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Abstract

For the first time, the structure of natural hexacelsian, BaAl2Si2O8, a polymorph of celsian
and paracelsian, has been refined. Hexacelsian was found in rankinite-bearing paralava
near Mount Ye’elim in the northern part of the large Hatrurim Complex pyrometamorphic
rock area (Hatrurim Basin) in the Negev Desert, Israel. It associates with Ba-bearing
minerals such as barioferrite, walstromite, gurimite and the potentially new mineral
BaCa2Mg(SiO4)2, forming small isolated aggregates between the rock-forming minerals.
These rock-forming minerals are represented by gehlenite, rankinite, wollastonite and schor-
lomite. The structure was refined for a hexacelsian grain measuring 0.039 × 0.026 × 0.016 mm
with the composition (Ba1.01K0.05Na0.01Ca0.01)Σ1.08(Si1.96Al1.91Fe3+

0.11)Σ3.98O8 to R1 = 3%.
Natural hexacelsian with P63/mcm symmetry and unit cell parameters of a = 5.2973(4) Å,
c = 15.6068(10) Å, γ = 120◦, and V = 379.28(6) Å3 is an analogue of synthetic low-
temperature α-hexacelsian. The hexacelsian structure (polytype 2H) is formed by double
layers of tetrahedra linked by their tops and bases, which are parallel to (001). Each layer is
built from hexagonal (ditrigonal) rings of tetrahedra. The tetrahedra in rings with a disor-
dered Al/Si distribution are rotated by approximately 14.5◦ compared to the position of the
tetrahedra in ideal hexagonal rings in the high-temperature γ-hexacelsian. Every second
layer in the structure of the studied hexacelsian is rotated through 180◦. The hexacelsian
crystallised at temperatures above 1100 ◦C as a disordered, metastable γ-hexacelsian (1H).
A decrease in temperature leads to the ordering of O2 sites and the formation of partially
ordered α-hexacelsian (2H), which preserves the disordered distribution of Al/Si at the
tetrahedra. Some of the γ-hexacelsian grains in paralava were replaced by celsian under
high-temperature conditions. Under low-temperature conditions, α-hexacelsian is replaced
by cymrite during the zeolitisation of pyrometamorphic rocks of the Hatrurim Complex.

Keywords: hexacelsian; structure; Raman; celsian; cymrite; paralava; Hatrurim Complex;
Israel

1. Introduction
The name ‘hexacelsian’ (BaAl2Si2O8) has been used in the literature since the 1950s to

refer to a synthetic polymorph of celsian and paracelsian [1]. In 2017, a new mineral was
described from rankinite-bearing paralava of the Hatrurim Complex in the Negev Desert,
Israel. It was found to have a composition and structure similar to those of hexacelsian [2].
Due to the small grain size of natural hexacelsian, its structure could not be determined
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using standard methods. Therefore, the EBSD method was employed, for which a struc-
tural model of the disordered α-hexacelsian with space group P63/mcm (a = 5.2920(4) Å,
c = 15.557(2) Å, α = β = 90◦, γ = 120◦) was adapted [3].

The layered structure of hexacelsian is characterised by three distinct structural modi-
fications: α, β, and γ [4]. The structure of hexacelsian is considered to be a two-dimensional
feldspar. Its symmetry is determined by the Si/Al arrangement at the tetrahedral sites, the
rotation of the tetrahedra that defines the geometry of the six-membered rings forming the
double layer, and the splitting of the oxygen sites. The sequence of double layers with differ-
ent orientations also influences symmetry, determining the appearance of polytypes [4–6].
Based on the investigation of synthetic hexacelsian data, two phase transition schemes can
be distinguished: the “commonly-accepted” scheme: α-hexacelsian (P63/mcm, polytype
2H) −→ ~300 ◦C −→ β-hexacelsian (Immm, O2) −→ ~700 ◦C −→ γ-hexacelsian (P6/mmm,
1H) [7,8] and the recently proposed scheme: α-hexacelsian (I2/a, 2H) −→ ~300 ◦C −→
β-hexacelsian (Fmm, O2) −→ ~700 ◦C −→ γ-hexacelsian (P-62m, 1H) [4]. In addition,
the P-3 and P-3c1 space groups have been proposed for Al/Si ordered hexacelsian [9,10].
Hexacelsian is the most high-temperature polymorph of BaAl2Si2O8 and remains stable
above 1590 ◦C [11]. Studies of the kinetics of synthetic polymorph formation suggest that
hexacelsian may form metastable in systems doped with various impurities at temperatures
above 1000 ◦C. Repeatedly heating and slowly cooling the synthesis products results in
hexacelsian being replaced by celsian [12].

Hexacelsian is regarded as a two-dimensional (2D) feldspar analogue [13]. Structurally
related compounds exhibiting a similar topology include the silicates dmisteinbergite,
Ca(Al2Si2)O8 [14], kokchetavite, K(AlSi3)O8 [15], wodegongjieite, KCa3(Al7Si9)O32 [16],
and pfaffenbergite, KNa3(Al4Si12)O32 [17], as well as the phosphate analogue minjiangite,
BaBe2P2O8 [18]. This article presents the results of the first ever determination of the
structure of natural hexacelsian and considers questions relating to its origin.

2. Materials and Methods
More than 600 thin sections prepared from thin veins of paralava from gehlenite

hornfels of various localities within the pyrometamorphic rocks of the Hatrurim Basin were
examined using Phenom XL and Quanta 250 scanning electron microscopes (ThermoFisher
Scientific, Eindhoven, The Netherlands) at the Institute of Earth Sciences, University of
Silesia, Poland.

The BaAl2Si2O8 grains detected were analysed using a WITec Alpha 300R confocal
Raman microscope (WITec, Ulm, Germany) at the Institute of Earth Sciences, University
of Silesia, Poland. The microscope is equipped with an air-cooled, solid-state laser that
operated at 488 and 532 nm, and a CCD camera operating at −61 ◦C. The laser power at
the sample position was approximately 25 mW. Fifteen scans with an integration time of
3 s were collected and averaged, with a resolution of 3.5 cm−1.

The composition of the hexacelsian grains, as identified using SEM/EDS and Raman
spectroscopy, was analysed using a Cameca SX100 (CAMECA, Gennevilliers, France) with
an accelerating voltage of 15 kV, a beam current of 20 nA, and a spot size of 1–2 µm. The
following analytical lines and standards were used: NaKα (albite); CaKα, SiKα (wollas-
tonite); MgKα (diopside); KKα, AlKα (orthoclase); MnKα (rhodonite); TiKα (titanite); FeKα
(hematite) and BaMα (baryte).

Several of the largest hexacelsian grains were analysed using a SuperNova single-
crystal diffractometer (formerly Agilent Technologies, currently Rigaku Oxford Diffraction,
Abingdon, UK) equipped with an Atlas detector (Institute of Physics, Faculty of Science
and Technology, University of Silesia, Poland). Measurements were performed at room
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temperature (290 K) using MoKα radiation (λ = 0.71073 Å). The structure was solved and
refined using the SHELXL-2018/3 programme [19].

Hardness measurements were performed using a semi-automatic InnovaTest Series
400 (413A) microhardness tester (Maastricht, The Netherlands) at loads of 25 and 50 g,
depending on the grain size. A standard micro Vickers hardness block (No. Z119608,
441 kg/mm2) was used to verify the tester’s calibration.

3. Geological Background
The pyrometamorphic rocks of the Hatrurim Complex can be found in a series of

outcrops along the Dead Sea Rift. The largest outcrop of these rocks in Israel is located in
the Negev Desert and is known as the Hatrurim Basin. This area boasts the greatest variety
of rock types that can be observed, among which are spurrite marbles, larnite pseudocon-
glomerates, and gehlenite hornfelses [20–24]. The last type of rock forms characteristic
ridges in the desert landscape and is associated with the formation of thin veins of paralava
containing hexacelsian. Only celsian is found in other types of paralavas that form rounded
bodies, such as the olive series and basalt-like paralava, which can cover areas of hundreds
of square metres [25,26].

Despite the relatively high level of research that has been conducted into the mineral-
ogy of the pyrometamorphic rocks of the Hatrurim Complex, where over 70 new minerals
were recently described, the genesis of these rocks remains a mystery. There are two main
hypotheses. The classical hypothesis posits that pyrometamorphic rocks formed as a result
of the combustion of organic matter dispersed within the protolith rocks [27,28]. The ‘mud
volcano’ hypothesis suggests that methane entering the pyrometamorphic zone from small
gas pockets in the Dead Sea rift region is combusted. According to the authors, this could
significantly intensify the thermal transformation process of the protolith rocks [23,29].
Unfortunately, neither hypothesis can explain the formation of layers of pyrometamor-
phic rocks that form fields covering tens of square kilometres and reaching a thickness of
up to 100 m [23].

4. Occurrence and Description of Hexacelsian
Hexacelsian is a rare accessory mineral of the rankinite-gehlenite-schorlomite-bearing

paralava that is widespread in hornfels at the Hatrurim Basin. Hexacelsian, in the form of
plate crystals less than 10 µm thick, was first described from a paralava discovered in the
Gurim Anticline area in the southern part of the Hatrurim Basin [2]. Following systematic
studies of paralava samples from various outcrops, we discovered the richest mineralisation
containing hexacelsian in paralava in the northern part of the Hatrurim Basin, samples of
which were collected near Mount Ye’elim. These paralava veins up to 3 cm thick occur
within gehlenite hornfels and consist of wollastonite, gehlenite, andradite-schorlomite
garnet, rankinite, cuspidine, and minor fluorapatite, flamite and zadovite (Figure 1). Small,
isolated aggregates of Ba-bearing minerals are observed in the paralava located between
the rock-forming minerals or within the rankinite crystals (Figure 2a–e). These aggregates
are either rounded or angular in shape and consist of lamellar aggregates of walstromite,
hexacelsian, barioferrite, zadovite, gurimite and a potentially new mineral with the formula
BaCa2Mg(SiO4)2 (Figure 2a,b). Kalsilite, baryte, wollastonite, barium-bearing flamite,
fluoralforsite and an unidentified Na-Ca silicate have also been determined within these
aggregates. In several instances, xenomorphic celsian was found alongside plate crystals
of hexacelsian (Figure 2c). Celsian also forms pseudomorphs after hexacelsian in altered
aggregates of Ba-bearing minerals, where walstromite and BaCa2Mg(SiO4)2 are replaced by
Ca-hydrosilicates (Figure 2d). Ba-bearing minerals in isolated aggregates may be replaced
by spherule-like cymrite (Figure 2e). In addition, cymrite forms crystals within leaching
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voids alongside tacharanite and baryte. Less frequently, the Ba-bearing Ca-gismondine
appears in association (Figure 2f).

Figure 1. Paralava of gehlenite hornfels near Mount Ye’elim containing hexacelsian. Brown—
andradite-schorlomite garnet series; yellow—gehlenite-åkermanite series of minerals; colourless—
rankinite, wollastonite and cuspidine. A late vein cutting through the paralava is filled with zeolites,
tacharanite and calcite.

Figure 2. Rankinite-bearing paralava collected near Mount Ye’elim containing diverse Ba-minerals.
BSE images. (a) Oval aggregate in rankinite composed of thin intergrowths of hexacelsian, wal-
stromite, barioferrite and potentially a new mineral, BaCaMg(SiO4)2, with stoichiometry of olivine.
(b) Aggregates of angular form, trapped between rock-forming minerals, in which hexacelsian forms
characteristic plate crystals. (c) Simultaneously present in rock are plate crystals of hexacelsian and
angular celsian crystals. (d) Lamellar celsian crystals—paramorphs after hexacelsian. (e) Cymrite
replaces Ba-bearing silicates, including hexacelsian, forming spherule-like aggregates. (f) Cymrite
crystallised in a void together with tacharanite and baryte in the area, where zadovite was partially
replaced by baryte. Adr = andradite, Baf = barioferrite, Brt = baryte, Csp = cuspidine, Cym = cymrite,
Fmt = flamite, Gh = gehlenite, Gur = gurimite, Hcls = hexacelsian, Ol = olivine-like BaCa2Mg(SiO4)2,
Rnk = rankinite, Tch = tacharanite, Wo = wollastonite, Ws = walstromite.
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The composition of hexacelsian from the paralava near Ye’elim, used to refine the
structure (Table 1, analysis 1), as well as the composition of hexacelsian from various
types of paralavas in the Hatrurim Basin, was investigated (Table 1, analysis 2). The
chemical composition of hexacelsian varies slightly, approaching stoichiometry. The main
impurities are K (≈0.05 apfu = atom per formula unit) and Fe (≈0.14 apfu) (Table 1). On the
classification diagram, the analyses of hexacelsian form a small, compact area (Figure 3).

Table 1. Chemical composition of hexacelsian: 1—crystal used for the structural study; 2—average
composition of hexacelsian from various paralava localities within gehlenite rocks in the Hatrurim
Basin area.

1 2

n = 7 n = 51

SiO2 30.63 0.34 30.35–31.20 31.33 0.47 30.35–32.03
Al2O3 25.35 0.40 24.80–26.11 24.49 1.13 22.26–26.48
Fe2O3 2.36 0.29 1.91–2.95 2.94 1.16 0–4.87
MgO 0.05 0.01 0.04–0.07 0.04 0.05 0–0.27
CaO 0.20 0.20 0.01–0.59 0.35 0.20 0–0.81
BaO 40.14 0.53 39.48–40.81 39.83 0.78 38.11–41.09

Na2O 0.11 0.02 0.09–0.13 0.10 0.03 0.06–0.18
K2O 0.66 0.15 0.34–0.78 0.67 0.20 0.15–0.93
Total 99.50 99.75

calculated on 8O
Ba 1.01 0.99
K 0.05 0.05

Na 0.01 0.01
Ca 0.01 0.02
A 1.08 1.07
Si 1.96 1.99
Al 1.91 1.84

Fe3+ 0.11 0.14
T 3.98 3.97

Figure 3. Analyses of hexacelsian in the ternary Al-Si-Fe3+ diagram.
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5. Raman Studies and Hardness
Studies of the composition and morphology of phases corresponding to the formula

BaAl2Si2O8 using SEM/EDS do not permit their precise identification. Therefore, Ra-
man spectroscopy was used to rapidly identify hexacelsian. Hexacelsian has a distinc-
tive spectrum with a strong line at around 405 cm−1, the shape of which depends only
slightly on crystal orientation [2] (Figure 4a). The spectrum of low-temperature cym-
rite is similar in shape to that of hexacelsian, reflecting the similarity of their structures.
The main differences are the shift in the strong line to 394 cm−1 and the presence of a
broad strong line from water at around 3500 cm−1 (Figure 4b). The spectrum of low-
symmetry celsian differs radically from that of hexacelsian due to the presence of a large
number of lines (Figure 4c).

Figure 4. Raman spectra of hexacelsian (a), cymrite (b) and celsian (c).

The hardness of celsian, hexacelsian and cymrite differs markedly. The measured
microhardness of celsian VHN50 = 722(27) kg/mm2 (n = 10, range 680–771 kg/mm2) corre-
sponds to a Mohs hardness of 6–6.5. Strong anisotropy in hardness has been determined for
hexacelsian, as measured on a plate crystal in a section perpendicular to (001). Along the
plate, VHN25 = 492 (17) kg/mm2 (n = 14, range 453–519 kg/mm2) corresponds to a Mohs
hardness of 4.5–5, while across the plane, VHN25 = 653 (21) (n = 12, range 616–694 kg/mm2)
corresponds to a Mohs hardness of 5.5–6. The ingress of water into the chert sharply
reduces its hardness: VHN25 = 166(7) (n = 16, range 154–179 kg/mm2), corresponding to a
Mohs hardness of 3–3.5.
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6. Structure of Hexacelsian
The structure of natural hexacelsian was first determined using single-crystal diffrac-

tion data obtained from a crystal measuring 0.039 × 0.026 × 0.016 mm with an average
composition of (Ba1.01K0.05Na0.01Ca0.01)Σ1.08(Si1.96Al1.91Fe3+

0.11)Σ3.98O8 (Tables 1 and 2).

Table 2. Crystal data and structure refinement details for natural hexacelsian.

Crystal Data

Formula from refinement
Crystal system hexagonal

Space group P63/mcm (no. 193)

Unit-cell dimensions
a = 5.2973(4) Å

c = 15.6068(10) Å
γ = 120◦

V = 379.28(6) Å3

Z 2
Crystal size 0.039 × 0.026 × 0.016 mm

Data collection

Diffractometer SuperNova with Atlas CCD
Radiation wavelength MoKα, λ = 0.71073 Å

min. & max. theta 4.44◦, 36.58◦

Reflection ranges −8 ≤ h ≤ 8; −8 ≤ k ≤ 8; −25 ≤ l ≤ 22

Refinement of structure

Reflection measured 5013
No. of unique reflections 365

No. of observed unique refl. [I > 4σ] 280
Refined parameters 19

Rint 0.0749
R1/Rall 0.0313/0.0460

wR 0.0660
Goof 1.170

∆ρmin [e Å−3] −1.300
∆ρmax [e Å−3] 1.301

The experimental details and refinement data are summarised in Tables 2–4. Having
tested all the hexacelsian models known from the literature, we accepted the model with
P63/mcm symmetry and the lowest R1 parameter of 3%, corresponding to α-hexacelsian
(Figure 5a–d). The ideal structure of hexacelsian P6/mmm comprises double layers of
tetrahedra forming hexagonal rings [6]. The Al/Si order–disorder processes within the
tetrahedra, as well as the thermal history of hexacelsian, lead to ring deformation due to
tetrahedral rotation and displacement within the layer plane. This results in the splitting
and disorder of oxygen sites, as well as the formation of polytypes with different sequences
of differently oriented double layers [4–7,30].

The structures of natural and synthetic α-hexacelsian are similar. They are charac-
terised by the rotation angle of tetrahedra of approximately 14.5◦ and 2◦, respectively, from
the ideal position, and are represented by 2H polytypes, in which every second layer is
rotated through 180◦ (Figure 5b–g). In the 1H-hexacelsian P-62m polytype, deformation of
the sixfold rings at high temperature is accompanied by disorder of the O2 sites at the base
of the tetrahedral plane (Figure 5h).
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Table 3. Atomic coordinates, site occupancy (Occ) and equivalent-isotropic displacement parameters
(Å2) for hexacelsian.

Site x y z Ueq Occ.

T 0.3333 0.6667 0.14452(7) 0.0113(3) Si0.49 + Al0.49 + Fe0.02
O1 0.3333 0.6667 0.25 0.0212(9) 1
O2 0.4357(6) 0 0.10357(17) 0.0195(6) 1
Ba 0 0 0 0.01552(18) Ba0.891(8) + K0.079(8)

Ba1 0 0 0.018(2) 0.024(10) * Ba0.03
K1 0 0 0.25 0.05(3) * K0.036(14)

*—Uiso.

Table 4. Anisotropic displacement parameters (Å2) for hexacelsian.

Site U11 U22 U33 U23 U13 U12

T 0.0099(3) 0.0099(3) 0.0141(5) 0 0 0.00497(17)
O1 0.0188(13) 0.0188(13) 0.026(2) 0 0 0.0094(6)
O2 0.0224(10) 0.0145(12) 0.0189(12) 0 −0.0034(9) 0.0072(6)
Ba 0.0175(4) 0.0175(4) 0.0116(7) 0 0 0.00873(19)

Figure 5. Structure of natural α-hexacelsian (space group P63/mcm), projections on (010) (a) and
(001) (b). Orientation of double layers in the unit cell of hexacelsian: “upper” (c) and “lower” (d).
(e) Structure of synthetic α-hexacelsian (space group P63/mcm), projection on (001). Orientation
of double layers in the unit cell of synthetic hexacelsian: “upper” (f) and “lower” (g) [3]. (h) The
structure of synthetic γ-hexacelsian (space group P-62m), projection on (001) [4]. The geometry of
the channels in natural (i) and synthetic α-hexacelsian (j), which is determined by the rotation of the
tetrahedra in the (001) plane by ~14.5◦ and ~2◦, respectively, from the ideal position for the P6/mmm
symmetry. Blue tetrahedra—Si/Al; red balls—oxygen, pink balls—Ba, blue balls—K.

No Al and Si ordering is observed at the tetrahedra in natural hexacelsian, as reflected
in mean interatomic distances of 1.681 Å (Table 5). Unlike synthetic phases, natural
hexacelsian has an incomplete occupied site within the tetrahedral layer. Based on its size
and geometry, it most likely contains K and has an occupancy of 0.036(14). Microprobe
analyses of natural hexacelsian confirm this and indicate a slight increase in the content
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of extra-framework cations compared to the ideal hexacelsian formula (Table 1). While
water is present within the double layer in cymrite [31], it is unlikely to be present in
high-temperature natural hexacelsian. Furthermore, no bands characteristic of cymrite in
the OH region are observed in the Raman spectra (Figure 4).

Table 5. Selected bond lengths (Å) and bond valence sum (BVS) for hexacelsian.

Atom −Atom Distance

Si O1 1.6462(11)
O2 1.6920(12) ×3

mean 1.681
BVS 3.58

Ba O2 2.818(3) ×6
O2 3.398(3) ×6

mean 3.108
BVS 1.62

K1 O1 3.0584(2) ×6
O2 3.248(3) ×6

mean 3.153
BVS 0.05

Ba1 O2 2.665(17) ×3
O2 2.99(2) ×3
O2 3.272(14) ×3
O2 3.541(17) ×3

mean 3.117
BVS 0.05

Ba1 Ba1 0.57(7)
Ba Ba1 0.28(3)

O1 O2
BVS 1.99 2.01

In natural hexacelsian, there is observed splitting of the Ba site (0.97/0.03) located
between the double layers (Figure 5a; Table 3). This phenomenon has previously been
noted in synthetic hexacelsian [4].

7. Discussion
In the holotype specimen of paralava from the Gurim Anticline, hexacelsian asso-

ciates with pseudowollastonite, which is stable at temperatures above 1125 ◦C [2]. In
the studied specimen from Mount Ye’elim, hexacelsian is associated with wollastonite
(Figure 2b), which suggests that its crystallisation is slightly below 1100 ◦C. In the reac-
tion of pure BaCО3 and kaolinite, metastable hexacelsian is formed in the temperature
range of 1000–1100 ◦C. Above this temperature, it is replaced by celsian, which in turn
is replaced by hexacelsian above 1300 ◦C. Above 1600 ◦C, only hexacelsian is found in
the products of synthesis [12]. Considering that hexacelsian is stable at 1560 ◦C, we can
conclude that it forms metastable in the Hatrurim paralava and that its preservation is
connected with the specific thermal history of the rock. Disordered γ-celsian crystallised in
paralava located in host rocks that cooled relatively slowly. This led to the ordering of O2
sites in the hexacelsian structure and the formation of the 2H polytype of α-hexacelsian
with an ordered sequence of layers (Figure 5b–d). During this process, the distribution of
Al and Si at the tetrahedra remained disordered. Pyrometamorphic processes determining
local melting and paralava formation are followed by high-activity hot gases, which cause
defined, significant fluctuations in temperature. It is likely that temperature fluctuations
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during mineral crystallisation in paralava led to the formation of celsian pseudomorphs
after hexacelsian (Figure 2d). At the low temperatures and high alkalinity conditions,
α-hexacelsian is replaced by cymrite (Figure 2e).

8. Conclusions
• The structure of natural hexacelsian (space group P63/mcm) was first refined to corre-

spond with the symmetry of synthetic α-hexacelsian.
• Natural hexacelsian crystallises metastable at temperatures below 1100 ◦C as disor-

dered γ-hexacelsian.
• The phase transition of the γ-hexacelsian to α-hexacelsian during cooling below 300 ◦C

is determined by the ordering of the O2 oxygen sites.
• At high temperatures, natural hexacelsian can be replaced by celsian with a com-

plete rearrangement of the structure, and at low temperatures by cymrite with the
preservation of the hexagonal 2D motifs of the structure.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min16080815/s1, CIF of hexacelsian.
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