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Tourmaline occurs in a wide range of compositional environments, but its occurrence in meta-evaporites is less com-
monly investigated. Highly magnesian (XMg = 0.90–0.98), poikiloblastic tourmaline occurs in a sulfate-rich, anhydrite–
gypsum-bearing meta-evaporite in the Arignac Gypsum Mine, France and preserves a petrologic record of this unusual 
geochemical environment. Originally a Triassic evaporite deposit, the sample is interpreted to have undergone high-tem-
perature–low-pressure (HT–LP) metamorphism and subsequently experienced low-grade, highly deformed overprints. 
Poikiloblastic tourmaline preserves relicts of the HT–LP mineral assemblage, as inclusions of anhydrite, phlogopite, 
dolomite, tremolite, Cl-rich scapolite (71–85 % marialite component), rutile, zircon, and fluor-apatite. The low-grade 
deformational overprints are characterized by partial replacement of anhydrite by gypsum, phlogopite by clinochlore, 
dolomite by talc, and scapolite by mixtures of near end-member albite and K-feldspar with later crosscutting calcite 
and celestite. Tourmaline develops two textural zones – zone 1 with few mineral inclusions and zone 2 with abundant 
inclusions and/or complex chemical zoning.
The tourmaline is mostly dravite or Ca-rich (> 0.25 apfu Ca) dravite with a few analyses of oxy-dravite and one attai-
ning a high-Ti composition consistent with the hypothetical species “magnesio-dutrowite”. The average zone-1 tour-
maline has an ordered structural formula of (Na0.61Ca0.32☐0.07)(Mg2.82Fe3+

0.11Ti0.06)(Al5.87 Fe3+
0.13)(Si5.93Al0.07)(BO3)3(OH)3 

(OH0.51O0.41F0.07) and the average zone-2 tourmaline has an ordered structural formula of (Na0.72Ca0.21☐0.07)(Mg2.80Ti0.20)
(Al5.76 Fe3+

0.17Mg0.07)(Si5.91Al0.09)(BO3)3(OH)3(OH0.57O0.39F0.04). Inter- and intragranular chemical variability observed in 
the tourmaline is primarily consistent with the operation of combinations of the (CaMg)(NaAl)–1, (R3+O)[R2+(OH)]–1 
and (TiO2)[R2+(OH)2]–1 exchange vectors. 
Assuming 600 °C for tourmaline formation, the Na-Ca contents of the X-site yield fluid composition estimates of Na1+

fluid 
of 480 mM and Ca2+

fluid of 160 mM for average zone-1 and Na1+
fluid of 460 mM and Ca2+

fluid of 110 mM for average zone-
2. Na is comparable to modern seawater, with Ca increased at least ten times. Partition coefficients involving aqueous 
fluids in equilibrium with tourmaline suggest that the dissolved constituents of the coexisting aqueous fluid were 144.7 
ppm B, 3.0 ppm Cr, 8.6 ppm Mn and 53.6 ppm Ti for zone 1 compared to 145.4 ppm B, 0.7 ppm Cr, 13.6 ppm Mn and 
16.6 ppm Ti for zone 2. Comparison of the Arignac tourmaline data with other meta-evaporites and sulfate- or scapolite-
bearing lithologies demonstrate the remarkable commonalities and a few differences exhibited by tourmalines of these 
lithologies. These data contribute to our understanding of Mg-rich tourmaline formation and coexisting fluid composi-
tions, require a modification of the AFM host rock compositional fields, and underscore the breadth of environments 
in which tourmaline forms.
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magnesium meta-ultramafic rocks and meta-evaporites. 
As such, tourmaline is widely used as a provenance in-
dicator of host-rock composition. This relationship was 
originally illustrated using a simple Al–Fe–Mg (AFM) 
ternary diagram that related tourmaline compositions 
to eight host rock environments (Fig. 1; e.g., Henry and 
Guidotti 1985; Henry and Dutrow 2018). For most of the 
diagram, these host lithologies are relatively distinct, but 
the magnesian region of the original AFM diagram was 
the most problematic, with limited tourmaline composi-
tional data and overlaps among possible rock types. 

1. Introduction

Tourmaline supergroup minerals are extraordinary re-
corders of their petrologic environment (e.g., Henry and 
Dutrow 1996; Dutrow and Henry 2011; van Hinsberg et 
al. 2011a, 2011b). Not only is tourmaline stable through-
out most thermal and baric conditions of the crust and 
upper mantle, but it is also stable across an extensive 
spectrum of chemical environments found in a wide range 
of rock types. These rock types range from common peg-
matites and metapelites to unusual rocks such as highly 
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Although relatively uncommon, highly magnesium 
tourmalines (XMg > 0.9) are documented in a variety of 
host-rock lithologies, including magnesian metasedi-
ments (± Cr, V), calc-silicate rocks, metacarbonate rocks, 
magnesian skarns, meta-ultramafic rocks (metapyrox-
enites, low-Ca meta-ultramafic rock), and evaporites/
meta-evaporites (e.g., Schreyer et al. 1980; Ayuso and 
Brown 1984; Henry and Guidotti 1985; Schertl et al. 
1991; Modreski et al. 1997; Henry et al. 1999, 2008; 
Uher et al. 2002; Pertlik et al. 2003; Moore et al. 2004; 
Aleksandrov and Troneva 2006; Arif et al. 2010; Bačík 
et al. 2011, 2012; Belley et al. 2014; Adlakha and Hat-
tori 2016; Warren 2016; Marger et al. 2019; Dutrow 
and Henry 2021). In the original Henry and Guidotti 
(1985) AFM diagram, three locally overlapping source-
rock fields were distinguished for the highly magnesian 
portion of the diagram. These rock types (fields) are: 
metacarbonates/metapyroxenites, magnesian low-Al 
metapelites and metapsammites, and low-Ca ultramaf-
ics/Cr-, V-metasediments (Fig. 1). Clearly, the fields of 
tourmaline-bearing magnesian lithologies can be further 
refined with the addition of tourmaline chemical data 
from a wider variety of Mg-rich lithologies (e.g., Dutrow 
and Henry 2021). 

Among the lithologies that contain highly magnesian 
tourmaline, meta-evaporites are noteworthy because, in 
addition to crystallizing over a large range of thermal 
and baric conditions, tourmaline is uniquely positioned 
to preserve evidence of this complex and ephemeral geo-
logic system. These lithologies originate as sedimentary 
evaporitic sequences that commonly contain abundant 
halite with subordinate amounts of sulfate minerals 
(including anhydrite and gypsum), bittern salts, Ca- and 

Na-carbonate minerals, borate minerals, as well as in-
tercalated siliciclastic materials (e.g., Henry et al. 2008; 
Warren 2016). With the onset of diagenesis and meta-
morphism, many significant changes occur in evaporite 
sequences. Halite readily interacts with aqueous fluids 
to produce highly saline fluids that strongly interact with 
the local siliceous interbeds to generate calc-silicate li-
thologies. Original sedimentary minerals, such as calcite, 
dolomite, and other carbonate minerals, transform into 
marbles. Some metamorphosed evaporites contain albite- 
and microcline-bearing pseudomorphs after evaporitic 
mineral porphyroblasts (e.g., Na-carbonates, borates, and 
sulfates) and Cl-rich scapolite porphyroblasts (Henry et 
al. 2008). Subsequently, widely varying meta-evaporitic 
lithologies can further react with infiltrated fluids to 
form a wide range of meta-evaporite rocks with distinc-
tive minerals such as highly magnesian silicate minerals 
(e.g., tourmaline, phlogopite, diopside, tremolite, talc, 
clinochlore), Na–Ca silicate minerals (e.g., scapolite, 
plagioclase), carbonate minerals (e.g., calcite, dolomite, 
magnesite) and/or sulfate minerals (e.g., anhydrite, gyp-
sum) (Warren 2016). 

Tourmaline is not restricted to a single meta-evaporitic 
lithologic type but occurs in a wide range of lithologies 
associated with meta-evaporites. Tourmaline has been 
found in meta-evaporitic rocks that include calcite mar-
bles (e.g., Dutrow and Henry 2021), magnesite marbles 
(Barbosa et al. 2000), whiteschists of presumed evaporitic 
origin (e.g., Schreyer et al. 1980), calc–silicate rocks 
(e.g., Bačík et al. 2011, 2012), some varieties of tourma-
linites (e.g., Slack et al. 1984; Henry et al. 2008), banded 
albite–phlogopite rocks and albitites (e.g., Riehl and 
Cabral 2018). Such a range for tourmaline occurrence is 

likely related to the abundance 
of boron in evaporitic sequences 
and its high fluid mobility in and 
near these sequences. Table 1 
gives the most common tour-
maline species associated with 
meta-evaporitic lithologies (e.g., 
Henry and Dutrow 2018; Henry 
and Dutrow 2021).

Tourmalines associated with 
sulfate-dominant meta-evapo-
ritic lithologies have not been 
previously investigated. While 
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Fig. 1 Diagram correlating tourmaline 
compositions with source-rock type 
within the Al–Fe–Mg subsystem. This 
binary representation, redefined by Hen-
ry and Dutrow (2018), uses the original 
Henry and Guidotti (1985) data to delin-
eate the rock-type boundaries. Italicized 
names represent compositions of select 
tourmaline end-member species.
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anhydrite is stable at moderate-to-high grades of meta-
morphism, it is rarely found in surface sulfate-rich rocks 
due to nearly complete conversion to gypsum with hy-
dration at low temperatures (Warren 2016). This paper 
focuses on the chemical characterization of tourmalines 
and coexisting minerals associated with gypsum and 
anhydrite from an unusual meta-evaporitic occurrence 
to define mineral associations related to different stages 
of development of the meta-evaporite, to characterize the 
chemistry and controlling substitutions of the tourmaline 
from this unusual environmental setting, and to relate 
these features to the overall petrologic evolution of the 
meta-evaporites. The sample is from the Arignac Gypsum 
Mine, Ariege, Pyrenees, France (M. Ambroise, personal 
communication). Because the sample was obtained from 
a mineral dealer, information on coexisting lithologies 
and its exact geologic occurrence can only be inferred. 

2. Geological settings

The meta-evaporites from the Arignac locality originally 
formed as Triassic salt deposits (Lagabrielle et al. 2010, 
2020). These deposits are interpreted to have subsequent-
ly served as the tectonic sole for crust-mantle detachment 
faulting of the Iberian and European plates exposing 
pieces of mantle peridotites near the northern Pyrenean 
fault (Lagabrielle et al. 2010, 2020). Although limited 
geologic information is available, mineral assemblages 
and textures record at least two metamorphic events. 
Cretaceous (110–85 Ma) detachment faulting resulted 
in extreme continental thinning and a concomitant high 
temperature–low pressure (HT–LP) metamorphism of 
the meta-evaporites. The evaporite complexes are now 
polymictic breccias with blocks of dolomitic marble, 
meta-serpentinite, and anhydrite-rich meta-evaporite set 
in a highly deformed, low-grade matrix with abundant 
gypsum (Lagabrielle et al. 2010). In addition to anhydrite 
and gypsum, the following minerals have been docu-
mented previously at this locality: actinolite, aragonite, 

calcite, celestine, clinochlore, dravite, mirabilite, phlogo-
pite, pyrite and scapolite (Descouens 1984; mindat.org). 
Conditions of the HT–LP metamorphism are estimated 
to be 500–600 °C and 3–4 kbar (Golberg and Leyreloup 
1990; Clerc et al. 2015). Based on 40Ar/39Ar and K–Ar 
geochronology of amphibole in a gypsum-bearing sample 
and of phlogopite in a marble, respectively, HT–LP meta-
morphism likely took place at 107–109 Ma (Thiébaut et 
al. 1992; Clerc et al. 2015). The HT–LP blocks incorpo-
rated into a strongly deformed gypsum-bearing low-grade 
matrix must have developed at conditions below the 
gypsum to anhydrite transition (i.e., from 40 to 120 °C; 
e.g., Yamamoto and Kennedy 1969; Dai et al. 2017) and 
are likely associated with a compressional stage reflective 
of the Iberian and European plate closure.

3. Analytical methods

Optical and Backscattered Electron (BSE) imaging of a 
single thin section are used to establish chemical hetero-
geneity and zoning patterns in tourmaline, to serve as a 
guide for microanalyses and, when coupled with energy 
dispersive spectrometry (EDS), to identify the qualitative 
chemical characteristics of the associated minerals phases 
and mineral inclusions. 

Major, minor and trace element mineral chemistry 
was obtained for tourmaline, scapolite, and feldspar 
with the JEOL 8230 electron microprobe in the Depart-
ment of Geology & Geophysics’ Chevron Geomaterials 
Characterization Lab of the Shared Instrumentation 
Facility at Louisiana State University. Analytical condi-
tions included an accelerating potential of 15 kV, a beam 
current of 15 nA, and an electron beam diameter of 5 µm. 
Numerous points per grain and several grains in the thin 
section were analyzed. 

A variety of well-characterized minerals were used as 
analytical standards. Primary standards for tourmaline 
analysis include andalusite (Al), diopside (Ca, Mg, Si), 
fayalite (Fe), chromite (Cr), rutile (Ti), rhodonite (Mn), 

Tab. 1 Important tourmaline species or components associated with meta-evaporitic lithologies

General formula: (X) (Y3) (Z6) T6O18 (BO3)3 (V)3 (W)
Dravite Na Mg3 Al6 Si6O18 (BO3)3 (OH)3 (OH)
Oxy-dravite Na Al2Mg Al5Mg Si6O18 (BO3)3 (OH)3 (O)
Povondraite Na Fe3+

3 Fe3+
4Mg2 Si6O18 (BO3)3 (OH)3 (O)

Bosiite Na Fe3+
3 Al4Mg2 Si6O18 (BO3)3 (OH)3 (O)

“Magnesio-dutrowite”* Na Mg2.5Ti0.5 Al6 Si6O18 (BO3)3 (OH)3 (O)
Uvite Ca Mg3 Al5Mg Si6O18 (BO3)3 (OH)3 (OH)
Magnesio-lucchesiite Ca Mg3 Al6 Si6O18 (BO3)3 (OH)3 (O)
Magnesio-foitite ☐** Mg2 Al Al6 Si6O18 (BO3)3 (OH)3 (OH)
“Oxy-magnesio-foitite”* ☐ Al2Mg Al6 Si6O18 (BO3)3 (OH)3 (O)
* – Hypothetical tourmaline species currently not recognized by the International Mineralogical Association’s Commission on New Minerals, 
Nomenclature and Classification (IMA-CNMNC) but hypothesized based on crystal chemistry. 
** – Designates X-site vacancy.
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willemite (Zn), jadeite (Na), sanidine (K), tugtupite (Cl) 
and fluorite (F). For feldspar and scapolite, a common 
set of primary standards includes albite (Na, Si), sanidine 
(K), diopside (Ca, Mg), hematite (Fe), rhodonite (Mn), 
barite (S), and tugtupite (Cl). Several well-characterized 
tourmaline, scapolite and feldspar grains served as sec-
ondary standards to ensure consistency among analytical 
sessions and correct any machine drift. Analytical preci-
sion is estimated to be ± 1 percent relative for the major 
elements and ± 5 % for the minor elements. Detection 
limits for minor and trace elements are provided in the 
tables of analytical data (Tabs 2, 3 and 4). Analytical 
points were selected to assess the range of chemical 
heterogeneity and to obtain evidence for substitutions 
related to the evolving chemical host-rock environment. 

Tourmaline was analyzed and normalized using several 
assumptions and normalization procedures. Tourmaline 
was normalized based on 15 Y + Z + T cations and ar-
ranged in an ordered formula (Henry et al. 2011) with the 
stoichiometric amount of B2O3 iteratively calculated to 
produce three B atoms. Because the tourmaline formed in 
the presence of the sulfate mineral anhydrite, an oxidiz-
ing environment is assumed, consistent with the stability 
of sulfate minerals. Thus, all Fe is assumed to be Fe3+. 
This assumption was examined further by assessing 
the relevant controlling substitutions and is explained 
subsequently. Li contents in magnesian tourmalines are 
likely minimal and insignificant in the structural formula 
of tourmaline (e.g., Henry and Dutrow 1996; Pesquera 
et al. 2016). The amount of deprotonation in tourmaline 

was calculated based on charge balance, allowing the  
W-site anionic occupancy by OH, F and O to be estimated 
using the procedures suggested by Henry et al. (2011). For 
descriptive purposes, the root names of tourmaline species 
may be prefixed by the ‘‘Ca-rich’’ designation to indicate 
occupancy of > 0.25 apfu Ca of the X-site. For comparison, 
XMg is calculated as molar Mg/(Fetotal + Mg). Where it is 
instructive, the sum of the Y- and Z-site divalent cations 
(Mg, Mn, Zn, Fe2+) are collectively termed R2+ and the sum 
of the Y- and Z-site trivalent cations (Al, Fe3+, Cr3+) are 
collectively termed R3+ (Henry et al. 2011). Because the 
Fe is considered ferric, it is not included in the R2+ sum.

Scapolite and feldspar analytical procedures are similar 
with differences in data normalization. The scapolite struc-
tural formula is calculated based on Si + Al = 12 cations. 
The scapolite components marialite (Na4Al3Si9O24Cl), 
meionite (Ca4Al6Si6O24CO3) and silvialite (Ca4Al6Si6O24 
SO4) were calculated assuming marialite % = 100 * [Na/
(Na + Ca)], meionite % = 100 * [Ca/(Ca + Na)] * [C/(C + S)] 
and silvialite % = 100 * [Ca/(Ca + Na)] * [S/(C + S)]. Feld-
spars are normalized based on 8 O apfu. 

4. Results

4.1. Mineralogical associations

Megascopically, the meta-evaporite sample consists of 
1–4 mm dark-brown anhedral tourmaline grains and 1–3 
mm pale brown phlogopite grains set in a fine-grained 
beige matrix consisting mostly of gypsum and anhydrite 
(Fig. 2). The identification and chemical characteristics 
of the minerals were verified with EDS.

Petrographically, two stages of metamorphism are 
recognized: (1) a relatively high-grade assemblage 
preserved as inclusions within the tourmaline porphy-
roblasts or as relict coarse grains in the matrix and (2) a 
low-grade overprint that is accompanied by significant 
deformation. Based on microanalytical studies, the 
high-grade metamorphic assemblage includes tourma-
line, anhydrite, phlogopite, dolomite, tremolite, Cl-rich 
scapolite, with minor rutile, zircon, and fluor-apatite. 
Millimeter-sized scapolite grains occur as relicts in the 
matrix, whereas small scapolite grains occur as inclu-
sions in tourmaline. Dolomite contains small inclusions 
of anhydrite, phlogopite, tremolite with rutile and zircon 
and is crosscut by celestine and Mg-bearing calcite. 
Albite, K-feldspar and celestine are found also as inclu-
sions in tourmaline. Petrologic arguments suggest these 
are secondary and likely due to a thermal resetting asso-
ciated with the low-grade overprint (see discussion). The 
low-grade overprint is manifest by partial-to-complete 
replacement of anhydrite by gypsum, phlogopite by 
clinochlore, dolomite by talc, and scapolite by mixtures 

Fig. 2 Photograph of the hand sample of tourmaline-bearing gypsum-
anhydrite meta-evaporitic rock with scale.
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rutile, and zircon (Fig. 4). Backscattered-electron imag-
ing illustrates that some areas of tourmaline grains (here 
referred to as zone-1 regions) have few mineral inclu-
sions and simple growth zoning and other areas (zone-2 
regions) contain abundant small mineral inclusions and/
or heterogeneous chemical zoning typical of tourmaline 
that overgrows and inherits the matrix texture (Dutrow 
et al. 2019, Fig. 4). Because the tourmaline inclusions 
relate to the high-grade assemblage, a discrete stage of 
tourmaline nucleation and growth is not observed related 
to the lower grade event e.g., small tourmaline crystals. 
Select minerals were chemically characterized to provide 
additional information. 

4.2. Tourmaline, scapolite and feldspar  
chemical compositions 

Electron microprobe data define the chemical characteris-
tics of important silicate minerals in the meta-evaporite. 
Representative data are presented in Tabs 2, 3 and 4 and 
complete analytical data of these minerals are included 
in the Electronic Supplementary File (ESM 1). 

4.2.1. Tourmaline 

Five poikiloblastic grains were analyzed to define the 
range of tourmaline compositions in each of the two 
zones defined by inclusion density. All analyses fall 
within the alkali-group tourmaline field, i.e., Na + K = 
0.54–0.83 apfu, Ca = 0.08–0.39 apfu and X-site vacancy 
= 0.03–0.14 (Fig. 5a). The average zone-1 tourmaline is 

of albite and K-feldspar with later crosscutting calcite 
and celestite (Figs 3a, b). Alternatively, there may be 
two lower-grade overprints, a slightly higher-temperature 
event causing clinochlore to replace phlogopite and talc 
to replace dolomite, followed by a lower-grade event of 
gypsum replacing anhydrite.

Imaging reveals the textural relations of the minerals. 
Optically, tourmaline grains are pleochroic from pale 
orange to orange-brown with irregular color zoning and 
have sub-to-euhedral morphology. Parts of many of the 
grains are poikiloblastic with notable amounts of medi-
um-grained (100–400 µm) subhedral inclusions of anhy-
drite. In addition, some grains are highly poikiloblastic 
tourmaline and commonly contain small (10–50 µm) 
anhedral inclusions of phlogopite, scapolite, tremolite, 

Fig. 3 BSE images of high-grade matrix minerals associated with the 
tourmaline, showing their high-grade mineral inclusions and partial 
replacement by lower-grade minerals. a – High-grade metamorphic do-
lomite (Dol) with included anhydrite (Anh), tremolite (Tr), phlogopite 
(Phl) and rutile (Rt). Deformed phlogopite is partially replaced by clino-
chlore (Chl) and dolomite by talc (Tlc). b – High-grade metamorphic 
scapolite (Scp) with inclusions of rutile. Scapolite is partially replaced 
by nearly pure albite (Ab) and K-feldspar (Kfs).

Fig. 4 High-grade tourmaline with an outer zone-1 inclusion-poor re-
gion and an inner zone-2 inclusion-rich region. The lighter gray bands 
on the left side of the zone-1 tourmaline is compositionally distinct from 
zone-2 tourmaline on the right side. Most inclusions appear to be part 
of the peak metamorphic assemblage, including scapolite, phlogopite, 
zircon (Zrn), and anhydrite. Albite and celestine (Cls) are interpreted 
to be retrograde minerals.
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Tab. 2 Zone averages and selected tourmaline analyses for extremes in sample 19-FR-gyp

Tourmaline Zone Zone 1 Zone 2 Zone 1 Zone 2 Zone 2 Zone 1 Zone 2 Zone 2
Analysis designation Zone 1 avg. Zone 2 avg. Highest Ca Lowest Ca Highest Ti Lowest Ti Highest Al Lowest Al
SiO2 36.91 36.60 36.56 36.63 37.01 37.08 36.65 35.86
TiO2 0.52 1.67 0.62 0.65 2.37 0.32 0.68 2.31
B2O3* 10.82 10.77 10.77 10.75 10.91 10.80 10.81 10.51
Al2O3 31.36 30.76 30.94 31.44 30.82 31.69 32.51 28.90
Cr2O3 0.01 0.04 0.00 0.03 0.06 0.01 0.03 0.01
Fe2O3** 2.00 1.41 2.19 1.61 1.30 1.84 0.45 1.43
MgO 11.79 11.90 11.96 11.62 12.07 11.52 11.68 12.08
MnO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ZnO 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.00
CaO 1.86 1.22 2.28 0.45 1.31 1.45 0.91 1.76
Na2O 1.94 2.29 1.72 2.63 2.27 2.14 2.46 2.00
K2O*** b.d.l. b.d.l. b.d.l. 0.01 b.d.l. b.d.l. b.d.l. 0.01
F 0.14 0.09 0.17 0.05 0.00 0.06 0.00 0.02
Cl 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00
H2O**** 3.28 3.32 3.24 3.51 3.33 3.32 3.49 3.16
Subtotal 100.66 100.09 100.49 99.39 101.47 100.25 99.68 98.05
O=F –0.06 –0.04 –0.07 –0.02 –0.00 –0.03 –0.00 –0.01
Total 100.60 100.06 100.41 99.37 101.47 100.23 99.68 98.04
Normalization based on 15 Y + Z + T cations – ordered formula
B-site B* 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
T-site Si 5.930 5.906 5.898 5.924 5.897 5.965 5.895 5.927

Al 0.070 0.094 0.102 0.076 0.103 0.035 0.105 0.073
Z-site Al 5.869 5.756 5.780 5.918 5.685 5.973 6.000 5.556

Cr3+ 0.001 0.005 0.000 0.004 0.007 0.001 0.000 0.001
Fe3+** 0.130 0.171 0.220 0.078 0.155 0.026 0.000 0.178
Mg 0.000 0.067 0.000 0.000 0.153 0.000 0.000 0.264

Y-site Al 0.000 0.000 0.000 0.000 0.000 0.000 0.058 0.000
Ti 0.063 0.203 0.075 0.079 0.284 0.039 0.083 0.288
Cr3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000
Fe3+** 0.111 0.000 0.046 0.118 0.000 0.197 0.054 0.000
Mg 2.824 2.795 2.876 2.801 2.715 2.762 2.799 2.712
Mn2+ 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000
Zn 0.001 0.001 0.003 0.002 0.001 0.002 0.002 0.000

X-site Ca 0.321 0.211 0.394 0.079 0.224 0.249 0.156 0.311
Na 0.606 0.717 0.539 0.826 0.701 0.666 0.766 0.641
K 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001
vacancy 0.073 0.072 0.067 0.095 0.075 0.085 0.078 0.046

V-site OH 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
W-site OH 0.513 0.570 0.489 0.790 0.537 0.564 0.745 0.489

F 0.072 0.045 0.087 0.023 0.000 0.031 0.000 0.008
Cl 0.000 0.000 0.002 0.003 0.001 0.001 0.000 0.000
O 0.414 0.385 0.421 0.184 0.462 0.404 0.255 0.503

Al (total) 5.938 5.850 5.882 5.994 5.788 6.008 6.163 5.630
Mg/(Fetot+Mg) 0.921 0.944 0.915 0.935 0.949 0.925 0.981 0.944
OH (V+W-site) 3.513 3.570 3.489 3.790 3.537 3.564 3.745 3.489

Species with prefix 
modifier

Ca-rich 
dravite Dravite Ca-rich 

dravite Dravite Dravite Dravite Dravite
Ca-rich 

"magnesio-
dutrowite"

Minimum detection limits for minor and trace elements analyzed: Cr2O3 = 0.01 wt. %, MnO = 0.01 wt. %, ZnO = 0.01 wt. %, K2O = 0.004 wt. % 
and Cl = 0.01 wt. %. B.d.l. – below detection limits. 
* – B2O3 calculated assuming 3 B in the structural formula. 
** – All Fe assumed to be Fe3+. 
*** – Less than the detection limit. 
**** – H2O calculated based on charge balance.
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more calcic than that of the average zone-2 tourmaline. 
However, there are two clusters of data in zone-1 compo-
sitions – one that is significantly more calcic (left side of 
zone-1 tourmaline in Fig. 4) and one that has Ca contents 
like zone-2 tourmaline (right portion of zone-1 tourma-
line); these zones are apparent also in the BSE image 
(Fig. 4). The W-site anions fall mostly in the hydroxy-
species field with 3 analyses plotting barely in the oxy-
species field, all analyses are low in fluorine, i.e., W(OH) 
= 0.42–0.79 apfu, WO = 0.11–0.53 apfu and F = 0.01–0.17 
(Fig. 5b). Aluminum contents are low-to-moderate with 
Altotal = 5.63–6.16 apfu. Titanium contents are substantial 
with Ti = 0.04–0.28 apfu. The average Ti value of zone-1 
tourmaline is lower than zone-2 tourmaline. These high-
Ti values are comparable to some of the higher Ti values 
found in tourmaline (e.g., Henry and Dutrow 1996). All 
tourmalines are highly magnesian with Mg/(Fetotal + Mg) 
= 0.90–0.98; the average zone-1 tourmaline is slightly 
less magnesian than average zone-2 tourmaline (Fig. 5c, 
d). Based on the analytical data, the tourmaline can be 

classified as primarily dravite or Ca-rich (> 0.25 apfu Ca) 
dravite. Two of the oxy-tourmaline analyses are Ca-rich 
oxy-dravite. One oxy-tourmaline analysis also contains 
> 0.25 apfu Ti and YTi > YAl, consistent with a hypotheti-
cal tourmaline species “magnesio-dutrowite” (Tab. 1). 

4.2.2. Scapolite 

Scapolite compositions are generally dominated by 
the Na-Cl marialite component (> 69 %), with chemi-
cal variations reflective of the modes of occurrence of 
the scapolite, i.e., matrix relicts or inclusions (Tab. 3, 
supplemental Table). The coarser-grained matrix scapolite 
is homogeneous except for some irregular patches that 
appear to be relict regions partially replaced by the later-
generation scapolite. The average later-generation matrix 
scapolite has components of 71.4 % marialite, 25.3 % 
meionite and 3.3 % silvialite and contrasts with the Na-
Cl-richer earlier-generation matrix relicts having 84.3 % 
marialite, 13.2 % meionite and 2.5 % silvialite. The scap-
olite inclusions share many compositional similarities to 
the early- and late-stage matrix scapolite. The scapolite 
inclusions in zone-1 tourmaline are compositionally like 
the early-generation matrix scapolite and have an aver-
age composition of 85.4 % marialite, 11.2 % meionite 
and 3.4 % silvialite. In turn, the scapolite inclusions in 

Tab. 3 Average scapolite compositions in different occurrences throu-
ghout 19-FR-gyp

Analysis area 1 2 3 4 5
SiO2 55.46 59.17 55.67 54.64 59.99
Al2O3 22.59 20.77 22.61 22.98 20.69
FeO 0.02 0.00 0.18 0.35 0.22
CaO 7.01 3.95 6.96 7.39 3.74
Na2O 9.69 11.72 9.99 9.44 12.13
K2O 0.30 0.14 0.12 0.11 0.14
Cl 3.27 3.78 3.22 3.11 3.88
CO2* 0.84 0.35 0.88 0.94 0.26
SO3 0.20 0.12 0.27 0.35 0.14
Subtotal 99.37 99.98 99.89 99.31 101.19
O=Cl –0.74 –0.85 –0.73 –0.70 –0.87
Total 98.63 99.13 99.16 98.61 100.32
Normalization based on Si + Al = 12
T-site Si 8.108 8.488 8.115 8.023 8.531

Al 3.892 3.512 3.885 3.977 3.469
M-site Fe2+ 0.003 0.000 0.022 0.043 0.026

Ca 1.098 0.607 1.087 1.162 0.570
Na 2.746 3.259 2.824 2.688 3.343
K 0.055 0.025 0.021 0.021 0.025

M-site total 3.965 3.891 3.954 3.913 3.965
A-site Cl 0.811 0.919 0.795 0.774 0.934

C* 0.167 0.068 0.175 0.188 0.050
S 0.022 0.013 0.030 0.039 0.015

A-site total 1.000 1.000 1.000 1.000 1.000
% Marialite 71.44 84.30 72.21 69.82 85.43
% Meionite 25.30 13.19 23.74 25.03 11.17
% Silvialite 3.26 2.51 4.05 5.14 3.40
Analysis area: 1 – Matrix scapolite; 2 – Relict in matrix scapolite;  
3 – Inclusions in zone-2 tur – grain 1; 4 – Inclusions in zone-2 tur – 
grain 2; 5 – Inclusions in zone-1 tur – grain 2.
Minimum detection limits for minor and trace elements analyzed: FeO 
= 0.012 wt. %, MnO = 0.011 wt. %, MgO = 0.010 wt. %, K2O = 0.008 
wt. %, SO3 = 0.005 wt. %. * – calculated.

Tab. 4 Average feldspar compositions in different occurrences throu-
ghout 19-FR-gyp

Analysis area 1 2 3 4  5
SiO2 68.56 65.05 68.30 68.20 67.84
Al2O3 19.73 18.03 19.67 19.72 19.91
FeO 0.08 0.00 0.13 0.24 0.20
MgO 0.08 0.00 0.04 0.02 0.05
CaO 0.04 0.02 0.06 0.03 0.25
Na2O 11.47 1.41 11.56 11.63 11.47
K2O 0.28 15.84 0.30 0.21 0.10
Total 100.24 100.35 100.06 100.06 99.84
Normalization based on 8 O apfu
T-site Si 2.989 3.000 2.986 2.982 2.972

Al 1.014 0.980 1.013 1.016 1.028
T-site total 4.002 3.980 3.999 3.999 4.001
M-site  Fe2+ 0.003 0.000 0.005 0.009 0.007

 Mg 0.005 0.000 0.003 0.001 0.003
 Ca 0.002 0.001 0.003 0.002 0.012
 Na 0.969 0.126 0.980 0.986 0.974
 K 0.016 0.932 0.017 0.012 0.006

M-site total 0.987 1.059 0.999 0.999 0.992
% Albite 98.22 11.91 98.07 98.67 98.24
% Anorthite 0.21 0.07 0.27 0.16 1.18
% Orthoclase 1.57 88.02 1.65 1.17 0.58
Analysis area: 1 – Albite after matrix scp – grain 1; 2 – Kfs after matrix 
scp – grain 2; 3 – Pl after matrix scp – grain 2; 4 – Large pl inclusion in 
zone-2 tur; 5 – Pl inclusions in zone-2 tur. Minimum detection limits for 
minor and trace elements analyzed: FeO = 0.012 wt. %, MnO = 0.011 
wt. %, MgO = 0.010 wt. %, K2O = 0.008 wt. %.
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the zone-2 portions of multiple tourmaline grains are 
more calcic like the later-formed matrix scapolite; their 
range of average compositions is 69.8–72.2 % marialite, 
23.7–25.0 % meionite and 4.1–5.1 % silvialite.

4.2.3. Feldspar 

Two types of feldspars occur in the sample: albite and  
K-feldspar. All occurrences of plagioclase feldspars are 
highly albitic (Ab > 97 %). The average composition 
of a relatively large inclusion in a zone-2 tourmaline is 
Ab98.7An0.2Or1.2 (Fig. 4, Tab. 4, supplemental Table). The av-
erage composition of several small (< 50 µm), isolated pla-
gioclase inclusions in a zone-2 tourmaline is Ab98.2An1.2Or0.6, 
like the composition of the larger plagioclase inclusion. In 

the matrix, scapolite is partially pseudomorphed by albite 
with the range of average values Ab98.1–98.2An0.2–0.3Or0.6–1.7. 
This albite is slightly more orthoclase rich than the plagio-
clase inclusions in tourmaline. A single K-feldspar analysis 
in an albite-K-feldspar partial pseudomorph after scapolite 
yielded a composition of Ab11.9An0.1Or88.0.

5. Discussion

5.1. Petrogenetic evolution of the sulfate-rich 
meta-evaporite at the Arignac gypsum 
mine

The mineral assemblage and mineral chemistry in this 
sulfate-rich meta-evaporite sample are reflective of their 

Fig. 5 Classification diagrams for primary and secondary tourmaline groups and possible tourmaline species. a – Primary tourmaline groups based 
on X-site occupancy. The labeled arrows represent the general directions of reference exchange vectors. b – Secondary tourmaline groups based on 
W-site anion occupancy (Henry et al. 2011). WO and W(OH) anions are calculated based on charge balance (see text for details). Applicable exchange 
vectors are shown by arrows. c – Mg/(Fetotal+Mg) vs. X-site vacancy/(X-site vacancy + Na + K) diagram. This diagram is valid for tourmalines that 
are not XCa dominant (e.g., Henry and Dutrow 2001, 2012; Henry et al. 2002; Henry and de Brodtkorb 2009; Dutrow and Henry 2016). d – Mg/
(Fetotal+Mg) vs. Ca/(Ca+Na+K) diagram. For c and d, specific species can be established by considering the dominant W-site anion and Ti contents.
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pressure–temperature conditions, multiple metamorphic 
and fluid infiltration events, and their host lithology bulk 
composition. Protoliths of meta-evaporites are widely vari-
able and typically contain various proportions of halite, 
anhydrite, gypsum, magnesian carbonates, bitterns, borates, 
and siliciclastic clays (Warren 2016). Although specific P–T 
conditions cannot be directly calculated, several lines of 
evidence provide helpful information on general conditions.

Based on textural relations, the presumed high-grade 
metamorphic assemblage of tourmaline + anhydrite + 
phlogopite + dolomite + tremolite + marialite scapolite 
+ rutile + zircon + fluor-apatite is consistent with meta-
evaporites developed from a halite-, anhydrite-bearing 
protolith and metamorphosed at the presumed HT–LP 
conditions of the locality (e.g., Warren 2016). Crystalliza-
tion of tourmaline in meta-evaporite rocks requires the 
presence of boron and acidic conditions. These conditions 
are commonly associated with the presence of evaporitic 
borate minerals or an influx of boron-bearing fluids (e.g., 
Henry et al. 2008; Warren 2016). While the resultant 
fluids must be acidic for tourmaline stability, fluids could 
be initially neutral or alkaline and become acidified when 
reacting with matrix minerals. 

The formation of marialite likely reflects the halite 
and/or trona reacting with the siliciclastic clays during 
metamorphism. The other highly magnesian minerals are 
consistent with this type of occurrence. The two stages 
of scapolite development, from higher marialite compo-
nent (~ Ma85) in the relict portion of the matrix scapolite 
and in the zone-1 inclusions, to lower marialite (~ Ma70) 
developed later, imply higher NaCl concentration in 
the earlier fluids (e.g., Vanko and Bishop 1982; Warren 
2016). Experimental work on marialite suggests that high 
NaCl concentration and high temperature are necessary 
to stabilize the marialite end-member. However, the 
addition of even moderate amounts of meionite compo-
nents (Me11–25) significantly expands scapolite’s stability 
to lower temperatures (< 650 °C) at low-to-moderate 
pressures (Almeida and Jenkins 2019). The changing 
scapolite compositions, from ~ Ma85 to ~ Ma70, suggest 
the later stage of scapolite formation occurred at lower 
temperatures and/or lower activity of NaCl in the fluids. 

The low-grade metamorphic overprint could reflect 
a continuum of conditions rather than discrete heating 
episodes. Two-feldspar thermometry can be applied to 
this sample using the albite and orthoclase components 
of the coexisting albite and K-feldspar that partially 
replaces matrix scapolite. Calculations using different 
formulations for the two feldspars yield temperatures of 
431/456 °C (Benisek et al. 2004), 410/439 °C (Benisek 
et al. 2010) and 456/457 °C (Putirka 2008) for assumed 
pressure conditions of 1 and 3 kbar. Although the calcu-
lated thermal conditions are out of the calibration range 
of the original thermometers, the convergence of the 

calculated temperatures is petrologically reasonable for 
this replacement feature. Talc in dolomite-bearing rocks 
will form in H2O-rich fluids at temperatures < 450 °C as-
suming a pressure of 3–5 kbar (Bucher and Grapes 2011). 
This temperature is maximal for dolomite replacement by 
talc and is likely related to late hydrothermal activity in 
a retrograde overprint. 

The transition of anhydrite to gypsum occurs at mark-
edly lower temperatures (< 200 °C) and is accompanied 
by a ~ 39% volume increase (Kosztolanyi et al. 1987). 
Sulfate evaporites respond to differential stress, even at 
low temperatures, commonly resulting in foliation and 
flow in the evaporites that may lead to misinterpretation 
of primary bedding (Schreiber and Helman 2005). In the 
Arignac locality, relict high-grade anhydrite-rich meta-
evaporitic blocks are set in a strongly sheared gypsum-
rich matrix with a well-developed foliation and lineation 
(Lagabrielle et al. 2010). Deformation of the gypsum is 
observed directly in BSE images of the sample. 

5.2. Tourmaline controlling substitutions and 
chemical evolution

Tourmaline chemical variations and attendant substitution 
mechanisms in the meta-evaporites of Arignac reflect the 
evolution of the bulk rock composition, the local coexist-
ing mineral assemblage as thermal and baric changes oc-
cur, their mineral chemistries and the evolving fluid com-
position present during tourmaline poikiloblast formation. 
As protolith evaporites are heated, salts are mobilized 
and the fluid-rich environment alters its composition, 
becoming increasingly enriched in ions such as Na, Mg, 
Cl, SO4 and BO3 (e.g., Schreyer and Abraham 1976). 
During this strong metasomatic phase, tourmaline likely 

Tab. 5 Possible site substitutions and corresponding exchange vectors 
for the Arignac tourmaline

Site substitution* Exchange vector
YZFe2+ = YZMg MgFe–1
YZAl = YZFe3+ Fe3+Al–1
YZR2+** + WOH– = YZR3+ + WO2– (R3+O)[R2+(OH)]–1
XNa + YZ Mg = X☐ + YZAl (☐Al)(NaMg)–1
XNa + YZR2+ = X☐ + YZR3+ (☐R3+)(NaR2+)–1
XNa + YZAl = XCa + YZMg (CaMg)(NaAl)–1
YZMg + WOH– = YZAl + WO2– (AlO)[Mg(OH)]–1
YZR + WOH– = YZAl + WO2– (AlO)[R(OH)]–1
YZR2+ + WF– = YZR3+ + WO2– (R3+O)[R2+(F)]–1
WOH– = WF– F(OH)–1
YR2+ + 2WOH– = YTi + 2WO2– (TiO2)[R2+(OH)2]–1

2Al = Ti + R2+ (TiR2+)Al–2
YR2+ + Si = YZAl + TAl (YZAlTAl)(R2+Si)–1

* – Precursor italicized superscripts designate possible sites in tourma-
line involved in a substitution. 
** – R2+ represents the sum of divalent cations Fe2+ + Mg + Mn. R3+ 
represents the sum of trivalent cations Al + Fe3+ + Cr + V.
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formed. Once tourmaline formed, these external condi-
tions exerted an influence on tourmaline compositions. 
By evaluating the operative substitutions in tourmaline 
through a series of ternary and binary diagrams (Tab. 5, 
Figs 5–7), speculation of the processes impacting their 
compositional evolution follows. 

The predominant chemical constituents in the X- and 
W-sites not only define the tourmaline primary and sec-
ondary group (Fig. 5), but their variations constrain some 
of the controlling substitutions involving these two sites. 
Although all tourmalines are classified as alkali-group, 
there are substantial and variable amounts of Ca, i.e., 
0.08–0.39 apfu (Fig. 5a, Tab. 2). Distribution of this data 
is mostly consistent with the operation of the (CaMg)
(NaAl)–1 exchange vector with a magnitude of up to ~ 0.3 

apfu for the entire compositional range. For the W-site, 
if it is assumed that all Fe is Fe3+, the variation of anions 
is primarily consistent with the operation of the (R3+O)
[R2+(OH)]–1 and/or (TiO2)[R2+(OH)2]–1 vectors up to 0.3 
apfu with some dispersion into ternary space consistent 
with combinations of F(OH)–1 and (R2+F)(AlO)–1 (Fig. 5b).

Consideration of cations on the Y- and Z-sites pro-
vides a more complete determination of the operative 
substitutions. A plot of XYMg and YZFetotal does not make 
assumptions about either the Y- or Z-site occupancy or the 
oxidation state of Fe (Fig. 6a). These data show there is 
no apparent systematic relationship between Mg and Fe 
(i.e., along a MgFe–1 exchange vector) implying little or 
no Fe2+ and supporting the assumption of all Fe as Fe3+ for 
completing the charge balance calculations. The non-sys-

Fig. 6 Selected tourmaline binary diagrams used to constrain substitutions involving the X, Y, Z and T-sites. Diagonal lines refer to reference vec-
tors, described for each diagram. a – YZMg vs. YZFetotal diagram. The oxidation state of Fe is unspecified. Arrows represent the directions of refer-
ence exchange vectors; the reference line is parallel to the MgFe–1 exchange vector. b – YZTAltotal vs. YZFetotal diagram; reference line is parallel to 
the Fe3+Al–1 exchange vector. c – YZTAltotal vs. X-site vacancy diagram; reference lines parallel to the (☐Al)(NaR2+)–1 exchange vector and connect 
selected species locations. d – YZTR3+ – 2TAl + Ca vs. X-site vacancy diagram. The X-axis term is the numerical projection parameter that accounts 
for the (CaR2+)(NaAl)–1 and (YZAlTAl)(R2+Si)–1 vectors. YZTR3+ is the sum of the trivalent cations YZTAltotal + Fe3+ + Cr + V on the Y-, Z- and T-sites and 
YZR2+ is the sum of the divalent cations on the Y and Z sites, i.e., Mg + Mn + Zn.
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tematic spread of the data is likely related to the operation 
of combinations of multiple exchange vectors illustrated 
in Fig. 6a. The YZTAltotal versus YZFetotal diagram exhibits a 
range in Al, up to 0.6 apfu with a slight inverse relation 
between Al and Fe (Fig. 6b). This range likely reflects the 
cumulative effects of the Fe3+Al–1 exchange vector com-
bined with the Ca, oxy- and X-site vacancy-substitutions. 
The YZTAltotal versus X-site vacancy diagram displays the 
small amount of X-site vacancy (typically < 0.15 apfu) 
with the range in Al of up to 0.6 apfu (Fig. 6c). The 
horizontal dispersion of data (5.6–6.2 apfu Al) is related 
to combinations of those exchange vectors that operate 
along a horizontal trend, noted on the diagram (Fig. 6b). 

Within simple binary composition diagrams, substitu-
tions involving components beyond those of the binary 

system can be considered by projection down selected 
exchange vectors to the binary system (e.g., Henry and 
Dutrow 1990, 2001; Henry et al. 2002). For the YZTAltotal 
versus X-site vacancy diagram, the diagram can be recast 
as R3+ – 2TAl + Ca versus X-site vacancy (Fig. 6d); the 
former being a term that quantifies the influence of the 
(YAlTAl)(R2+Si)–1 and (CaMg)(NaAl)–1 exchange vectors. 
This projection results in improved compositional cluster-
ing of the data in zones 1 and 2, respectively. The separa-
tion of these zones by an average of ~ 0.25 apfu is most 
consistent with the operation of the (R3+O)[R2+(OH)]–1 
vector. A similar relation occurs with the YZTAltotal versus 
YZR2+ diagram, in which there is a general linear array of 
data that is influenced by a series of competing substitu-
tions (Fig. 7a). To accommodate the possible competing 

d

Fig. 7 Selected tourmaline binary diagrams used to constrain possible substitutions involving the X, Y, Z, T and W-sites. Diagonal lines refer to 
reference vectors, described for each diagram. a – YZTAltotal vs. YZR2+ diagram. The data are in a general linear array deviating from the reference line 
consistent with (CaMg)(NaAl)–1, (☐Al)(NaR2+)–1 and (AlO)[R2+(OH)]–1 vectors. However, the data are influenced by other competing exchange 
vectors. b – YZR3+ – 2TAl + Ca – X-site vacancy versus YZR2+ + Ti + TAl – Ca + X-site vacancy diagram. These expressions in account for (CaMg)(NaAl)–1, 
[R2+(OH)2](TiO2)–1, ☐R3+(NaR2+)–1 and (YZAlTAl)(R2+Si)–1 substitutions. c – YZR3+ + TAl – Ca + X-site vacancy versus W-site O diagram. The reference 
line is parallel to the (R3+O)[R2+(OH)]–1 vector. d – Ti versus W-site O diagram. The line is a linear fit of the zone-2 data constrained to intersect at 
the zero Y-intercept with a slope of 1.90 ± 0.14; an r2 = 0.84 and is most compatible with the (TiO2)[R2+(OH)2]–1 vector.
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vectors, the data are recast as YZR3+ – 2TAl + Ca – X-site 
vacancy versus YZR2+ + Ti + TAl – Ca + X-site vacancy 
which corrects for the (CaR2+)(NaAl)–1, (☐Al)(NaR2+)–1, 
[R2+(OH)2](TiO2)–1 and (YAlTAl)(R2+Si)–1 exchange vec-
tors (Fig. 7b). As a consequence, data are arrayed on the 
diagonal parallel to the (R3+O)[R2+(OH)]–1 vector. The 
zone-1 data (corrected R3+ 6.20–6.35 apfu) are clearly 
separated from the zone-2 data (corrected R3+ 5.80–6.15 
apfu), implying that the inclusion-rich zone-2 composi-
tions developed in less oxidizing conditions.

The reactions that likely control the incorporation of 
O into the W-site can be assessed with two additional 
binary diagrams. The YZR3+ + TAl – Ca + X-site vacancy 
versus W-site O diagram accounts for the influence of 
the (CaR2+)(NaAl)–1, (☐Al)(NaR2+)–1 and (YAlTAl)(R2+Si)–1 
exchange vectors (Fig. 7c). This representation illustrates 
the separation from zone-1 to zone-2 data reflecting the 
operation of the (TiR2+)Al–1 exchange vector. Within each 
zone, the data are arrayed consistent with combinations 
of the [R2+(OH)2](TiO2)–1 and (R3+O)[R2+(OH)]–1 vectors. 
The Ti versus W-site O diagram also shows the separa-
tion of zone-1 relative to zone-2 data, consistent with 
the operation of the (TiR2+)Al–1 exchange vector and 
supporting that correlation. These data suggest that the 
tourmaline compositions become more Ti-rich with less 
OH. However, the array of the zone-2 data appears most 
consistent with the (TiO2)[R2+(OH)2]–1 vector suggesting a 
different mechanism of Ti incorporation. Operation of the 
(TiO2)[R2+(OH)2]-1 vector to the point at which it reaches 
threshold values of Ti > 025 apfu and WO > 0.5 for mag-
nesian tourmalines marks the development of “magnesio-
dutrowite” (Tab. 1). This hypothetical tourmaline species 
has also been described in the Zlatá Idka tourmalinites of 
Slovakia by Bačík et al. (2022). 

5.3. Tourmaline element partitioning and 
constraints on metamorphic fluid  
compositions

The sulfate-rich meta-evaporite from Arignac allows ex-
amination of element partitioning among analyzed coex-
isting minerals in this relatively uncommon tourmaline-
bearing lithology. Tourmaline, interpreted to have formed 
during peak metamorphism, has inclusions of scapolite 
and albite. In addition, coarser-grained, high-grade scapo-
lite persists in the matrix. Assuming chemical equilibrium 
is approached, the Na–Ca partition coefficients (KD = (Na/
Ca)tur/(Na/Ca)scp) between the average zone-2 tourmaline 
composition (Tab. 2) versus the scapolite inclusions in 
zone-2 tourmaline, and the average matrix compositions 
of tourmaline and scapolite are 1.47 and 1.36, respec-
tively. Similar Na–Ca tourmaline–scapolite partition 
coefficients (1.9–1.4) have been observed in amphibolite-
facies plagioclase–muscovite–scapolite–tourmaline meta-

evaporite layers near Prosetín, Czech Republic (Bačík et 
al. 2012). This implies that tourmaline more effectively 
partitions Na relative to Ca than scapolite under these 
metamorphic conditions of formation. 

In contrast, partitioning relations of Na–Ca tour-
maline–plagioclase and scapolite–plagioclase in these 
samples are indicative of chemical disequilibrium. Pla-
gioclase from replacement assemblages after scapolite 
as well as inclusions in tourmaline are all highly albitic, 
i.e., Ab > 98 % (Tab. 4). High-grade scapolite matrix 
and inclusion grains contain a substantial amount of 
Ca (11–27 % Me component). Where the matrix scapo-
lite is partially pseudomorphed (Fig. 3b), it has a lo-
cal assemblage of albite (Ab98.2An0.2Or1.6), K-feldspar 
(Ab11.9An0.1Or88.0) and calcite (Tab. 4). Based on experi-
mental scapolite–plagioclase stability relations (Almeida 
and Jenkins 2019), scapolite of those compositions found 
in the Arignac meta-evaporite should coexist with con-
siderably more calcic plagioclase (> ~An10–20) for the 
assumed peak metamorphic conditions. Empirical and 
experimental tourmaline–plagioclase Na–Ca partitioning 
(van Hinsberg and Schumacher 2009; Dutrow and Henry 
2018) shows that the Ca/(Ca + Na) ratio in tourmaline is 
roughly equivalent to that in the coexisting plagioclase. 
Therefore, the average zone-1 tourmaline should coexist 
with An35 plagioclase and zone-2 tourmaline should coex-
ist with An23 plagioclase. This lack of coherency in the 
partitioning data further suggests the low(er)-temperature 
replacement of scapolite by albite of a dramatically dif-
ferent composition. The interpretation is that plagioclase 
has been reset to albitic compositions during the influx 
of low-grade fluids that locally accessed scapolite inclu-
sions in tourmaline along fractures to alter their chemi-
cal composition (Fig. 4). As such, these minerals show 
chemical disequilibrium.

Experimental, theoretical, and empirical studies of 
tourmaline–aqueous fluid element partitioning permit 
quantitative estimates of specific fluid-phase components 
to be determined based on the tourmaline compositions 
(e.g., von Goerne et al. 2001, 2011; Berryman et al. 2015; 
2016, 2017; Dutrow and Henry 2016, 2018; van Hinsberg 
et al. 2017). Dutrow and Henry (2016) fit the experimen-
tal data of Na and Ca occupancy of tourmaline X-site 
(von Goerne et al. 2011) to temperature-independent 
expressions that allow the Na and Ca concentration of co-
existing aqueous fluids in equilibrium with intermediate 
Na-Ca tourmaline to be approximated. For the Arignac 
tourmaline, assuming 600 °C, these expressions yield 
estimates of Na+

fluid of 480 mM and Ca2+
fluid of 160 mM for 

average zone-1 and Na+
fluid of 460 mM and Ca2+

fluid of 110 
mM for average zone-2. This can be compared to modern 
surface seawater with Na+ of 481 mM and Ca2+ of 10.5 
mM (Pilson 1998). Although the Na+ concentration in 
the Arignac brine is comparable to that of seawater, the 
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Ca2+ concentration is more than ten times that of modern 
seawater, but more similar to concentrations in ancient 
seawater and basinal brines (Lowenstein et al. 2003; 
Hanor and McIntosh 2006). These data support the usual 
interpretation of higher salinity fluids typically found 
in association with tourmalines developed in (meta)-
evaporites and the operation of the deprotonation vector 
AlO[Mg(OH)]–1 in these saline environments (e.g., Henry 
et al. 2008). Quantitative estimates of other components 
in aqueous fluids in equilibrium with tourmaline can be 
calculated from empirical tourmaline-fluid partitioning 
data using the empirical approach of van Hinsberg et al. 
(2017). Using the partition coefficients in conjunction 
with the average EMPA data, 
zone 1 and zone 2 of the Ari-
gnac tourmaline, the following 
concentrations for dissolved 
constituents of the coexisting 
aqueous fluid are estimated: 
144.7 ppm B, 3.0 ppm Cr, 8.6 
ppm Mn and 53.6 ppm Ti for 
zone 1; compared to 145.4 ppm 
B, 0.7 ppm Cr, 13.6 ppm Mn 
and 16.6 ppm Ti for zone 2. 
These calculated concentrations 
can be compared to modern 
surface seawater with B of 4.45 
ppm, Cr of 0.0002 ppm, Mn 
of 0.0004 ppm and Ti of 0.001 
ppm (Turekian 1968). Clearly, 
the high-temperature brines can 
accommodate greater concentra-

tions of dissolved constituents. Overall, an acidic, saline 
Na–B-rich fluid phase, implied by the tourmaline com-
positions, is consistent with the marialitic scapolite that 
develops at high grades in the Arignac sample. 

5.4. Tourmaline in sulfate-bearing  
meta-evaporites and other  
meta-evaporites

Tourmaline data from the Arignac locality provide new 
data for lithological regions in the highly magnesian 
portion of the Al–Fe–Mg subsystem source-rock type 
diagram (Figs 1, 8). The Arignac data straddle the bound-

Fig. 8 Tourmaline data in the Mg-rich 
portion of the Al–Fe–Mg diagram show-
ing tourmaline compositions and likely 
source-rock types (after Henry and 
Guidotti 1985 as modified by Henry 
and Dutrow 2018). a – Magnesian-rich 
portion of a diagram showing the zone-1  
and zone-2 tourmaline compositions 
from the Arignac sample. All compo-
sitions are > 0.9 XMg b – Magnesian 
portion of diagram with comparative 
tourmaline data. The long-dashed curve 
shows the compositional field of the 
Arignac meta-evaporite sample; the 
short-dashed curve represents the field 
associated with tourmalines originally 
defining the O–P trend (Henry et al. 
2008). Additional tourmaline data are 
provided for tourmaline developed in 
an anhydrite-bearing active geothermal 
system (Moore et al. 2004), a medium-
grade scapolite-bearing meta-evaporite 
(Bačík et al. 2012), a carbonate/tour-
malinite meta-evaporite terrain (Golani 
et al. 2002) and a meta-evaporitic do-
lomitic marble (Schreyer et al. 1980).



Barbara Dutrow, Darrell Henry

204

ary among all the previously defined fields: the low-Ca 
ultramafics and Cr-, V-rich metasediments field; the Mg 
extension of the Al-poor metapelites and metapsammites 
field and the metacarbonates and metapyroxenites field 
(Fig. 8a). Clearly, additional fields need to be devel-
oped for sulfate-rich meta-evaporite lithologies on this 
source-rock diagram. Additionally, highly magnesium 
tourmalines may be indicators of these unusual (meta-)
evaporitic environments.

Comparing the Arignac data to other meta-evaporites 
and sulfate- or scapolite-bearing lithologies highlights 
commonalities and differences of tourmaline com-
positions. (1) The Arignac tourmalines are similar in 
composition to the series of meta-evaporitic tourmaline 
compositions that were used to define the O–P trend; 
i.e., Fe is entirely or almost entirely Fe3+ and the W-site 
is commonly enriched in O or is O-dominant (see Henry 
et al. 2008). This continuous compositional O–P trend 
extends from Al-free povondraite to close to the oxy-
dravite composition, generally following the Fe3+Al–1 
exchange vector (Fig. 8b). However, the Arignac tour-
maline is different in that it has, overall, higher Mg and 
Ca contents with Mg/(Mg + Fetotal) > 0.90 and Ca typi-
cally > 0.2 apfu. (2) A series of Proterozoic tourmaline-, 
phlogopite-, scapolite-bearing metamorphosed carbonate 
rocks with intercalated quartzofeldspathic lithologies 
are interpreted as hypersaline evaporitic metasedi-
ments associated with gold mineralization in NW India 
(Golani et al. 2002). Here, tourmaline compositions 
are mostly Ca-rich oxy-dravites but exhibit a range of 
compositions with Mg/(Mg + Fetotal) ratios extending 
from the O–P trend meta-evaporite field toward those 
of the Arignac field (Fig. 8b). (3) The Karaha–Telaga 
Bodas geothermal well, Indonesia, part of an active 
and young (4200 y BP) oxygenated, vapor-dominated 
hydrothermal system (Moore et al. 2004), contains 
sparse tourmaline. Tourmaline, encapsulated in anhy-
drite or quartz, is associated with fluorite and calcite, 
and appears to be a late feature of the hydrothermal–
volcanic system. Fluid inclusions in anhydrite suggest 
temperatures were ~ 190 °C with salinities of 2.7–3.4 
wt. % NaCl or H2SO4 equivalent during quartz, anhy-
drite, and tourmaline formation. Tourmaline analyses 
from a single sample show that they are aluminous and 
magnesian (Mg/(Mg + Fetotal) > 0.85), have substantial  
X-site vacancy and are all oxy-dravites (Fig. 8b). Rela-
tive to the Arignac tourmaline, the geothermal tourma-
line is more aluminous with high X-site vacancy, close 
to the oxy-dravite/magnesio-foitite point on the AFM 
diagram. (4) Magnesian tourmaline from plagioclase-
muscovite-scapolite meta-evaporite layers in dolomite 
marble near Prosetín, Czech Republic form three compo-
sitional types within single, zoned tourmalines and range 
from dravites to oxy-dravites (Bačík et al. 2012). The 

marbles are estimated to have developed at 500–600 °C 
and 5 kbar. Tourmaline compositional zoning, related 
to prograde growth, becomes more magnesian (Mg/
(Mg + Fetotal) = 0.86–0.97) and calcic (Ca = 0.02–0.29 
apfu). The outermost compositional type mimics that 
of the Arignac tourmalines (Fig. 8b). (5) Tourmaline 
in a dolomitic marble, interpreted as a meta-evaporite 
sequence, has an assemblage of dolomite – albite (An2–3) 
–Na-phlogopite–talc–tourmaline–quartz–rutile–pyrite 
(Schreyer et al. 1980). The estimated conditions of meta-
morphism is < 400 °C and 2–3 kbar at low X(H2O) and 
high X(CO2). The tourmaline in the meta-evaporite is a 
dravite with a significant uvite component (although F 
was not analyzed) more similar to typical meta-carbonate 
tourmaline (e.g., Henry and Guidotti 1985). 

6. Conclusions

Tourmaline and associated mineral-inclusion chemical 
data provide important dimensions to delineate formation 
conditions in rocks that are deformed, infiltrated by fluids 
and thermally retrogressed. Further, tourmaline may be the 
only residual trace of the prior high-grade metamorphic 
mineral assemblage to form in these environments. This 
is the case for the unusual assemblage of anhydrite and 
gypsum, together with tourmaline, in the sulfate-rich meta-
evaporite of the Arignac locality, thereby providing new 
data for tourmaline formation in these uncommon environ-
ments. Their highly magnesian compositions contribute to 
our understanding of Mg-rich tourmaline formation and 
coexisting fluid compositions, require a modification of 
the AFM host rock compositional fields, and underscore 
the breadth of environments in which tourmaline forms.
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