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Abstract
The thermal behavior of 15 natural tourmaline samples has been measured by X-ray powder dif-

fraction from room temperature to ~930 °C. Axial thermal expansion is generally greater along the 
c crystallographic axis (αc 0.90–1.05 × 10–5/K) than along the a crystallographic axis and the sym-
metrically equivalent b axis (αa 0.47–0.60 × 10–5/K). Ferro-bearing samples show lower expansion 
along a than in other tourmalines. In povondraite the thermal expansion along the c axis is higher than 
in other tourmalines, whereas along a it is lower [αa = 0.31(2) and αc = 1.49(3) × 10–5/K]. Volume 
expansion in the tourmaline-supergroup minerals is relatively low compared with other silicates such 
as pyroxenes and amphiboles. Volume also exhibits a relatively narrow range of thermal expansion 
coefficients (1.90–2.05 × 10–5/K) among the supergroup members. An interpretation for the small 
changes in thermal expansion in a compositionally heterogeneous group like tourmaline is that all 
members, except povondraite, share a framework of dominantly ZAlO6 polyhedra that limit thermal 
expansion. Povondraite, with a framework dominated by ZFe3+O6 polyhedra, displays thermal expan-
sion that is different from other members of the group.

Unit-cell dimensions of tourmalines having significant Fe2+ deviate from linearity above 400 °C on 
plots against temperature (T); along with the resulting substantial reduction in unit-cell volume, these 
effects are likely the result of deprotonation/oxidation processes. Lithium-rich and Fe2+-free tourmalines 
deviate similarly at T > 600 °C. In Li- and Fe2+-free tourmalines, no such deviation is observed up to 
the highest temperatures of our experiments. It is not clear whether this is due to cation order-disorder 
over Y and Z sites that occurs during the highest temperature measurements, a phenomenon that is 
apparently inhibited (at least in the short term) in Li-free/Mg-rich samples. If so, this must occur at a 
relatively rapid rate, as no difference in unit-cell values was detected at 800 °C after heating in both 
one- and 12-h experiments on Na-rich rossmanite.

Keywords: Tourmaline, thermal expansion, modeling, systematics, unit-cell parameters, X-ray 
diffraction

Introduction
In recent papers published in this journal we have explored the 

thermal expansion of minerals in the pyroxene (Hovis et al. 2021) 
and amphibole (Tribaudino et al. 2022) supergroups. The pres-
ent contribution extends this work to minerals of the tourmaline 
supergroup with the presentation of volume-temperature (V-T) 
data for 15 mineral specimens in this supergroup (Altomare 2014; 
Altomare and Hovis 2014). For the most part, we have worked 
natural tourmaline specimens that could readily be obtained from 
the U.S. National Museum of Natural History, as well as from 
two individuals with expertise on tourmaline minerals, Frank 
Hawthorne and George Rossman.

Relatively recent detailed discussions of the chemical variation 
and structures of tourmaline minerals have been given by Henry 
et al. (2011) and Bosi (2018). Minerals of this group are so-called 
cyclosilicates because of their six-membered ditrigonal rings 

of tetrahedra, whose presence are reflected well by tourmaline 
external morphology and also by the overwhelming majority of 
naturally occurring tourmaline specimens that usually have space 
group type R3m symmetry. Even so, it will be seen that a crucial 
feature of the tourmaline structure is the arrangement of its ZO6 
polyhedra (Figs. 1a and 1b; Bosi 2018). A distinctive chemical 
feature of these minerals is the presence of (BO3)3– borate groups 
that make tourmaline a major source of boron.

The general chemical formula for tourmaline-supergroup 
minerals is XY3Z6T6O18(BO3)3V3W in which O = O2– and B = B3+. 
Occupants of the various crystallographic sites are: X = Na+, K+, 
Ca2+,  (= vacancy); Y = Al3+, Fe3+, Cr3+, V3+, Fe2+, Mg2+, Mn2+, 
Li+, Ti4+; Z = Al3+, Fe3+, Cr3+, V3+, Mg2+, Fe2+; T = Si4+, Al3+, B3+; 
V = (OH)–, O2–; and W = (OH)–, F–, O2– (Henry et al. 2011; Bosi 
2018). Paraphrasing from Bosi (2018), the nine-coordinated XO9 
antiprism and T6O18 ring combine with two sets of three octahe-
dra YO6; a [Y3O15] triplet of octahedra caps the XO9 polyhedron 
toward the +c axis, with the other [Y3O12] capping the [T6O18] ring 
of tetrahedra toward the –c axis. The BO3 groups are oriented 
sub-parallel to (0001) and lie between the rings of tetrahedra. 
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The structural arrangement of [T6O18], XO9, [Y6O18], and (BO3)3 
form “islands” that are stacked in columns along the c axis. These 
islands are attached to one another along the a and b crystallo-
graphic axes by spiral chains of ZO6 octahedra, which also extend 
along the c axis via a 31 triad screw axis. The three-dimensional 
framework of the tourmaline structure is therefore given by the 
screw-like arrangement of ZO6. Figures 1a and 1b illustrate the 
cations at the X, Y, B, and T sites located in the channels formed 
by the ZO6 polyhedral arrangement. This framework is very stable 
and explains some physical properties such as hardness (~7–7.5 
Mohs scale) and extensive pressure-temperature stability (up to 
about 7 GPa and 950 °C) of tourmaline (e.g., Dutrow and Henry 
2011; Bosi 2018). Recently, Berryman et al. (2019) showed that 
the framework provided by ZO6 exerts a primary control on the 
compressibility of tourmalines. The structural complexity and ex-
tensive chemical substitution in this system provide the possibility 
for a large number of tourmaline end-members, all of which have 
been noted in the two publications above.

Relatively few in situ high-temperature investigations on the 
thermal expansion of tourmaline have been done. Preliminary 
investigation by Libermann and Gandall (1952) showed thermal 
expansion that is almost double along the c relative to the a crystal-
lographic axis, specifically 0.4 vs. 0.9 × 10–5/K, as confirmed by 
several subsequent investigations (Filatov et al. 1987; Tatli and 
Pavlovic 1988; Hemingway et al. 1996; Pandey and Schreuer 
2012; Watenphul et al. 2017; Chernyshova et al. 2019; Celata 
et al. 2021; Ballirano et al. 2022). An exception to the previous 

results is the study of Donnay (1977), who found a volume thermal 
expansion more than double that from other investigations (αV = 
4.6 vs. 2 × 10–5/K), a result that was later found as well by Xu et 
al. (2016) in a high-temperature high-pressure synchrotron XRD 
investigation.

An analysis of the changes in thermal expansion with tempera-
ture was undertaken by Filatov et al. (1987) in a high-temperature 
XRD investigation conducted up to 900 °C on three Fe2+-rich 
tourmalines and one Fe2+-free Li-rich tourmaline. The former 
showed a nonlinear decrease of the a0 parameter at temperatures 
>400 °C with corresponding increases along the c axis. This was 
interpreted to be the result of Fe2+ to Fe3+ oxidation. This effect 
was later confirmed, albeit at higher temperature, by the Raman 
investigation of Watenphul et al. (2017).

The most accurate previous investigation on tourmaline ther-
mal expansion comes from Pandey and Schreuer (2012), who used 
an inductive gauge dilatometer between 100 and 903 K (–173 
to 630 °C) to measure the expansion of five large tourmaline 
crystals having elbaite-schorl and schorl-dravite compositions. 
These workers observed higher expansion in Fe2+-free samples. 
Additionally, they observed a small irreversible softening in elastic 
parameters in the Li-richer samples.

Despite the valuable work described above, a systematic 
investigation of a compositionally diverse group of minerals in 
the tourmaline system by X-ray diffraction, XRD, as a function 
of temperature, f(T), is lacking. Specifically, we ask: (1) how the 
tourmaline unit cell is affected by temperature, and (2) how the 
latter varies as a function of chemical composition. Additionally, 
we ask: (3) how the high-T behavior of tourmaline is affected by 
effects (e.g., oxidation and deprotonation) other than chemical 
composition, and (4) how present thermal expansion data are best 
described by various thermal expansion models. Here we report 
on the thermal expansion of 15 different tourmalines. Relative to 
dilatometric methods, present work has not been restricted to the 
study of gem-quality crystals, which has allowed investigation of 
a relatively wide range of compositions.

Experimental methods
Samples investigated

Given the chemical complexity and structural constraints of this mineral super-
group (e.g., Bosi 2018), it would have been difficult to obtain every existing tourma-
line end-member or near-end-member for this investigation. Rather, our approach was 
to obtain available samples from museum collections or individuals who have been 
involved in tourmaline research, with the requirement that we would need samples 
for which chemical information was available. We also attempted to investigate a 
sufficiently wide range of compositions that would make it possible to understand 
how this system operates structurally at high T. Because of chemical zoning that is 
common for minerals in this system, we attempted to avoid such samples; the excep-
tions to this are: (1) fluor-schorl sample T21 (which produced only slightly broadened 
XRD peaks) and (2) povondraite (which generally produced grossly widened peaks). 
Because povondraite proved to be chemically inhomogeneous, we obtained samples 
from three different sources (American Museum of Natural History, Mineralogical 
and Geological Museum at Harvard University, and Frank Hawthorne) in the hopes 
of finding a relatively homogeneous sample. Because the Harvard sample was very 
small relative to the others, it showed less inhomogeneity, but even it proved to be 
compositionally problematic.

Names, sources, and chemical compositions of investigated samples are listed in 
Table 1. In addition to sample names provided by the various sources, we also give 
in Table 1 sample names based on the classification scheme of Henry et al. (2011), 
which is used throughout this paper. NMNH samples were analyzed by methods 
found in Dunn et al. (1977). Analyses of specimens obtained from George Ross-
man were made using techniques described by Ma et al. (2012). Samples obtained 

Figure 1. Crystal structure of tourmaline: (a) along the b axis and 
(b) parallel to the c axis.

a

b
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from Frank Hawthorne (personal communication) were analyzed using a CAMECA 
SX-50 electron microprobe in wavelength-dispersive mode. Beam voltage for all 
elements was 15 kV and spot diameter was 1 μm. Count times for peak background 
determinations for all elements were 20 and 10 s, respectively. Data were collected 
with a beam current of 20 nA for Na, Fe, Ca, Al, Si, and Mg and 30 nA for F, Cr, 
V, Mn, Zn, K, Ti, and P.

Povondraite chemical analyses
Electron-microprobe analyses of povondraite sample 110379 from the 

American Museum of Natural History were obtained by wavelength-dispersive 
spectrometry (WDS mode, 15 kV, 15 nA, 10 μm beam diameter) with a Cameca 
SX50 instrument (CNR-Istituto di Geologia Ambientale e Geoingegneria, Roma, 
Italy). The following standards, X-ray Kα lines, and analyzer crystals were used: 
jadeite (Na; TAP), periclase (Mg; TAP), orthoclase (K; PET), rutile (Ti; PET), 
wollastonite (Si, Ca; PET), metallic Zn and Mn (Zn, Mn; LIF), vanadinite (V; PET), 
fluorophlogopite (F; TAP), metallic Cr (Cr; PET), corundum (Al; TAP), magnetite 
(Fe; LIF). The “PAP” routine was applied (Pouchou and Pichoir 1991). The results 
(Table 2) represent the mean values of 117 spot analyses across several crystals. This 
povondraite sample was also analyzed by 57Fe Mössbauer spectroscopy (Swedish 
Museum of Natural History, Stockholm) using a conventional spectrometer system 
operated in constant acceleration mode. The Mössbauer spectrum indicates the 
presence of only Fe3+. This chemical analysis resulted in the empirical formula:

X(Na0.81K0.22Ca0.01)Σ1.04 Y(Fe3+
2.92Ti0.03)Σ2.96 Z(Fe3+

3.55Mg1.74Al0.72)Σ6.00 T(Si6.05O18) (BO3)3 
V[(OH)2.59O0.39] W(O0.98F0.02)Σ1.00. 

The (OH) content and the atoms per formula unit (apfu) in the formula were 
calculated by charge balance assuming B = 3.00 apfu, cation at (T + Y + Z) = 15 
apfu and 31 anions pfu. Further details on povondraite are available in a separate 
paper (Bosi et al. 2023).

X-ray diffraction
X-ray powder diffraction measurements were conducted from room T to ~928 °C 

at mostly 50 °C intervals on a PANalytical Empyrean X-ray powder diffraction system 
equipped with an Anton-Parr HTK 1200N heating stage. Scans covering a 2Θ range 
of 15° to 80° took place over a 30 min time period. Actual sample temperatures 
were checked through independent experiments on several compounds that display 
second-order phase transitions, as described in detail by Hovis et al. (2021). Generally, 
observed temperatures of our experiments were found to be 16 to 28 °C above the set 
temperature displayed on the controller console. This range in temperature correc-
tion probably does not represent real variation in instrumental vs. actual T (ΔT), but 
likely reflects the standard deviation in average ΔT values that became evident only 
after ever-increasing experience with the new XRD system over an extended period 
of time. During data reduction, unit-cell calculations utilized adjusted sample peak 
positions that employed NIST (NBS) 640a silicon as an internal standard. Extended 
discussion of XRD methodology and unit-cell calculation is given in Hovis et al. 
(2021, pp. 884–885), a previous paper on pyroxene thermal expansion.

At the conclusion of all XRD experiments, a room-temperature X-ray scan was 
conducted to check for possible sample breakdown due to dehydration and/or Fe 
oxidation. During data reduction of each tourmaline sample, however, it was not 
unusual to note broadening and, in some cases, loss of intensity in X-ray peaks (or 
even obvious loss of the tourmaline XRD pattern) at some point during sample heat-
ing, although the temperature at which such deterioration began varied from sample 
to sample. The latter accounts for the reason why so few unit-cell dimensions were 
determined for samples of the post-heating room-temperature XRD experiments (see 
Online Materials1 Table OM1). Sample changes also were indicated by off-trend 
unit-cell dimensions with increasing T. In addition, for Fe2+-bearing tourmalines it 
was common to note changed color to rusty-red or brown by the conclusion of an 
experiment. In the end, most of the tourmaline specimens that we investigated pro-
duced data that were affected by some sort of chemical change below the maximum 
~930 °C temperature of our experiments. Many samples, however, did produce 
high-quality data over extensive temperature ranges, some as high as 878 °C, as 
reflected by the data reported in Online Materials1 Table OM1 and shown in Online 
Materials1 Figure OM1.

Unit-cell dimensions were calculated using the X-ray software of Holland and 
Redfern (1997). To avoid the automated indexing of X-ray peaks that were the result 
of phase impurities (e.g., natural quartz in the sample or corundum peaks from the 
sample holder), the hkl identities of all peaks were assigned manually, for which both 
the American Mineralogist Crystal Structure Database (Downs and Hall-Wallace 
2003) and PANalytical Database were invaluable. Because of this manual index-

ing, rather than automated indexing available on various XRD systems, we regard 
the stated standard errors of our computed unit-cell dimensions to be realistic. The 
wavelength of CuKα1 radiation for all calculations was taken to be 1.540598 Å, 
which was the value inherent in PANalytical software; peaks from CuKα2 radiation 
were stripped during data reduction. Note that the significantly lower precision of 
calculated unit-cell dimensions for the three povondraite specimens (Online Materi-
als1 Table OM2 and Fig. OM2) is both the result of broad XRD peaks produced by 
substantial chemical zoning as well as unit-cell dimensions necessarily based only 
on relatively low-2Θ (high-d) peaks.

To assess the effect of changes during repeated heating cycles, whether for 
sample deterioration or cation order, we also performed a series of repeated heating 
experiments to achieve elevated temperatures at different rates. These experiments 
were repeated three times on sample GRR 916 Na-rich rossmanite (formerly elbaite), 
using for each run a new batch of grains. For the first experiment, having “normal” 
~50 °C intervals, XRD run time at each T was 30 min with heating and thermal 
equilibration times between temperatures of 8 to 9 min, for a total run time of an 
up-temperature set of experiments of about 12 h. For the second set of experiments 
having 200 °C intervals, heating and equilibration time between temperatures was 
~24 min and XRD time 30 min, with a total run time for the up-temperature set of 
experiments of about 4 h. The third experiment involved just three measurements, 
one at room T, and two at 800 °C. Heating and thermal equilibration time between 
room temperature and 800 °C was ~23 min, followed by a 30-min XRD measure-
ment. Following the latter, a second 30-min XRD experiment was performed after 
a wait time of 30 min. For all three sets of experiments, room-temperature XRD 
data were collected after cooling. As shown in Online Materials1 Figure OM2, the 
results from these experiments (given in Online Materials1 Table OM2) are fully 
comparable, which demonstrates (at least for this sample) that thermal behavior is 
unaffected by heating rate.

Results
The calculated unit-cell dimensions for most tourmaline sam-

ples are presented as a function of temperature in Online Materials1 
Table OM1 and Figure OM1; because of chemical inhomogeneity, 
those for the three povondraite samples are reported separately in 
Online Materials1 Table OM2 and Figure OM2. Reported standard 
errors from the Holland and Redfern (1997) software represent 1σ 
values; these should be multiplied by a factor of 2 or 3 to obtain 
a more realistic estimate of data uncertainty. A sample plot of the 
refined unit cell is shown in Figure 2.

Data analysis: Fitting the thermal expansion data
Thermal expansion data can be fitted with either physical 

or empirical models. Such models were used together in recent 
investigations on pyroxenes and amphiboles (Hovis et al. 2021; 
Tribaudino et al. 2022), whereas in most papers, either empirical 
[e.g., in plagioclase (Hovis et al. 2010; Tribaudino et al. 2010) and 
in pyroxenes (Pandolfo et al. 2015)] or physical models [e.g., in 
plagioclase (Tribaudino et al. 2011), in olivine (Kroll et al. 2012), in 
pyroxene (Knight and Price 2008), and in amphibole (Tribaudino 
et al. 2008)] were used exclusively. Physical models are generally 
preferable, as they link thermal expansion to basic properties such 
as vibrational energy and bulk modulus. However, such models 
are highly demanding in terms of data quality. A critical quantity 
is the first derivative of volume with respect to temperature, i.e., 
thermal expansion. While the latter generally changes little above 
room temperature (commonly approximated as constant over a 
limited-T range, as shown in Fig. 3), changes below room tem-
perature are normally quite significant (Tribaudino et al. 2011). It 
is especially helpful, then, if both low- and high-T volume data are 
collected. For the tourmaline supergroup, to our knowledge, unit-
cell dimensions have not previously been determined below room 
T; however, thermal expansion between 80 and 300 K has indeed 
been measured by dilatometric methods in two papers (Tatli and 
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Pavlovic 1988; Pandey and Schreuer 2012) on elbaitic, schorlitic, 
uvitic, and dravitic samples. Although present tourmalines have 
different compositions (and thermal expansions) than samples in 
the cited papers, we have taken the liberty of merging the low-T 
data for several of the latter samples with those of compositionally 
comparable specimens studied here, which provides the basis for 
a physical fit to the combined data.

To analyze the combined data, we have utilized the Kroll 
equation (see Angel et al. 2014), which includes four refinable 
parameters, V298K, α298, θE, K′, i.e., the unit-cell volume, thermal 
expansion coefficient at 298 K, Einstein temperature, and first 
derivative of the bulk modulus. While the first two of these 
parameters are usually refined, at least one, either θE and or 
K′, must be fixed to constrain the refinement. For the present 
case we have fixed K′ at a value of 4, which corresponds to 
the approximation of a second-order truncation in the Birch-
Murnaghan equation of state. This is based on the investigation 
by Berryman et al. (2019), who found K′ values very close to 
4 in their systematic analysis of tourmaline at high pressure. 
The low-temperature dilatometric thermal expansion was fit 
to room-temperature unit-cell volume to calculate fictive unit 
cells below room temperature. Refined values of θE, V298K, and 
α298 are reported in Table 3. As a sample plot volume thermal 

expansion with temperature is shown for Na-rich rossmanite 
and schorl in Figure 3.

As low-temperature expansion data are available for only a few 
samples, we have also fit our data above room temperature also 
with an empirical equation, namely that of Fei (Angel et al. 2014):

V = V0 exp[a0(T – Tref) + 1/2a1(T2 – T2
ref) – a2(1/T – 1/Tref)].

In the latter, there are four refinable parameters, V0, a0, a1, 
and a2, with V0 the volume at reference temperature 298 K. In 
this calculation refinements that included the a2 parameter did 
not produce values higher than the error, so the equation was 
truncated at the quadratic term. As discussed below, the range 
of data included in the fit turned out to be critical as a result of 
changes in tourmaline crystal chemistry induced by heating (Figs. 
4 and 5). Resulting refined parameters overstated temperature 
ranges are reported in Table 4.

Povondraite thermal expansion
As noted above, the chemical inhomogeneity of povondraite 

(shown by the high standard-deviation values of Fe3+ and Al in 
Table 2) causes relatively high dispersion in unit-cell data, as 
reflected by Online Materials1 Table OM2 and Figure OM2. 

Table 1. Sample information
Modified	 Name	 Sample	 Locality	 X	 Y	 Z
tourmaline	 at sample	 numbera						    

name	 source
				    Na	 Ca	 o	 Al	 Fe2+ or Fe3+	 Mn	 Mg	 Li	 Ti	 Al	 Mg

Calculated site populations
dravite	 dravite	 NMNH	 Dobrowa, 	 0.79	 0	 0.1	 0.16	 0.03	 0	 2.78	 0	 0.03	 6	 0
		  103791-1	 Carinthia, Austria
o-rich dravite	 dravite	 NMNH	 Gouverneur, 	 0.5	 0	 0.5	 0	 0.05	 0	 2.94	 0	 0.15	 5.42	 0.58
		  78719-1	 St. Lawrence Co., 											         
			   New York, U.S.A.											         
Fe-rich fluor-	 fluor-	 FH T21	 San Diego Co., 	 0.88	 0.01	 0.11	 0.93	 0.99	 0.09	 0.02	 0.97	 0	 6	 0
 elbaite	 schorl		  California, U.S.A.											         
schorl	 schorl	 NMNH 118462	 Fitchburg, Worcester	 0	 0.1	 0.2	 0.3	 2.02	 0.04	 0.53	 0	 0.11	 6	 0
			   Co., Massachusetts,											         
			   U.S.A.											         
Na-rich	 elbaite	 GRR 916	 Himalaya Mine, 	 0.43	 0	 0.57	 2.09	 0	 0	 0	 0.71	 0	 6	 0
 rossmanite			   near Mesa Grande, 											         
			   San Diego Co., 											         
			   California, U.S.A.											         
elbaite	 elbaite	 FH AT31	 Belo Horizonte, 	 0.62	 0.06	 0.32	 1.6	 0.12	 0.07	 0	 1.13	 0	 6	 0
			   Brazil											         
o-rich elbaite	 rossmanite	 GRR 2361	 Tanco Mine, 	 0.53	 0.04	 0.43	 1.71	 0	 0.02	 0	 1.26	 0	 6	 0
			   Bernic Lake, 											         
			   Manitoba, Canada											         
fluor-	 buergerite	 NMNH R12583	 Mexquitic, San	 0.8	 0.16	 0.04	 0.18	 2.57	 0.02	 0.04	 0	 0.1	 6	 0
 buergerite			   Luis Potosi, Mexico											         
fluor-	 liddacoatite	 FH AT20/NT7	 Namibia	 0.19	 0.75	 0.06	 1.07	 0	 0.02	 0	 1.81	 0.1	 6	 0
 liddicoatite														            
Na-rich foitite	 foitite	 GRR 794	 Schindler Deposit,	 0.43	 0.01	 0.55	 0.86	 1.85	 0.04	 0.12	 0	 0.01	 6	 0
			   Cahuilla Mountain,											         
			   Riverside, 											         
			   California, U.S.A.											         
o-Al-B-rich	 olenite	 FH AT51/BH17	 Nina La Verde, Brazil	 0.52	 0.08	 0.4	 2.08	 0.02	 0.01	 0	 0.93	 0	 6	 0
 elbaite														            
Na-Fe-rich	 uvite	 FH T95/CT72	 Mt. Isa, Queensland,	 0.31	 0.66	 0.02	 0	 0.65	 0	 2.16	 0.08	 0.11	 5.32	 0.68
 fluor-uvite			   Australia											         
fluor-uvite	 uvite	 NMNH B14687	 Franklin, Sussex Co., 	 0.03	 1.02	 0	 0	 0.01	 0	 2.94	 0	 0.04	 5.25	 0.75
			   New Jersey, U.S.A.											         
Na-rich 	 fluor-uvite	 GRR 2396	 Kenya	 0.32	 0.62	 0.06	 0	 0.01	 0	 2.71	 0	 0.06	 5.42	 0.58
 fluor-uvite														            
Notes: Note that data from analyses at the sample origin have been recalculated. Names given in column 1 utilize the classification scheme of Henry et al. (2011). 
X through W refer to atom position in the tourmaline general formula. o refers to vacancies.
a Sample sources include the U.S. National Museum of Natural History (NMNH), Frank Hawthorne (FH), and George Rossman (GRR).

(Table extends onto next page.)
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This also is shown by the relatively large standard deviations 
of calculated unit-cell dimensions for all povondraite samples, 
which are necessarily based on just seven peaks that occur 
between 17° and 35° 2Θ. When compared with the XRD data 
for relatively homogeneous tourmalines such as o-rich dravite 
NMNH 78719–1, Na-rich rossmanite GRR 916, and fluor-uvite 
NMNH B14687, average 2Θ peak widths at half-maximum for 
the seven peaks are 1.5, 2.3, and 2.5 times greater for the Harvard, 
AMNH, and Hawthorne samples, respectively, than for the more 

homogeneous samples. The narrower peak widths for the Harvard 
sample also correlate nicely with smoother systematic variability 
of unit-cell dimensions as f(T) in Online Materials1 Figure OM2 
as well as the very small size of that sample.

The unit-cell data confirm that povondraite shows a markedly 
higher expansion along the c axis than do other tourmalines, 
also “steplike” behavior for the a parameter as f(T); the latter is 
shown as an increase in a up to 350 °C (similar to that of dravite 
and other tourmalines), then a flattening in variability between 
350 and 500 °C, then another increase above 500 °C but at a rate 
lower than that for dravite (Fig. 6). Decomposition occurs only 
at T higher than 700 °C. Unlike other tourmalines, this cannot 
be ascribed to oxidation of Fe2+ to Fe3+, as all original iron is 
already ferric.

Table 2. Chemical compositions of povondraite AMNH 110379
	 wt%
SiO2	 30.92(62)
TiO2	 0.23(77)
B2O3

a	 8.89
Al2O3	 3.11(1.89)
Fe2O3

b	 43.96(3.04)
MgO	 5.96(50)
CaO	 0.07(20)
Na2O	 2.13(19)
K2O	 0.86(22)
F	 0.03(4)
H2Oa	 1.99
–O≡F	 –0.01
  Total	 98.13 
Notes: Uncertainties for oxides and fluorine (in parentheses) are standard devia-
tions of 117 spots. The unusual standard deviations for constituents such as CaO 
are the result of non-Gaussian data distributions for the latter.
a Calculated from stoichiometry.
b Determined by Mössbauer spectroscopy.

Table 1.—Extended
Modified	 Name	 T	 B	 V	 W
tourmaline	 at sample
name	 source
		  Si	 Al	 B	 B	 OH	 O	 OH	 F	 O

Calculated site populations
dravite	 dravite	 5.83	 0.17	 0	 3.03	 3	 0	 1.05	 0	 0
										        
o-rich dravite	 dravite	 6.12	 0	 0	 3	 3	 0	 1	 0	 0
										        
										        
Fe-rich fluor-	 fluor-	 6.03	 0	 0	 3	 3	 0	 0.27	 0.73	 0.01
 elbaite	 schorl									       
schorl	 schorl	 5.88	 0.12	 0	 3	 3	 0	 0.69	 0	 0.31
										        
										        
Na-rich	 elbaite	 5.92	 0.08	 0	 2.92	 3	 0	 0.83	 0.1	 0.07
 rossmanite										        
										        
										        
elbaite	 elbaite	 5.93	 0.07	 0	 3	 3	 0	 0.62	 0.38	 0
										        
o-rich elbaite	 rossmanite	 5.94	 0.06	 0	 3	 3	 0	 0.78	 0.23	 0
										        
										        
fluor-	 buergerite	 6.06	 0	 0	 2.96	 0	 3	 0	 1	 0
 buergerite										        
fluor-	 liddacoatite	 5.95	 0.05	 0	 2.98	 3	 0	 0.24	 0.73	 0.03
 liddicoatite										        
Na-rich foitite	 foitite	 5.9	 0.1	 0	 3	 3	 0	 1	 0	 0
		  								      
										        
		  								      
o-Al-B-rich	 olenite	 5.23	 0	 0.81	 3	 3	 0	 0.63	 0.09	 0.28
 elbaite										        
Na-Fe-rich	 uvite	 5.91	 0.09	 0	 3	 3	 0	 0.34	 0.66	 0
 fluor-uvite										        
fluor-uvite	 uvite	 5.79	 0	 0.21	 3	 3	 0	 0	 1.08	 0
										        
Na-rich 	 fluor-uvite	 6.08	 0	 0	 3.12	 3	 0	 0.12	 0.54	 0.34
 fluor-uvite

Figure 2. Thermal expansion of Na-rich rossmanite (formerly 
elbaite) GRR 916b compared with the high-T elbaite data of Ballirano 
et al. (2022) and Hemingway et al. (1996).

Figure 3. Thermal expansion coefficient vs. temperature in Na-rich 
rossmanite and schorl. The coefficient was calculated from the fit reported 
in Table 3.
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Discussion
High-temperature decomposition: Deprotonation and intra-
crystalline disorder

Thermal expansion in solids is an effect of anharmonic terms 
in the potential energy on the mean separation of atoms at a 
temperature, which generally causes the volume to increase with 
temperature (Kittel et al. 1996, pp.104–130). Generally, samples 
are assumed to be structurally and chemically homogeneous. If, at 
high temperatures, other volume-changing processes occur (e.g., 
dehydration-deprotonation, oxidation, phase transitions, cation 
disorder), these must be considered, as such processes may affect 
unit-cell parameters (e.g., Filatov et al. 1987).

A critical issue in measuring thermal expansion is the selection 
of high-temperature data to include in such analyses for phases 
that undergo high-temperature alteration. In the case of V-T data, 
it is important to critically evaluate trends for unusual deviation(s) 
from the norm. For present data, we find that up to 400 °C, 
there is little deviation from almost-linear V-T trends. At higher 
temperatures, however, Fe2+-rich tourmalines show breakdown 
or significant deviation from lower-temperature trends (Fig. 4). 
Moreover, some samples show differences in room-temperature 
unit-cell parameters pre- vs. post-heating. A gross such example 
is shown by the room-temperature unit cells of Na-rich foitite 
measured “after” vs. “before” heating, which show a decrease by 
0.115 Å in a, an increase of 0.013 Å in c, and an overall decrease 
in volume of 19.8 Å3 (see Online Materials1 Table OM1). The 
behavior of Fe2+-rich tourmalines has been ascribed to oxidation 
and deprotonation, where deprotonation has the effect of decreasing 
both the a unit-cell parameter and volume (Pieczka and Kraczka 
2004; Filip et al. 2012; Bosi et al. 2018, 2019) due to the smaller 
size of Fe3+ vs. Fe2+.

Also, intracrystalline cation disorder may affect the variation 
of the unit-cell parameters, because both a and c are related, re-
spectively, to the size of cations at the Y and Z sites (e.g., Bosi et 
al. 2010). This strict dependence may be explained by the plane of 
triads of edge-sharing YO6 octahedra that is parallel to the a-axis, 
whereas the arrangement of spiral chains of ZO6 polyhedra around 
the 31 axis is parallel to the c-axis. Any intracrystalline disorder 
reaction YR + ZAl = YAl + ZR (where R represents a generic cat-
ion), therefore, will reduce a and increase c, as Al is the smallest 
[6]-fold coordinated cation occurring in the tourmaline structure 
(Bosi 2018).

In general, the unusual unit-cell variations from the norm should 
be related to iron oxidation/deprotonation (which normally occurs 
at Y and, in turn, decrease the a parameter) and to the cation order-
disorder YFe + ZAl = YAl + ZFe (which decreases the a-parameter 
and increase the c-parameter).

Intracrystalline cation disorder likely affects some Li-rich 
tourmalines. In Figure 5 we compare unit-cell edges (a and c) 

and volumes observed in elbaite and Na-rich rossmanite with the 
thermal expansion modeled by Pandey and Schreuer (2012) in an 
elbaitic sample, based on their low-temperature data. Assuming 
that the trend by these workers solely represents thermal expansion, 
as it is based on low-temperature data where the cited processes 
that may affect the unit-cell values are inhibited, there is good 
agreement between present data and the low–high temperature 
dilatometric data up to 800 K. At higher temperatures, however, 
one observes in present samples lower values for the a parameter, 
but higher expansion along c. The resulting volume shows a slightly 
lower value relative to that predicted by the Pandey and Schreuer 
(2012) fit. The a parameter is lower in FH AT31 elbaite, which is 
Fe-bearing, compared to the GRR 916 Na-rich rossmanite, which 
is Fe-free (Table 1). Thermal expansion for elbaite has also been 
provided by Hemingway et al. (1996), who noted two different 
thermal expansion rates below vs. above 500 °C (773 K), the latter 
lower for the a parameter but higher for c. The effect is amplified 
between 850 and 940 °C, where a shows a decrease of 0.026 Å and 
c an increase of 0.023 Å, compared with increases of 0.047 and 
0.074 Å for a and c, respectively, between room T and 850 °C. This 
suggests that in these tourmalines thermal behavior is the result of 
an additional mechanism besides thermal expansion, likely related 
to irreversible elastic softening observed by Pandey and Schreuer 
(2012) following their first heating run. This seems to be consistent 
with Ballirano et al. (2022) (see Fig. 2) who explained the observed 
structural variations in elbaite by intracrystalline order-disorder 
reactions involving disorder YLi + ZAl = YAl + ZLi at T higher than 
750 °C. Hemingway et al. (1996) also found a similar trend.

If related to cation ordering, the response might be significantly 
different in different tourmalines: in the Na-rich rossmanite and 
elbaite samples in Figure 5, we find higher deviation in the Fe-
bearing FH AT31 elbaite and a much higher response at a lower 
temperature for the a parameter and to a higher extent for c, in the 
Ballirano et al. (2022) elbaite. Also, the effect on unit-cell parameters 
that we might expect in runs with different heating rates and duration, 
was not found in Fe-free Na-rich rossmanite, where runs lasting 
from 1 to 12 h gave the same unit cell values (Online Materials1 
Table OM3 and Fig. OM3). The suggestion is that the intracrystal-
line disordering process might have occurred at a rather fast rate.

Axial and volume thermal expansion
In Figure 4 we show the thermal expansion results from present 

work on all tourmalines except povondraite. Three different compo-
sitional groups are present, in terms of decomposition temperature 
and more or less pronounced deviation from a linear behavior. We 
have: (1) Fe2+-rich tourmalines that show lower thermal expansion 
and decompose at lower temperature; (2) Li-rich tourmalines that 
follow an almost linear expansion along c up to 400 °C before de-
viating (in a more or less pronounced manner) from a linear trend; 
and (3) tourmalines with negligible Li and Fe2+ (Li-Fe2+-free) that 

Table 3. Fitted parameters according to the Kroll physical equation
Mineral	 Sample name	 Sample number	 k’	 θE (K)	 V0,298K (Å3)	 αV,298K (1/K)	 αV,1000K (1/K)	 Fe2+	 Li
schorl	 schorl	 NMNH 118462	 4	 407(17)	 1584.86(4)	 1.86(1)	 2.28(1)	 2.02	 0
elbaite	 elbaite	 FH AT31	 4	 487(16)	 1543.22(6)	 1.91(1)	 2.48(1)	 0.12	 1.13
Na-rich rossmanite	 elbaite	 GRR 916	 4	 521(14)	 1540.52(5)	 1.91(1)	 2.56(1)	 0	 0.7
fluor-uvite	 uvite	 NMNH B14687	 4	 594(22)	 1590.58(7)	 1.77(2)	 2.52(1)	 0.01	 0
Na-Fe-rich fluor-uvite	 uvite	 FH T95	 4	 506(23)	 1587.30(7)	 1.79(2)	 2.35(2)	 0.64	 0.08
Note: Data from 80 to 300 K are from Tatli and Pavlovic (1988); higher-temperature data are in the range reported in Table 4.
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show closer to linear behavior between unit-cell parameters and T 
up to the beginning of decomposition at ~950 °C. Fluor-liddicoatite 
divides groups 2 and 3.

Fits done using the empirical Fei equation (Table 4) show that 
the a parameter expands almost linearly. The a1 parameter in the Fei 
expansion is barely significant, and in fluor-buergerite is slightly 
negative, which would indicate that thermal expansion along a 
decreases somewhat with temperature. Because fluor-buergerite is 
(OH)-free and the unit-cell parameters measured in fluor-buergerite 

Figure 4. Plots of high-temperature divided by room-temperature 
unit-cell parameters for present samples. Lines connect experimental 
measurements (symbols omitted for clarity). (a) Thermal expansion of 
Li- and Fe2+-free samples (fluor-liddicoatite added in bold for reference). 
(b) Thermal expansion of Li-rich tourmalines (data for o-rich dravite 
added for reference, fluor-liddicoatite in bold). (c) Thermal expansion 
of the Fe2+-rich tourmalines compared with that for dravite. Thermal 
behavior of Fe2+-rich fluor-elbaite from Celata et al. (2021) is shown 
for comparison.

a

b

c

Figure 5. Elbaite thermal expansion: Dilatometric data were 
calibrated against room-temperature value of elbaite FH AT31. The data 
from elbaite were scaled to overlap with those for Na-rich rossmanite 
(GRR 916). The line is not a fit, but rather the thermal expansion from 
Pandey and Schreuer (2012), sample T003.

a

b

c
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Figure 6. Povondraite unit cells compared with those for o-rich 
dravite NMNH 78719-1.

Figure 7. Thermal expansion along the a and c crystallographic 
axes. Thermal expansion according to the Fei model, fit over the range 
reported in Table 3.

a

b

after heating are within 3σ of those before the run, we suggest that 
the disorder reaction YFe3+ + ZAl = YAl + ZFe3+ is negligible in this 
sample. Along the c axis, thermal expansion increases significantly 
with temperature, with the a1 parameter always significant.

For present samples, room-temperature thermal expansion 
coefficients along a have been plotted against those along c 
(Fig. 7). Additionally, Figure 8 shows volume thermal expan-
sion coefficients plotted against those for the a axis. Noting the 
different designations for the three tourmaline groups (Fe2+-rich, 
Li-rich, and Li-Fe2+-free), it appears that the Fe2+-rich tourmalines 
do show lower thermal expansion than the others, and Fe2+- and 
Li-rich tourmalines have lower expansivity along c than the Li- 
and Fe-free tourmalines; this suggests that Fe and/or Li presence 
may inhibit thermal expansion along c. An exception is NMNH 
B14687 fluor-uvite, which shows a lower thermal expansion, even 
though it is Li-Fe2+-free (Table 1). In volume, we see an almost 
linear behavior between volume and expansion along the a axis 
(Fig. 8), with Fe2+-rich tourmalines showing lower expansion.

Present results can be compared with previous observations 
among various tourmaline species. Tatli and Pavlovic (1988) 

Figure 8. Volume thermal expansion coefficient vs. axial expansion 
along a; data are from the FEI model at 298 K.

observed that uvitic, schorlitic, and elbaitic tourmalines show 
progressively higher expansion. Present work indicates Fe-free 
fluor-uvite (sample NMNH B14687) has greater expansion than 
schorl, close to that of elbaite, whereas Fe-rich fluor-uvite (sample 
FH T95/CT72) shows expansion similar to schorl but less than el-
baite. Pandey and Scheurer (2012) showed that Li-rich tourmalines 
exhibit higher expansion than Li-free ones, although this is not 
observed in present data. Only fluor-liddicoatite shows a (slightly) 
higher expansion than dravite, whereas elbaitic samples do not.

Perhaps most importantly, current work indicates that thermal 
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As for axial thermal expansion, that along the c axis is almost 
twice the expansion on (001) in the studied tourmalines. That 
thermal expansion is greater along c than a is consistent with the 
elastic constant values reported by Pandey and Schreuer (2012), 
where the longitudinal stiffness parallel to the c-axis (c33) is smaller 
than that parallel to a (c11). This indicates that atomic bonding along 
the c-axis is weaker than that within the (001) plane (along the a-
axis). Structurally, this suggests that the spiral chains of the ZAlO6 
polyhedra can “easily” elongate around the 31 triad screw axis 
(parallel to the c crystallographic axis), whereas expansion of the 
structure along the a axis, where the structural islands are located, 
is more difficult. This structural expansion may be enhanced by the 
substitution of ZAl (a hard cation) by ZFe (a softer cation), such as 
occurs in povondraite. It is noteworthy that Berryman et al. (2019) 
have given a similar interpretation to tourmaline compressibility.

Compression and thermal expansion: An inverse behavior?
Berryman et al. (2019) studied the high-pressure behavior in 

several synthetic tourmalines (also see O’Bannon et al. 2018). 
These workers found that compression along the c axis is about 
three times that along the a axis, which mirrors the higher thermal 
expansion along c axis, and almost twice that along a. Moreover, 
Berryman et al. (2019) provide a compilation of tourmaline bulk 

Table 4. Fitted parameters according to the Fei empirical equation, with a0, a1, and α298K to be multiplied by 10–5, 10–8, and 10–5, respectively
Sample name	 Sample number	 T (K)	 V0,298K (Å3)	 2a0	 a1	 αV,298K	 a0,298K	 a0	 a1	 αa,298K	 c0,298K	 a0	 a1	 αc,298K

dravite	 NMNH 103791-1	 298–1101	 1580.94(14)	 1.82(8)	 0.75(11)	 2.046	 15.9264(5)	 0.46(3)	 0.16(5)	 0.55	 7.1971(2)	 0.89(3)	 0.44(4)	 1.027
o-rich dravite	 NMNH 78719-1	 298–1051	 1598.36(8)	 1.98(10)	 0.59(15)	 2.154	 15.9575(5)	 0.51(3)	 0.14(5)	 0.55	 7.2037(3)	 0.96(4)	 0.31(6)	 1.058
Fe-rich fluor-elbaite	 FH T21	 298–951	 1563.73(14)	 1.73(14)	 0.78(23)	 1.961	 15.9157(7)	 0.44(7)	 0.05(11)	 0.51	 7.1281(3)	 0.76(6)	 0.65(9)	 0.954
schorl	 NMNH 118462	 298–801	 1584.90(12)	 1.62(15)	 0.89(28)	 1.885	 15.9839(4)	 0.42(5)	 0.15(9)	 0.47	 7.1631(2)	 0.79(5)	 0.54(9)	 0.956
Na-rich rossmanite	 GRR 916	 298–901	 1540.55(6)	 1.61(6)	 1.22(11)	 1.978	 15.8318(3)	 0.44(3)	 0.22(5)	 0.51	 7.0972(1)	 0.71(3)	 0.81(5)	 0.953
elbaite	 FH AT31	 298–801	 1543.27(12)	 1.46(16)	 1.45(29)	 1.904	 15.8409(5)	 0.41(6)	 0.23(11)	 0.48	 7.1014(2)	 0.67(4)	 0.93(8)	 0.945
o-rich elbaite	 GRR 2361	 298–995	 1538.95(7)	 1.76(6)	 0.98(10)	 2.057	 15.8274(4)	 0.52(3)	 0.08(4)	 0.55	 7.0936(1)	 0.73(2)	 0.79(3)	 0.971
fluor-buergerite	 NMNH R12583	 298–1101	 1567.75(12)	 2.09(7)	 0.31(9)	 2.1828	 15.8658(5)	 0.61(3)	–0.082(5)	 0.55	 7.1917(4)	 0.85(4)	 0.49(6)	 0.998
fluor-liddicoatite	 FH AT20	 298–1101	 1544.43(12)	 2.03(8)	 0.60(11)	 2.207	 15.8408(6)	 0.62(3)	 –0.02(5)	 0.61	 7.1071(1)	 0.79(2)	 0.62(3)	 0.981
Na-rich foitite	 GRR 794	 298–645	 1579.70(8)	 1.67(19)	 0.83(48)	 1.915	 15.9693(4)	0.38(10)	0.28(20)	 0.47	 7.1528(4)	 0.90(19)	0.23(40)	 0.976
o-Al-B-rich elbaite	 FH AT51 (= BH17)	 298–951	 1525.72(7)	 1.63(10)	 1.01(19)	 1.932	 15.7745(3)	 0.47(3)	 0.12(4)	 0.51	 7.0799(1)	 0.64(3)	 0.86(4)	 0.901
Na-Fe-rich fluor-uvite	 NMNH B14687	 298–951	 1590.42(13)	 1.53(11)	 1.25(17)	 1.906	 15.9680(5)	 0.39(4)	 0.36(7)	 0.49	 7.2024(2)	 0.75(4)	 0.56(7)	 0.915
fluor-uvite	 FH T95	 298–801	 1587.16(9)	 1.56(11)	 1.11(21)	 1.895	 15.9549(4)	 0.44(5)	 0.17(10)	 0.49	 7.1995(3)	 0.68(9)	 0.76(17)	 0.906
Na-rich fluor-uvite	 GRR 2396	 298–1151	 1576.59(9)	 1.90(5)	 0.66(6)	 2.104	 15.9195(3)	 0.50(2)	 0.11(2)	 0.53	 7.1833(2)	 0.91(2)	 0.44(2)	 1.045
povondraite	 1MGMH 134842	 298–1045	 1711.51(63)	 1.84(24)	 0.63(55)	 2.026	 16.260(1)	 0.31(2)	 –	 0.31	 7.5147(5)	 1.16(9)	 0.76(21)	 1.39
Note: MGMH = Mineralogical and Geological Museum at Harvard University.

expansion is similar among different tourmalines, ranging from 
higher volume expansion for fluor-buergerite and fluor-liddicoatite 
(2.2 × 10–5/K) to lower expansion for schorl (1.9 × 10–5/K). This 
constitutes a remarkably small range of thermal expansion coeffi-
cients relative to the chemical diversity exhibited by this supergroup 
of minerals. Comparatively, plagioclase feldspar thermal expansion 
varies between 2.5 × 10–5/K in albite and 1.0 × 10–5/K in anorthite 
(Tribaudino et al. 2010). Pyroxene supergroup expansion ranges 
from 1.8 × 10–5/K for kosmochlor to 3.0 × 10–5/K for hedenbergite 
(Hovis et al. 2021). Amphibole coefficients vary between 1.6 × 
10–5/K for a synthetic amphibole to 3.2 × 10–5/K for anthophyllite 
(Tribaudino et al. 2022) (Fig. 9).

What might account for the narrow range of thermal expansion 
coefficients exhibited across the tourmaline supergroup? We sug-
gest that there may be a simple crystal-chemical explanation. Note 
first that Al (mainly at the Z site, but also at the Y site), Si (at the 
T site), and B (at the B site) dominate the chemical compositions of 
presently investigated tourmalines, except povondraite. Apart from 
(OH) groups, other “secondary” constituents that define the various 
mineral species occupy Y and X sites. Overall, then, the structure 
may be viewed as a 3D framework of ZAlO6 polyhedra (Figs. 1a 
and 1b) that encloses structural islands made up of X-Y-T-B poly-
hedra (Bosi 2018). Perhaps the thermal behavior of tourmaline is 
largely independent of composition simply because all structures 
are dominated by this 3D ZAlO6 framework.

Interestingly, similar thermal expansion coefficients have been 
found in Al-pyroxenes and analog amphiboles, e.g., jadeite and 
glaucophane, showing, respectively, αV = 2.1 and 2.4 × 10–5/K. In 
these phases also, octahedral polyhedra dominate thermal expan-
sion (Tribaudino and Mantovani 2014; Hovis et al. 2021), with the 
smaller polyhedron occupied by Al3+ showing stronger bonding 
with oxygen and thus reduced thermal expansion.

The thermal expansion of povondraite, where Fe3+ exchanges 
for Al, could challenge this suggestion. In fact, the axial thermal 
expansion of povondraite is significantly different from other 
tourmalines, with higher expansion along the c axis, but lower 
along a, which could reflect a strong increase of ZFe compensated 
by an increase of YAl according to the intracrystalline reaction 
YFe3+ + ZAl = YAl + ZFe3+. However, as shown in Figure 6, the 
volume is very close to that of dravite. The missing expansion 
in povondraite between 350 and 500 °C could be related to some 
yet unidentified process that lowers the thermal expansion along 
the a axis from the value it should have.

Figure 9. Thermal expansion variability in mineral supergroups: 
pyroxene and amphibole data are from Hovis et al. (2021) and Tribaudino et 
al. (2022), respectively, with tourmaline data from the present work. The box 
represents the upper and lower 25 and 75% of the data, whereas the line in 
between is the median; whiskers represent the minimum and maximum values.
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moduli calculated from different experimental sources. Just as 
found here for thermal expansion, one observes relatively close 
values among the reported tourmaline members, with the 10 
reported bulk moduli for elbaite and schorl from different sources 
(Helme and King 1978; Tatli and Özkan 1987; Pandey and Schreuer 
2012), either pure or in reciprocal solid solution with dravite, 
between 114 and 121 GPa. Recent data on synthetic dravite, 
K-dravite, oxy-uvite (actually magnesio-lucchesiite; Scribner et 
al. 2021), magnesio-foitite and olenite by Berryman et al. (2019) 
show lower (but comparable) values between 109 and 116 GPa. 
In addition, high-pressure behavior seems to show little variability 
despite tourmaline composition. Berryman et al. (2019) do report 
an exception for olenite (an Al-dominant tourmaline), which shows 
a lower compressibility along the c axis. Among present samples, 
the o-Al-B rich elbaite (previously called olenite) is composition-
ally closest to the Berryman et al. (2019) olenite; it shows a lower 
thermal expansion along the c axis than other tourmalines (Table 3). 
This indicates that the deformation along the c axis, either for ther-
mal expansion or compression, is more difficult in olenite than in 
other tourmalines, perhaps due to the presence of Al3+ at both Y and 
Z sites that increases the Y-O and Z-O Pauling bond-strength up 
to 0.5 valence units relative to a bond strength for divalent cation 
occupancy of about 0.33 valence units.

In addition, the few data points on Fe-free dravite suggest a 
higher compressibility than other tourmalines (Figs. 5 and 6 of 
Berryman et al. 2019), mostly along the c axis. Here a higher 
compressibility is mirrored by the higher thermal expansion we 
have found in this investigation.

Implications
Minerals in the tourmaline supergroup are widespread in Earth’s 

crust, typically occurring in granites and granitic pegmatites, as 
well as in certain sedimentary and metamorphic rocks (Dutrow and 
Henry 2011). In addition to their importance as rock-forming miner-
als in pegmatitic high-temperature rocks, tourmaline-supergroup 
members are the primary boron-bearing minerals in the earth. 
Tourmaline thermal-expansion data, therefore, are essential to the 
thermodynamic modeling not only of pegmatitic environments, 
but of all high-temperature B-rich mineral assemblages. Here, 
we provide an updated high-T data set for the tourmaline min-
eral supergroup that will serve thermodynamic databases such as 
Perple_X and as well be a valuable tool for better understanding 
tourmaline physical properties. Overall, present data demonstrate a 
similarity in thermal expansion among a wide variety of tourmaline 
compositions; this provides the possibility of using end-member 
thermal expansion data for compositions that deviate significantly 
from those studied here.

Another implication of present results is the potential utilization 
of temperature-dependent cation order/disorder to help unravel the 
kinetics of geological processes pertinent to the environments in 
which tourmaline occurs. Cation order/disorder has been investi-
gated in several other mineral groups, for example, spinel (Redfern 
et al. 1999; Andreozzi et al. 2000), feldspar (Megaw 1959; Angel et 
al. 1990; Tribaudino et al. 2018), pyroxene (Ghose 1965; Ganguly 
et al. 1989, Ganguly and Domeneghetti 1996), and more recently 
dolomite (Pina et al. 2020). Moreover, worthwhile petrologic in-
formation has resulted from the use of order/disorder phenomena. 
For example, from Fe-Mg ordering in orthopyroxenes the cooling 

rate in meteorites has been assessed (e.g., Molin et al. 1994). Order-
disorder processes also have been used to infer cooling rates of the 
Skaergaard intrusion (Ganguly and Domeneghetti 1996). Despite 
such examples, we would argue that the use of this phenomenon 
as a petrologic tool has been underutilized.

We have demonstrated here (Fig. 5) that intracrystalline cation 
disorder likely affects the tourmaline unit-cell values, especially 
the a parameter but probably c as well. This follows the work of 
Bosi et al. (2016, 2018, 2019), who also have reported thermally 
induced ionic redistribution in several tourmaline minerals. One 
must then wonder about the many possible relationships among 
order/disorder, temperature, kinetics, chemical composition, and 
oxidation state in this chemically diverse mineral system. Logical 
next steps in this endeavor might include investigation of the role 
of Mg and other elements in determining the onset and kinetics 
of ordering, studies of the kinetics of order/disorder as a function 
of temperature, and determination of how the oxidation state of 
a geological environment influences order/disorder. A refined 
understanding of order/disorder phenomena in the tourmaline 
system could provide new and important tools for the investigation 
of various geologic environments in which these minerals occur.
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