns do not show a broad peak between 20-30°2Θ, which is typically
attributed to the presence of amorphous phases (e.g. Rancourt and Dang 2005). Similarly, SEM in-
vestigations do not show amorphous quench phases, which commonly appear as separate entities or
thin films covering the run products (e.g. Holloway and Wood 2012).Therefore it is concluded that
insoluble amorphous quench phases are absent. Any amorphous phases that formed upon quench
are soluble and have been dissolved and diluted during the extraction of the experimental fluids
(see Chapter 2).

The absence of insoluble quench phases is further confirmed as mass balance for B and Al is
attained (Table 6.5). Based on the weight difference between B in the starting material and B in the
final fluids, the mass of the product phases in each of the experiments is calculated using the phase
proportions obtained by the Rietveld refinement of the powder XRD and the ideal composition
of jeremejevite with 34.3 wt% B2O3 and 60.3 wt% Al2O3. For olenite (0.5 h and 2.5 h runs) the
average composition is estimated with: 18 wt% B2O3, 48.5 wt% Al2O3, 25.6 wt% SiO2, for the 216
h run with: 16 wt% B2O3, 48 wt% Al2O3, 30 wt% SiO2.

The mass of Al in the starting material is reproduced within 5 % by the calculation (Table 6.5).
The calculated Si content for the 0.5 h and 2.5 h experiments is exceeding the amount of Si in the
starting material, whereas for the 216 h experiment the values agree well within 7% (Table 6.5).
This is explained as jeremejevite and olenite crystals in the 0.5 h and 2.5 h experiment have much
smaller grain sizes compared to coesite. Hence, their phase proportions in the fraction used for the
powder XRD of the 0.5 h and 2.5 h experiments are likely not representative.

6.3.6 B isotope ratios of fluids, bulk solids and starting boric acid

As both jeremejevite and olenite are B-bearing phases, their varying phase proportions with in-
creasing run durations are likely displayed in the B isotope ratios of bulk solids and coexisting fluid.
Therefore, the quenched and diluted fluids and the bulk solids such as the starting boric acid were
analyzed for their 11B/10B ratios. The B isotope analyses for the 216 h experiment was performed
on sample material characterized in Chapter 4. Results are compiled in Table 6.4. Relative to the
11B/10B ratios of the starting boric acid of δ11B = -5.9%�, the fluid from the short run experiment
is enriched in 11B with δ11B = -3.2%�. As the run duration increases, the fluid gets successively
lighter with δ11B = -4.0%� after 2.5 h and δ11B = -5.2%� after 216 h. The isotopic trend in the bulk
solids is not as pronounced as in the fluids and inversely, i.e. bulk solids are enriched in 11B with
increasing run duration: δ11B = -7.3%� after 0.5 h and -6.8%� after 216 h.
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Table 6.4 B concentration in fluids and B isotope compositions of coexisting fluids and bulk solids

run duration 0.5 h 2.5 h 216 h
δ
11Bsolid (%�) -7.3(2) -7.0(2) -6.8(2)
δ
11Bfluid -3.2(2) -4.0(2) -5.2(2)
Bfluid (ppm) 8.9(5) 13.0(8) 13.8(8)
BN,fluid (ppm/mg)a 7.5 (5) 8.3(5) 11.9(7)
Errors are based on the external reproducibility (see Chap-
ter 2) and are indicated in brackets. Starting boric acid has
a δ11B value of -5.9(1)%�.
anormalized to the total amount of B (mg) in the starting
material (see Table 2.1)

Table 6.5Mass balance calculation

Run duration 0.5 h 2.5 h 216 h
Mass in starting material (mg)a
Bstart 1.19 1.56 1.16
Alstart 2.29 3.01 2.25
Sistart 1.51 1.98 1.48
Mass in starting material (mg)
Bfluidb 0.45 0.65 0.69
Bsolidc 0.74 0.91 0.47
Mass in starting materiald,e (mg)
Jer 6.82 6.52 0.28
Tur 0.30 3.85 8.93
Coe 7.71 6.36 0.28
Mass in starting materiale (mg)
Aljer 2.18 2.08 0.09
Altur 0.08 0.99 2.27
Altot 2.25 3.07 2.36
Sicoe 3.60 2.97 0.13
Situr 0.04 0.46 1.25
Sitot 3.64 3.43 1.38
aFor starting compositions see Table 2.1
bfromB concentrations determined byMC-ICP-MS and
ρ(H2O) =1 g/ml; see Table 6.4
cCalculated from Bstart - BfluiddBased on phase proportions derived from powder XRD
(Table 6.1) and assuming all Bsolid is hosted in Tur/Jer
eBased on average compositions as indicated in the text
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6.4 Discussion

Having characterized the experimental run products, several questions arise:

• What process leads to the formation of jeremejevite in the 0.5 h experiment and why is its
content decreasing?

• Is there a relation between the break down of jeremejevite and the formation of olenite?

• Why do olenite cores exhibit porosity, whereas their rims do not?

• Why is the chemical gradient in the acicular olenites sharp and why does the transition spa-
tially coincide with a change in texture?

• What process leads to the decrease of δ11B values in the fluid and does it affect the isotope
signature of the olenite?

Before addressing those points, the formation of jeremejevite and large coesite within the first 30
minutes of run duration will be discussed.

6.4.1 Formation of jeremejevite and rapid growth of coesite

Considering the low Al2O3 solubility, experimental fluids are expected to coexist with a large
fraction of undissolved G-Al2O3. However, run products of the 0.5 h experiment do not show any
remaining G-Al2O3, which is explained by fast reaction of undissolved G-Al2O3 with B-rich fluid
leading to the formation of jeremejevite. Accretion of initially small jeremejevite nanoparticles
produces the larger jeremejevite aggregates as shown by the TEM investigation (Fig. 6.8d). Ho-
mogenous nucleation of jeremejevite within the bulk solution is unlikely given the contrast between
the low solubility of alumina and the high Al2O3 contents in jeremejevite (Table 6.2).

Quartz contained in the startingmaterial will transform to coesite as the stable SiO2 polymorph.
As quartz is absent in the run products of the 0.5 h experiment, the coesite→ quartz transformation
is fast. Lathe et al. (2005) report that coesite containing 105 ppm of intrinsic H2O completely
transformed to quartz in less than 10 minutes at 700°C/2.6 GPa. The kinetics of the reverse phase
transformation quartz → coesite is even faster by about one order of magnitude (Perrillat et al.
2003). Hence, it is reasonable to assume that the quartz → coesite transformation is complete in
about oneminute. The high silica solubility enables effective silica transport and hence coesite grain
size can increase rapidly by dissolution and growth. This is similar to what has been inferred from
rapid growth of quartz crystals from B-rich high silica fluids (Mar‘ina et al. 1999) and explains
the large grains grain size of coesite in the 0.5 h experiment (Fig. 6.6a). Our observations are
summarized in Fig. 6.11a.

6.4.2 Jeremejevite as a precursor for acicular olenite cores.

The solid phase mixture after 0.5 h comprises coesite + jeremejevite + traces of olenite. Due to
the presence of coesite, silica activity in the coexisting fluid phase equals unity. In the longer runs,
coesite is still present, but crystals are more rounded and coesite’s grain size and its abundance
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decrease, which suggests significant leaching of coesite (Fig. 6.6a, c). Considering the large SiO2
content of the starting materials (Table 2.1) and the limited silica solubility, it is unlikely that all
the silica is transferred exclusively to the fluid. The increase in olenite contents rather suggests that
olenite acts as a sink for the silica released by the leaching of coesite.

Jeremejevite and cores of the acicular olenite have been observed in close contact with each
other (Figs. 6.5, 6.6b), indicating that the initial formation of olenite is spatially related to the oc-
currence of jeremejevite. In addition, the cores of the acicular olenites and jeremejevite both show
a similar porous texture (Fig. 6.8a, d). Hence, the cores of the acicular olenites are interpreted to
form by a reaction between jeremejevite and dissolved silica released by the leaching of coesite,
which is supported by the decreasing jeremejevite contents (Fig. 6.4). In conclusion, jeremejevite
is considered a metastable crystalline precursor for the formation of olenite. The aforementioned
observations are schematically illustrated in Fig. 6.11b. An idealized reaction (hereafter referred
to as precursor reaction) is formulated with:

3 Al6(BO3)5(OH)3 + (12-2x)SiO2(aq) + 2yNaCl(aq)
→ 2 NayAl3Al6(Si6-xBx)O18(BO3)3(OH)4 + (4.5-x)B2O3 + (2.5-x)H2O + 2yHCl(aq)

, where x is the amount of [4]B pfu in tourmaline (must lie between 0 and 3) and y is the amount
of Na pfu on the X site. The additional NaCl needed for the transformation of jeremejevite to
olenite is provided by the bulk solution. The reaction implies that although jeremejevite is sta-
ble at 4.0 GPa, 700°C (Stachowiak and Schreyer 1998), it is not stable together with an alkali-
bearing and silica-rich fluid. Due to the precursor reaction, which is illustrated by crossing con-
odes in the SiO2-Al2O3-B2O3-NaCl-H2O phase diagram projected from NaCl and H2O (Fig. 6.3),
the metastable assemblage coesite+jeremejevite+coesite(+fuid) evolves to the equilibrium assem-
blage coesite+olenite(+fluid) with time. The release of HCl suggests a decrease in pH value as the
precursor reaction continues.

In nature, there are a few examples where tourmaline has been reported in association with
jeremejevite. In Mogôk (Myanmar), pink elbaite has been found in a pegmatite pocket that also
contains jeremejevite (Harlow and Hawthorne 2008). In the Erongo pegmatite in Namibia, acicular
tourmaline has been found as an overgrowth on jeremejevite (Fig. 6.1). These observations give
rise to the assumption that jeremejevite and tourmaline might be related by a similar precursor
reaction in natural systems.

6.4.3 Mechanism of the jeremejevite → olenite precursor reaction

In general, two mechanisms for the transformation of the precursor to the bulk phase are discussed
in the literature: (1) a solid-state transformation (e.g. Banfield et al. 2000; Pouget et al. 2009) and
(2) a surface coupled dissolution re-precipitation reaction (e.g. Bozhilov et al. 2007; Aizenberg
et al. 2003). If transformation would occur in the solid state, diffusion of Na and Si into jereme-
jevite would be necessary. As Na diffusion is considered to be faster than diffusion of Si (Mehrer
2007, and references therein), the latter would be rate limiting. Given that Si is known to diffuse
very slowly (Brebec et al. 1980), the transformation would not be expected to occur on the short
timescales observed (less than 30 minutes). Moreover, nucleation of olenite within the jeremejevite
host would require the breaking of Al-O and B-O bonds and rearrangement into (Si,B)-tetrahedra,
which provides a large energetic barrier. Therefore it is concluded that the decay of jeremejevite
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Figure 6.11 Schematic illustration of the crystallization path of olenitic [4]B-rich tourmaline from a mixture
of quartz + G-Al2O3 + H3BO3 + NaCl-solution. a) Within the first 30 minutes undissolved Al2O3 reacts
with B-rich aqueous fluid to produce jeremejevite. Undissolved quartz transforms to coesite and grains size
of coesite increases by dissolution and growth. b) Jeremejevite nanocrystals assemble to a porous mesocrys-
tal by aggregation. Reaction with dissolved Na+ and SiO2(aq) leads to the formation of

[4]B-rich olenite.
Loss of silica in the solution causes leaching of coesite c) Transformation of jeremejevite to olenite is com-
plete. Heterogeneous olenite nucleation at the surface of olenite that formed by dissolution-precipitation
and homogeneous nucleation of olenite in the bulk solution. d) Growth of heterogeneous olenite nuclei,
which evolve to the acicular olenite crystals. Homogeneously formed nucleii evolve to the columnar olenite
crystals.

and the nucleation of olenite are related by a dissolution-precipitation mechanism. The topotacti-
cal relations between the two phases might further facilitate nucleation of olenite at the surface of
jeremejevite. Jeremejevite crystallizes in hexagonal space group P 63/m and olenite crystallizes in
trigonal space group R 3m, which can also be represented by an R-centered cell with hexagonal
axis. Hence, for both unit cells the relations a=b≠c and α=B=90°; G=120°are valid. In addition
both minerals are characterized by a hexagonal ring [(Si,B)6O18 in olenite and Al6O30 in jereme-
jevite], which is oriented perpendicular to the c-axis (Fig. 6.2; compare to tourmaline structure in
Chapter 1, Fig. 1.1). These topotactial relation might explain why the crystallographic arrangement
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of slightly tilted nanocrystals in jeremejevite (Fig. 6.8e) is still preserved in the cores of the acicular
olenites (Fig. 6.8a).

As revealed by the TEM investigations, jeremejevite is composed of several nano-particles that
assemble to a porous mesocrystal (Fig. 6.8e). Because the cores of the acicular olenite similarly
display porosity (Fig. 6.8a), a significant fraction of the pore space is conserved during the pre-
cursor reaction. This is counter-intuitive as the precursor reaction has a positive volume change
ofΔV = 24% = 100⋅(2⋅Volenite - 3⋅Vjeremejevite)/ (3⋅Vjeremejevite), where Volenite = 298 cm3/mol and
Vjeremejevite = 160 cm3/mol (the molar volumes were calculated from the unit cell volumes in Table
6.1 with Z=3 for olenite and Z=2 for jeremejevite). This phenomenon has also been observed in
other replacement reactions (e.g. rutile+wollastonite→ titanite, Lucassen et al. 2012 or leucite→
analcime, Putnis et al. 1994). An explanation is given by Pollok et al. (2011), who state that the total
volume change of a dissolution-precipitation reaction is not equal to its molar volume change if the
solubilities of product and educt phases are different. This implies that porosity can be preserved
or increase even if the molar volume of the educt phase is exceeding that of the product phase.

Complete transformation of jeremejevite to olenite would require that jeremejevite is always
in contact with the bulk solution in order to maintain the supply of reactant Si and Na. However,
the occurrence of jeremejevite inclusions in some of the acicular olenite cores (Fig. 6.6d) implies
that the transformation of jeremejevite to olenite is not always complete. This suggests that some
fraction of the pore space is isolated from the bulk solution during the formation of the jeremejevite
mesocrystals or becomes isolated in the course of the precursor reaction.

6.4.4 Chemical zonation in the acicular olenites and formation of columnar olenite

The first tourmalines are generally the most B-rich (Table 6.2, Fig. 6.7) with [4]B contents close
to the maximum amount of 3 in the hypothetical end-member NaAl3Al6(Si3B3)O18(BO3)3(OH)4.
A product of the precursor reaction is B2O3 as B/Al ratios in jeremejevite are always higher than
those of olenite (even when the maximum amount of 3 [4]B pfu in olenite is assumed). It has been
observed, that the fluid gets enriched in B as the amount of jeremejevite decreases (Fig. 6.10),
suggesting that the excess B2O3 is incorporated back into the bulk solution. Increasing B contents
in the fluid should promote higher B contents in the coexisting tourmaline. However, B contents
in the acicular olenite rims are found to be lower compared to the cores (Fig. 6.7) and hence,
B contents in the acicular olenites decrease with growth. Also the chemical gradient within the
acicular olenites is found to be sharp on a nanometer scale (Fig. 6.8a). These observations suggest
that the chemical zonation observed in the acicular olenites is not a result of continuous equilibrium
B partitioning between olenite and the bulk solution.

Olenite formation is initiated by a dissolution/re-precipitation mechanism at the jer/fluid inter-
face. Because of the high concentration of B in jeremejevite, the interfacial solution will locally
exceed the B concentration of the bulk solution, thus promoting high [4]B contents in the resulting
olenites, which later form the cores of the acicular olenites. The rims of the acicular olenites do not
form by the precursor reaction but rather through heterogeneous nucleation with the early-formed
olenites acting as seeds. This is supported by the sharp transition observed between cores and rims
of acicular olenites (Fig. 6.6b, d; Fig. 6.8a). Those second stage olenites have lower [4]B contents
because they now grow in equilibrium with the bulk solution, which is more depleted in B com-
pared to the contact solution at the jer/fluid interface. At the same time homogenous nucleation of
olenite occurs in the bulk solution, which leads to the formation of columnar olenite. Concluding,
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compositional gap between (1) the cores of the acicular olenite and (2) the rims of the acicular
olenites and the columnar olenites (Fig. 6.7) is interpreted to derive from local B gradients in the
fluid caused by the dissolution of jeremejevite. Similar small-scale chemical variations in the fluid
have also been postulated for the reaction rutile+wollastonite→titanite (Lucassen et al. 2012). The
conclusions are summarized in Fig. 6.11c, d.

6.4.5 B isotope fractionation between jeremejevite and fluid

To understand the evolution of B isotope ratios in the experimental fluids, knowledge about the
B isotope fractionation between jeremejevite and fluid (Δ11Bjer-fluid) is required, but there is no
experimental data available. The rather low excess B weighed in relative to the jeremejevite sto-
ichiometry implies strong Rayleigh fractionation during the formation of jeremejevite and hence
jeremejevite is likely isotopically zoned. As the δ11B of the last jeremejevite in equilibrium with
the fluid is unknown, the equation Δ11Bjer-fluid = δ

11Bjer - δ
11Bfluid is not applicable (the δ

11Bjer
in Table 6.4 only represents a mean value of the whole jeremejevite fraction). However, following
Marschall et al. (2009c), fractionation coefficient α and hence Δ11Bjer-fluid is calculated by only
knowing the δ11B of the initial (δ11Bfluid, ini) and final fluid (δ

11Bfluid, fin) such as the fraction of
B remaining in the fluid (F). If the phase of interest is the only B fractionating phase, which is
true for the 0.5 h experiment with only trace amounts of olenite, the fractionation coefficient can
be calculated from δ11Bfluid, fin = (1000 + δ11Bfluid, ini) ⋅ F

(1-α) - 1000. As all of the boric acid has
likely dissolved rapidly, δ11Bfluid, ini is interpreted to be the δ

11B of the starting boric acid (-5.9%�).
Considering the 0.5 h experiment with F=0.38 (Table 6.5) and δ11Bfluid, fin = -3.2%�, a fractionation
coefficient is calculated with α=1.0028 ± 0.0003 and a Δ11Bjer-fluid ≈ -2.8 ± 0.3%�; [Δ11Bjer-fluid
≈ 1000⋅ln(α-1)]. The uncertainty is estimated by propagating the uncertainty of δ11Bfluid, ini and
δ11Bfluid, fin (Table 6.4). The uncertainty of F is negligible.

Based on Rayleigh fractionation modeling using this fractionation coefficient, the first jereme-
jevite has a δ11B of at least -8.7%� (Fig. 6.12). Because the 0.5 h experiment only includes the 30
minutes heating period to the peak temperature of 700°C, a large fraction of jeremejevite likely
forms at temperatures well below 700°C. Given that lower temperatures cause larger fractionation
(Kendall and Caldwell 1998), larger B isotope fractionation is expected during growth of the first
jeremejevite. To account for a changing fractionation coefficient for F >0.38, a linear decrease from
an initial value (αini) at F=1 to a final value (αfin) at F=0.38 is assumed. The resulting fractionation
coefficient (αmod) is calculated with αmod = αini ⋅ ((F - 0.38)/0.62) + αfin ⋅ (1- ((F - 0.38)/0.62)). In
such a scenario, initially formed jeremejevite might be lighter than -8.7%�, without changing the
final δ11B of the fluid compared to a constant fractionation coefficient (Fig. 6.12).

6.4.6 The effect of jeremejevite on the B isotope signatures in olenite

The affinity of jeremejevite for the light 10B explains that the fluid reservoir is highly enriched
in heavy 11B before significant fractions of olenite form (Fig. 6.10). Besides equilibrium isotope
fractionation, this might also be explained by kinetic isotope effects during the reaction of G-Al2O3

with the B-rich fluid. In such a case, the reaction rate of G-Al2O3 with dissolved light
10B must be

faster than the reaction with the dissolved heavy 11B. With increasing run duration, it is observed
that δ11B of the fluid gets lighter (Fig. 6.10). Because the precursor reaction results in a net in-
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Figure 6.12 Rayleigh modeling of the evolution of B isotopes in jeremejevite and co-existing fluid during
growth of jeremejevite. Both, a constant fractionation coefficient (black curves) and a variable fractionation
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isotopic composition of the bulk solid (δ11Bsolid = -7.3%�) lies in between the initial and final theoretical
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crease of B concentration of the fluid, decreasing δ11B values are explained by the dissolution of
jeremejevite releasing its 10B back into the fluid. Consequently, olenite - while jeremejevite is still
present - grows from a fluid that constantly changes its δ11B towards lighter values. Hence, the first
tourmalines are likely to have a higher δ11B than olenites formed subsequently. Such an inverse B
isotope pattern is opposite to what would be expected if tourmaline simply grows from a Rayleigh
fractionating solution. Here, δ11B increases with growth (e.g. Meyer et al. 2008; Marschall et al.
2009c). When studying the isotope fractionation between tourmaline and fluid, Marschall et al.
(2009c) noticed “a rather heterogeneous center of the [tourmaline] root with δ11B values scatter-
ing between - 15.3 and - 12.5%� (their Fig. 3; Table 1). The free-standing crystal itself, however,
displays a very systematic increase of δ11B values from - 15.3%� in the root to - 12.5%� at the tip”
The authors attribute this heterogeneity to the crystallization of late tourmaline within the pore
space of the earlier formed root zone. Based on the findings of the study, it is speculated that the B
isotopic scatter in the porous tourmaline cores observed by Marschall et al. (2009c) could also be
caused by dissolution of a B bearing precursor phase (jeremejevite or others), which continuously
alters the B isotope ratio of the fluid reservoir during early tourmaline crystallization. This must
be kept in mind when isotope signatures in fractionation experiments are interpreted. Similar “ob-
scur” isotope patterns would also be expected for other mineral-precursor systems and other stable
isotope pairs.

6.5 Conclusions

Based on time resolved investigation of olenite crystallization, evidence is provided that early [4]B-
rich olenite forms from the hydroxyl-analogue of jeremejevite as a precursor phase. This study
shows that the steep compositional gradient between tourmaline cores and rims may be triggered
by the jeremejevite → olenite replacement reaction. In nature, tourmaline has been found as an
overgrowth on jeremejevite in pegmatites of the Erongo Mountains in Namibia (Fig. 6.1). This
gives rise to the assumption that the replacement of jeremejevite by tourmaline is also of relevance
in natural systems. Although Stachowiak and Schreyer (1998) conclude that the hydroxyl-analogue
of jeremejevite as described in this study is unlikely to be found as a phase in nature, F-OH solid
solutions are common (Foord et al. 1981; Zolotarev et al. 2000).

Special care must be taken when interpreting B-isotopes signatures of tourmalines in experi-
mental studies, as B-bearing precursor phases have a dramatic effect on the B isotope ratios of the
fluid reservoir. Analogously, precursor phases might also affect the results of studies investigating
(trace) element partitioning between tourmaline and fluid or melt. Due to their metastable nature
such precursor phases may exist only temporarily and are difficult to detect. Our findings encourage
more experimental studies to investigate the early stages of mineral crystallization.
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7 | The effect of tetrahedral B on the
stable B isotope fractionation
between tourmaline and fluid

The contents of this Chapter are part of a manuscript submitted to American Mineralogist.

7.1 Introduction and approach

Based on the different [4]B contents of the synthetic olenitic tourmaline described in Chapter 4,
the effect of [4]B on the B isotope fractionation between olenitic tourmaline and fluid is evaluated
in this Chapter. For this purpose, B isotope ratios in synthetic olenites have been determined by
spatially resolved secondary ionmass spectroscopy as detailed in Chapter 2. Moreover,Δ11Btur-fluid
is determined based on Rayleigh fractionation modeling of B isotope ratios in the fluid. The results
are compared to the predictions of Kowalski et al. (2013). In the following, the parameter [4]Btot is
used to express the relative amount of [4]B with respect to the total B in tourmaline. It is defined
as:

[4]Btot (mol%) =
[4]B (pfu)

[4]B (pfu) + [3]B (pfu) ⋅ 100

7.2 Results

7.2.1 B isotope ratios of the synthetic tourmalines

It has been noticed that the crystallization path in the synthesis experiment, which involves jereme-
jevite as a B-bearing precursor, likely has a severe impact on the B isotope pattern of the resulting
olenites (Chapter 6). This is owed to the rapid formation of jeremejevite, which fractionates 10B
and leads to an increase in δ11B from 5.9(1)%� in the starting fluid to -3.2(2)%� in the fluid after
0.5 h. Due to the progressive dissolution of jeremejevite and the release of its light boron, the δ11B
of the fluid decreases by about 2%� from -3.2(2)%� in the fluid after 0.5 h to -5.2(2)%� in the fluid
after 216 h (Table 6.4).

Olenite crystallized throughout the experiment with the cores of the acicular olenites forming
first and the columnar crystals forming later. Because the δ11B of the fluid in equilibrium with
olenite is constantly changing, B isotope ratios of the olenite crystals will differ depending on the
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point of their formation. Therefore, it is crucial to apply an analytical tool, which allows for high
spatial resolution and thus, B isotope ratios of the synthetic tourmalines were analyzed using SIMS.
Three groups of crystals were analyzed (Fig. 7.1): columnar crystals (n = 4 in session S2 and n=3
in session S3; see Chapter 2); columnar crystals with inclusions of jeremejevite (n = 3 in S2); and
cores of the acicular crystals (n = 6 in S3). All grains were measured in orientations perpendicular
to the crystallographic c-axis for reliable distinction between the crystal groups based on their
habit. Imaging of the samples in BSE mode prior to SIMS analyses, allowed for the detection of
inclusion or cracks in the crystals (Fig. 7.1). For SIMS analyses only grains free of cracks were
used. About half of the data points had to be neglected because of the small size of the crystals. For
the same reason, no successful analysis of the acicular crystals rims was obtained. By inspection

jer

coe

core

rim

a) b) c)

5 µm 5 µm 5 µm

Figure 7.1 Representative examples of synthetic olenites from (Chapter 4) used for in situ B isotope analysis
by SIMS. BSE images were acquired after SIMS analysis. a) columnar olenite with jeremejevite and coesite
inclusions b) inclusion-free columnar olenite c) acicular olenite. All crystals are cut in orientation about
parallel to the c-axis. The white circle marks the analysis spot. Analysis of the rim of the acicular crystal has
been neglected as the SIMS spot hit a crack. White particles are remnants of the gold coating.

of the δ11B values obtained by reference to dravite, a 0.8%� shift is noted between the columnar
crystals δ11B = -8.2(2)%� and the cores of the acicular crystals δ11B = -7.4(2)%� (Fig. 7.2, Table
7.1). In contrast, a shift of about 0.6%� to more negative values (relative to the columnar crystals)
is detected for the columnar crystals with jeremejevite inclusions δ11B = -8.8(2)%�. Note that the
uncertainty is expressed as the standard deviation from themean (2 SDmean). As each shift is greater
than the sum of the standard deviations of the mean δ11B for each crystal population (2 SDmean),
the difference between the three crystal populations is considered significant within a confidence
interval of 95%. In contrast, no significant change has been detected between the δ11B values of
the columnar crystals obtained in S2 and S3 (Fig. 7.2, Table 7.1). Depending on the reference
tourmaline used, the δ11B values of a particular crystal population systematically deviate from
the dravite data. If olenite or elbaite are used as reference tourmalines, the mean δ11B values are
shifted by 2.7%� and 3.3%� towards more positive δ11B, respectively (Table 7.1). For schorl, a
shift of 1.4%� towards more negative values has been noticed relative to dravite. This confirms a
systematic bias due to the composition of the reference tourmaline.
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Figure 7.2B isotope ratios of synthetic olenites from the 216 h experiment determined by SIMS. δ11B values
are obtained in session S2 and S3 by IMF correction using a particular reference tourmaline (see Chapter 2
for more details on SIMS analytical procedure). Additionally, δ11B values of the initial fluid and quenched
fluids extracted after 0.5 h and 216 h run as reported in Chapter 6 (Table 6.4) are presented (grey bars).
Note that the difference in B isotope ratios between 2 crystal population for a given reference tourmaline is
significant. Similarly a significant difference in B isotope ratios is observed for a given crystal population
using different reference tourmalines.
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Table 7.1 δ11Btur values of synthetic olenites from the 216 h experiment

session n
δ
11Btur (%�)a

reference tourmaline for IMF correction
olenite elbaite dravite schorl

columnar
S2 4 / / -8.2(2) -9.6(2)
S3 3 -5.4(2) -4.8(2) -8.1(2) /

columnar + jeremejevite inclusions
S3 3 / / -8.8 (2) -10.2(2)

acicular
S3 6 -4.6(2) -4.0(2) -7.4(2) /

aCorrected with daily average IMF of a particular reference tourmaline (see
Table 2.6) and calculated relative to 11B/10B = 4.04362 of NIST SRM 951
Numbers in brackets denote the standard deviation from the mean (2 SDmean).
SDmean = SD/n0.5

7.3 Discussion

7.3.1 Fractionation coefficient from Rayleigh fractionation modeling of fluids

Although experiments were performed with an excess of 300 mol% relative to the ideal olenite sto-
ichiometry, the fluid shows a small but significant increase in δ11B from -5.9(1)%� in the starting
fluid (δ11Bfluid, ini) to -5.2(2)%� in the fluid after 216 h (δ11Bfluid, fin). Irrespective of the non-classical
crystallization sequence (see Chapter 6), the overall change in the fluid’s isotopic signature is inter-
preted to derive from fractional crystallization of tourmaline, as it is considered the only B bearing
phase in the 216 h experiment (neglecting trace amounts of jeremejevite, which occasionally occur
as inclusions in tourmaline).

Following the procedure in Marschall et al. (2009c), an average Δ11Btur-fluid is calculated by
only knowing the δ11B of the initial (δ11Bfluid, ini) and final fluid (δ11Bfluid, fin) such as the fraction of
B remaining in the fluid (F) with δ11Bfluid, fin = (1000 + δ11Bfluid, ini)⋅F(1-α) -1000 and Δ11Btur-fluid
= δ11Btur - δ11Bfluid = 1000 ln(α-1). Mass balance calculations show that no insoluble B-bearing
quench phases have formed in the 216 h experiment (Chapter 6, Table 6.5). Thus, for the 216
h experiment F = Bfluid (mg)/ Bstart (mg) = 0.69 mg/1.16 mg = 0.6 (Table 6.5). This results in
a fractionation coefficient α=1.0014 ± 0.0006 and a Δ11Btur-fluid ≈ -1.4 ± 0.6%� (Fig. 7.3). The
uncertainty is estimated by propagating the uncertainty of δ11Bfluid, ini and δ11Bfluid, fin (Table 6.4).
The uncertainty of F is negligible. Based on the proportions of columnar crystals (80 vol%) and
acicular crystal (20 vol%) and their average compositions determined by microprobe (columnar: 29
mol% [4]Btot; acicular rim: 33 mol% [4]Btot; acicular core: 45 mol% [4]Btot) an average tetrahedral
B content of 33 mol% [4]Btot is estimated for the whole tourmaline fraction.

The result indicates that tourmaline fractionates the light 10B. Thus, δ11Bfluid is expected to in-
crease with experimental run duration and correspondingly, first tourmalines should have more
negative δ11B values then tourmalines that form later. This is in contrast to the results of the
SIMS measurements, which show that the first tourmalines, i.e. the cores of the acicular crystals,
have δ11B values about 0.7%� higher compared to the columnar crystals, which grow later (Table
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7.1, Fig. 7.2). This inverse Rayleigh fractionation trend is related to the progressive dissolution of
metastable jeremejevite, which initially fractionates the 10B. The affinity of jeremejevite for 10B is
confirmed by the B isotope ratios obtained for columnar olenites with jeremejevite inclusions as
these are shifted by about 0.7%� to more negative δ11B compared to the inclusion free columnar
crystals (Fig. 7.2).
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initio calculations by Kowalski et al. (2013) assuming only trigonal H3BO3 species in the fluid. The dashedline showsΔ11Btur-fluid assuming 15 mol% (H4BO4)- in the fluid. Error on the prediction of Kowalski et al.(2013) are indicated by the grey shaded area and are similar for all datasets. A star indicatesΔ11Btur-fluid fordravite at 0.2 GPa experimentally determined by Meyer et al. (2008). All data for T = 700°C.

7.3.2 Fractionation coefficient from combined SIMS and MC-ICP-MS analysis

The fractionation coefficient calculated from the amount of Rayleigh fractionation only represents
an average value for the stable B isotope fractionation between bulk fluid and bulk tourmaline.
As the tourmalines are zoned with respect to [4]B, the fractionation coefficient is unlikely to be
constant during the experiment. Based on the prediction of Kowalski et al. (2013), a shift of the
Δ

11Btur-fluid to more negative values with increasing amount of [4]B (Fig. 7.3) is expected. In order
to calculate how the Δ11Btur-fluid changes with the amount of [4]B in tourmaline, we need to know
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Table 7.2 Stable B isotope fractionation between tourmaline and fluid at 4.0 GPa/700°C.

[4]Btot (mol%) crystal
Δ

11Btur-fluid (%�)
reference tourmaline for IMF correction

olenite elbaite dravite schorl
29(3) columnar -0.2 ± 0.4 0.4 ± 0.4 -2.9 ± 0.4 -4.4 ± 0.4
45(3) acicular (core) -1.4 ± 0.4 -0.8 ± 0.4 -4.1 ± 0.4

a
Δ

11Btur-fluid calculated with δ11Btur - δ11Bfluid. Uncertainty of Δ11Btur-fluid is estimated
by adding the standard deviation of the mean for δ11Btur (Table 7.1) and the uncertainty
of δ11Bfluid (Chapter 6, Table 6.4). Average [4]Btot of columnar olenites and cores of the
acicular olenites from Chapter 4, Table 4.1. For more information see text.

(i) the B isotope ratios of high and low [4]B tourmaline, i.e. the cores of acicular crystals with 45(3)
mol% [4]Btot pfu and the columnar crystals with 29(3) mol% [4]Btot and (ii) the B isotope ratios of
the fluids in equilibrium with each of the two crystal populations.

As the acicular crystal grew first, it is reasonable to assume that the cores of the acicular crystals
were most likely in equilibrium with the fluid extracted from the 0.5 h experiments, whereas the
later grown columnar crystals were most likely in equilibrium with the fluid from the 216 h experi-
ment. Based on the δ11Btur values measured by SIMS (Table 7.1) and the δ11Bfluid values measured
byMC-ICP-MS (Chapter 6, Table 6.4), theΔ11Btur-fluid values are calculated with δ11Btur - δ11Bfuid.

Depending on the reference tourmaline used for IMF correction, absolute Δ11Btur-fluid values
for the columnar crystals range from -4.4 ± 0.4%� to 0.4 ± 0.4%�, and from -4.1 ± 0.4%� to -0.8 ±
0.4%� for the cores of the acicular crystals (Table 7.2). Using a particular reference tourmaline, the
data show that theΔ11Btur-fluid are shifted by 1.2± 0.8%� towards more negativeΔ11Btur-fluid for the
high [4]B cores of the acicular crystals (45 mol% [4]Btot) compared to the low [4]B columnar crystals
(29 mol% [4]Btot); Fig. 7.3. This equals a shift of 0.8 ± 0.5%� towards more negative Δ11Btur-fluid
for each 10 mol% of [4]Btot, which is used to calculate the intracrystalline fraction of B isotopes
(Δ11B[3]Btur -[4]Btur), which is defined as:

Δ11B[3]Btur−[4]Btur = Δ
11B[3]Btur-fluid − Δ

11B[4]Btur-fluid (7.1)

Given that 10 mol% of [4]Btot cause a shift of 0.8 ± 0.5%� to more negative Δ11Btur-fluid values,
additionally the following equations are valid:

Δ11Btur-fluid = Δ11B[3]Btur-fluid (7.2)

Δ11Btur-fluid − 0.8 ± 0.5%� = 0.9 ⋅ Δ11B[3]Btur-fluid + 0.1 ⋅ Δ
11B[4]Btur-fluid (7.3)

By rearranging equations 7.2 and 7.3, it is calculated that Δ11B[3]Btur -[4]Btur = 8 ± 5%�. This corre-
sponds to a substantial intracrystalline fractionation in tourmaline, whereby the light 10B isotope
preferentially occupies the tetrahedral T site relative to the trigonal B site.

7.3.3 Comparing experimental fractionation data to ab initio calculations

The fractionation coefficient derived from Rayleigh fractionation modeling of the B isotope evolu-
tion (Fig. 7.3) is in very good agreement with the ab initio predictions of Kowalski et al. (2013). In
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absolute terms, the Δ11Btur-fluid using the δ11Btur corrected with the olenite reference tourmaline
yields the best agreement with the data of Kowalski et al. (2013), Fig. 7.3. This is reasonable as
the matrix of the olenite reference tourmaline is closest to the matrix of the synthetic olenites (Fig.
2.2). Consequently, the larger deviation of the data obtained for the other reference tourmalines is
interpreted to derive from their compositional disagreement with respect to the synthetic olenites,
i.e. during SIMS analysis of tourmaline a significant matrix effect occurs.

Although the SIMS data using olenite as reference tourmaline is considered the most accurate,
the deducedΔ11Btur-fluid values still display a systematic offset of about 1%� towards more positive
values (Fig. 7.3) compared to the predictions of Kowalski et al. (2013). This might be explained
by pressure and/or matrix effects.
Influence of pressure The fractionation coefficients of Kowalski et al. (2013) presented in this
study are calculated assuming ambient pressure, whereas the synthesis experiments were per-
formed at 4.0 GPa. By comparison, the high-pressure data set shows less extensive fractionation,
which might be owed to an effect of pressure on equilibrium fractionation. This would be in agree-
ment with results of Palmer et al. (1992), who noticed less extensive B isotope fractionation at
higher pressures within a pressure range of 0.05 - 0.2 GPa. In contrast, Meyer et al. (2008) did not
observe an influence of pressure onΔ11Btur-fluid between 0.2 and 0.5 GPa (see Chapter 1, Fig. 1.2).

Pressure might also have a more indirect effect on Δ11Btur-fluid by changing the coordination
of B species in the fluid. If 15 mol% of additional (H4BO4)- species in the fluid are considered in
the calculations of Kowalski et al. (2013), the predicted Δ11Btur-fluid values are shifted by about
1%� to more positive values, which leads to a better agreement with our data (Fig. 7.3). This might
indicate the presence of (H4BO4)- species in the experimental fluids. However, at near neutral
to acidic conditions, at which tourmaline is stable (Smith 1949; Morgan and London 1989), the
amount of [4]B species in the fluid is negligible (Schmidt et al. 2005), at least in the pressure range
from ambient pressure to 2 GPa.
Remnant matrix effect during SIMS analysis As indicated by the IMF compilation in Fig.
2.1, systematic matrix effects occur during SIMS analyses, which is confirmed by this study (Fig.
7.2). Interestingly, the IMF for elbaite and olenite reference tourmalines (both being Al-rich) are
in close agreement with each other, whereas they show a large offset with respect to dravite and
schorl (Fig. 2.1). This observations points towards a correlation between IMF and Al-content in
tourmaline. However, there still is a matrix mismatch between the olenite reference tourmaline
and the synthetic olenitic tourmaline, particularly with respect to the tetrahedral B content. Hence,
the discrepancy with respect to the results of Kowalski et al. (2013) might be a results of a slight
remnant matrix effect during our SIMS analysis. It remains an open question if differences in B
isotope ratios of columnar crystals and cores of the acicular crystals, are biased by differences in
their tetrahedral B content.

7.4 Conclusion

The results of this study provide a reasonable estimate for the qualitative and quantitative effect
of [4]B on the B isotope fractionation between [4]B-bearing olenite and fluid. A shortcoming is
the absence of experimental data for the Δ11Btur-fluid for [4]B-free olenite. So far the only success-
ful synthesis of [4]B-free olenite has been reported from Rosenberg et al. (1986) using a Na2O-
Al2O3-SiO2-B2O3 oxide and hydrothermal techniques at 0.1 GPa and 450 - 650°C. Our attempts
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to synthesize [4]B-free olenite based on this experimental protocol failed. Still, the results are in
good agreement with the predictions of Kowalski et al. (2013) and indicate a relative shift of 0.8
± 0.5%� of the Δ11Btur-fluid towards more negative values for each 10 mol% of [4]Btot in olenitic
tourmaline. This corresponds to an intracrystalline fractionation of 8± 5%�, with 10B preferentially
occupying the tetrahedral T site relative to the trigonal B site.
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8 | Conclusions and outstanding
issues

The studies detailed in this thesis have shown that the B isotope fractionation between [4]B-bearing
tourmaline and fluid can be successfully studied using piston-cylinder synthesis experiments. By
choosing suitable P-T-X conditions, resulting tourmalines are rich in tetrahedral B and are large
enough to be sampledwith amultimethodological approach. Among the latter, Raman spectroscopy
has been proven to be an insightful tool. In Chapter 4 and Chapter 5, it has been shown that po-
larized Raman spectroscopy can be used as a method to qualitatively distinguish between differ-
ent tourmaline species and explicitly quantify site occupancy. However, reliable band assignment
is required which is only possible by using synthetic, chemically well-characterized tourmalines
of rather simple composition. Further Raman studies on synthetic end-member tourmalines are
needed for constructing a comprehensive database, which will promote Raman spectroscopy as a
non-destructive method for the chemical classification of (precious) natural tourmaline. Moreover,
it will serve as a fast and straightforward tool to characterize chemical zonation of tourmalines in
thin sections of several rock types. Abandoning spatial resolution, the results of this study are also
applicable to powder samples, although it must be ensured that no other OH-bearing phases are
present.

It has been shown in Chapter 6 that the the formation of synthetic olenite proceeds via jereme-
jevite as a precursor phase, which has implication for chemical, textural and B isotope patterns of
the resulting olenite crystals. Synthetic tourmalines displaying a (sharp) chemical zonation have
been also observed in different chemical systems at different P-T conditions. Root zones of dravite
synthesized at 500°C-600°C and 2 kbar are for example associated with inclusions of spinel (von
Goerne et al. 1999) or corundum (von Goerne et al. 2001), which similarly might act as precur-
sor phases. Hence, non-classical crystallization paths during the crystallization of tourmaline in
experiment (and nature) could be a more universal phenomenon than recognized. Heterogeneous
nucleation at a precursor/fluid interface generally lowers the energetic barrier for nucleation. This
would also be a possible cause for the (often unwanted) problem of abundant nucleation of tour-
maline (London 2011) and might help to improve the efficiency of tourmaline synthesis on an
industrial-scale.

Finally, Δ11Btur-fluid have been determined as a function of [4]B in olenitic tourmaline. These
will help, to improve the applicability of tourmaline as a petrogenetic indicator. However, eval-
uating the B isotope fractionation between tourmaline and fluid has turned out as a multifaceted
problem as it depends on tourmaline/fluid composition, tetrahedral B content in tourmaline, tem-
perature, pressure and needs proper understanding of the crystallization sequence of tourmaline.
Many of the influencing factors are not properly understood and future experimental work is needed
to solve the following outstanding issues.
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Influence of temperature on intracrystalline B isotope fractionation As shown in Chapter 7,
tetrahedral B shifts theΔ11Btur-fluid to more negative values, which implies an intracrystalline frac-
tionation in tourmaline Δ11B[3]Btur -

[4]Btur
, with 10B being preferentially incorporated at the T site

relative to the B site. Since besides the bonding environment of B, temperature is the main driving
force for isotope fractionation, it is reasonable to assume a different intracrystalline fractionation
in tourmaline at different temperatures and by association a temperature dependent effect of tetra-
hedral B on Δ11Btur-fluid. Although, the influence of temperature has not been investigated in this
study, a first indication is provided by inspection of the data of Kowalski et al. (2013). At a given
temperature, the intracrystalline B isotope fractionation is calculated with:

Δ11B[3]Btur−[4]Btur
= Δ11B[3]Btur-fluid

− Δ11B[4]Btur-fluid

Based on the B factors presented in Kowalski et al. (2013), partial B isotope fractionation (%�)
between [4]B in tourmaline and fluid (Δ11B[4]Btur-fluid

) such as between [3]B in tourmaline and fluid
(Δ11B[3]Btur-fluid

), assuming only H3BO3 in the fluid, is calculated with these formulae for olenite:

Δ11B[4]Btur-fluid
= −3.9604 ⋅ 10−5 ⋅ 𝑇 2 + 0.065883 − 33.958

Δ11B[3]Btur-fluid
= 9.2839 ⋅ 10−6 ⋅ 𝑇 2 − 0.01473 + 7.3021

and for dravite with:

Δ11B[4]Btur-fluid
= −4.2204 ⋅ 10−5 ⋅ 𝑇 2 + 0.070833 − 36.691

Δ11B[3]Btur-fluid
= −1.7343 ⋅ 10−6 ⋅ 𝑇 2 + 0.002516 − 1.7343

The results suggest that the intracystalline fractionation in olenite more than doubles from
∼9%� at 700°C to∼19%� at 350°C (Fig. 8.1). For dravite the intracrystalline fractionation similarly
increases from ∼7%� at 700°C to ∼16%� at 350°C (Fig. 8.1). This is of particular importance,
because the incorporation of B at the T site is facilitated at lower temperatures (Ertl et al. 2008)
and hence the effect of [4]B on Δ11Btur-fluid is further enhanced. Additionally, intracrystalline B
isotope fractionation in tourmaline potentially provides a powerful single-crystal thermometer and
hence needs to be explored in greater detail.

Influence of tourmaline composition on Δ11Btur-fluid Kowalski et al. (2013) predicted that
Δ11Btur-fluid differs for different tourmaline end-members and is about 2-3%� more negative for
dravite compared to olenite at a given temperature and [4]B content (Fig. 1.2). Remarkably, for
olenite with moderate [4]B-contents (<20 mol% [4]Btot), Δ

11Btur-fluid might even take on positive
values, whereas those of [4]B-free dravite are always negative. This would have severe implica-
tions for the interpretation of B isotope patterns in (natural) tourmaline. For example, if decreasing
δ11B values are observed with tourmaline growth, fractional crystallization of tourmaline within
a closed system is generally excluded as a possible cause, but would become a valid alternative
if olenite indeed had positive Δ11Btur-fluid. However, the influence on tourmaline composition on
Δ11Btur-fluid remains an open question from an experimental point of view. ComparingΔ11Btur-fluid
for homogeneous and well-characterized synthetic tourmaline end-members at similar P-T condi-
tions is a promising approach. Similarly, the intracrystalline fractionation might differ with respect
to tourmaline composition (Fig. 8.1).

Influence of fluid composition on Δ11Btur-fluid The results of this study are valid for the B iso-
tope fractionation between olenitic tourmaline and aqueous fluids. However, the influence of fluid
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Figure 8.1 Intracrystalline fractionation between [3]B and [4]B in dravite and olenite based on ab initio
calculations by Kowalski et al. (2013). Note that the intracrystalline fractionation is higher in olenite and
increases with decreasing temperature.

composition and the fluid’s B speciation remains unexplored. Performing experiments using flu-
ids of different composition, varying for example ionic strength and pH, potentially provides an
insightful approach. To study the influence of changing aqueous B speciation, experimental fluids
need to be investigated in situ by using for example X-ray Raman scattering to prevent a bias due
to quench effects. Additionally, experimental studies are needed to determine B isotope fractiona-
tion between tourmaline and silicate melts. The results will likely differ compared to the B isotope
fractionation between tourmaline and aqueous fluid, as there is evidence for strong B isotope frac-
tionation between silicate melts and aqueous fluids (Hervig et al. 2002).
Matrix effects during SIMS analyses Tourmaline composition not only has an effect on the B
isotope fractionation itself, but also biases the outcome of SIMS B isotope analysis due to ma-
trix effects, which are found to be most pronounced between schorl and elbaite/olenite. This is of
particular importance for the investgation of tourmalines, which are zoned with respect to these
end-member components. Examples would be olenitic tourmalines zoned in Fe-content from the
Koralpe (Austria); Hughes et al. (2004) or zoned tourmalines (schorl-elbaite) from Mt. Capanne
(Elba, Italy); Tonarini et al. (1998). If in such tourmalines δ11B profiles are measured from core to
rim using SIMS, it is possible that either (1) δ11B trends are artificially produced in an otherwise
isotopically homogeneous grain or (2) true δ11B trends are balanced out. However, as shown in
Fig. 2.1, the extent of the matrix effect varies and can also be absent depending on the analyses
conditions. Yet, the interdependency between matrix effect and the analytical protocol is poorly
constrained and hence, extensive experimental work is required in that field.
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