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Abstract
The first barium member of the melilite group, bennesherite Ba2Fe2+Si2O7 [P421m, Z = 2, a = 

8.2334(14) Å, c = 5.2854(8) Å, V = 359.29(13) Å3], was discovered in thin veins of rankinite paralava 
within pyrometamorphic gehlenite hornfels at Gurim Anticline, Hatrurim Basin, Negev Desert, Israel. 
Bennesherite occurs in small intergranular spaces between large crystals of rankinite, gehlenite, and 
garnet together with other Ba-minerals such as fresnoite, walstromite, zadovite, gurimite, hexacelsian, 
and celsian. It forms transparent, light yellow to lemon-colored crystals with a white streak and a 
vitreous luster. They exhibit good cleavage on (001), a brittle tenacity, and a conchoidal fracture. The 
estimated Mohs hardness is 5. Bennesherite has a melilite-type structure with the layers composed 
of disilicate (Si2O7)6− groups and (Fe2+O4)6− tetrahedra, connected by large eightfold-coordinated Ba 
atoms. In some grains, epitaxial intergrowths of bennesherite and fresnoite are observed. The structure 
of the fresnoite, Ba2TiO(Si2O7) with a P4bm space group and unit-cell parameters а = 8.5262(5) Å, 
с = 5.2199(4) Å, is closely related to the structure of bennesherite. Among all the known minerals 
of the melilite group, bennesherite has a structure characterized by the lowest misfit degree between 
the tetrahedral (T1 and T2 sites) and polyhedral (X-site) layers, as it was shown in both natural and 
synthetic melilite-type phases.
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Introduction
A new mineral of the melilite group, bennesherite, 

Ba2Fe2+Si2O7 (IMA 2019-068), was found in thin veins of 
rankinite paralava in gehlenite hornfels of the pyrometamor-
phic Hatrurim Complex in the Negev Desert, Israel. Paralava 
with bennesherite was found in the immediate vicinity of Ben 
Nesher Mount, from which the mineral name derives. This 
rankinite paralava is a source of several new minerals, among 
which Ba-bearing minerals are predominant, such as zadovite 
= BaCa6[(SiO4)(PO4)](PO4)2F; aradite = BaCa6[(SiO4)(VO4)]
(VO4)2F; hexacelsian = BaAl2Si2O8; and gurimite = Ba3(VO4)2 
(Galuskin et al. 2015; Galuskina et al. 2017a).

Bennesherite is the first barium member of the melilite 
group combining seven OH-free minerals and one OH-bearing 
(Table 1). In a melilite structure with the general formula 
X2T1[(T2)2O7] (Bindi et al. 2001; Table 1), layers composed 
of eightfold-coordinated cations, where X = Ca, Na, Sr, K, Ba, 
 (vacancy), intercalate with layers formed by a tetrahedrally 
coordinated T1 and T2, where T1 = Mg, Al, Fe2+, Fe3+, Be, Zn, 
B, Si; and T2 = Si, Al, B, Be. Two T2 tetrahedra are linked and 
form (T2)2O7 dimers.

It should be underlined that very small (~10 µm) mineral 
grains with the empirical formula (Ba1.6Sr0.2Ca0.2)FeSi2O7, i.e., 
with a chemical composition close to bennesherite, were detected 
in leucite- and melilite-bearing nephelinite from Nyiragongo in 

the Virunga volcanic province, Democratic Republic of Congo 
(Andersen et al. 2014). These rocks contain the other rare barium 
sorosilicate–andrémeyerite, BaFe2

2+Si2O7, composed of the same 
chemical constituents as bennesherite, but with a different 
Ba:Fe2+ atomic ratio. This different ratio is related to the different 
structural arrangements of these two phases (Sahama et al. 1973).

Bennesherite has synthetic structural analogs: Ba2MgSi2O7 
(Shimizu et al. 1995), Ba2CoSi2O7 (El Bali and Zavalij 2003), 
Ba2CuSi2O7 (Du et al. 2003), and Ba2MnSi2O7 (Sale et al. 2019). 
Ito and Hafner (1974) also used synthetic Ba2Fe2+Si2O7 as a 
standard for Mössbauer measurements of gadolinite spectra. 
Synthetic “barium ferroåkermanite,” Ba2Fe2+Si2O7, was used 
for the study of the valence changing and structural state of 
iron during melting experiments with the help of Mössbauer 
spectroscopy (Bychkov et al. 1992).

In rankinite paralava, bennesherite intergrows with struc-
turally related fresnoite, Ba2TiO(Si2O7). The main difference 
between the structures of these minerals is that the Т1 (Fe2+O4)6− 
tetrahedron in the tetrahedral layer of the bennesherite structure 
is replaced by a (TiO5)6− tetragonal pyramid in the fresnoite 
structure (Moore and Louisnathan 1969; Bindi et al. 2006). 
Fresnoite is a rare mineral discovered in sanbornite-bearing 
metamorphic rocks from the Rush Creek deposit, eastern Fresno 
County, California, U.S.A., (Alfors et al. 1965) and later found 
in several localities (Chukanov et al. 2011; Andersen et al. 2014; 
Solovova et al. 2006; Peretyazhko et al. 2018).

In this paper, we describe the new mineral bennesherite, as 
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well as provide new data on the composition and structure of the 
associated fresnoite. A small polished fragment of paralava with 
several grains of bennesherite has been deposited in the Fersman 
Mineralogical Museum in Moscow, Russia, with the catalog 
number 97004. Investigations of the mineral composition, optical 
properties, Raman spectroscopy, and structure refinement were 
performed on bennesherite grains from this specimen.

Experimental methods
Several small fragments of gehlenite hornfels with rankinite-bearing paralava 

veins (Fig. 1) are the source of bennesherite and fresnoite grains up to 80 µm in 
size, which are the main objects of the study.

The morphology and composition of the minerals were studied using optical 
microscopy, a scanning electron microscope (Phenom XL, Institute of Earth Sci-
ences, University of Silesia), and an electron microprobe analyzer (Cameca SX100, 
Institute of Geochemistry, Mineralogy, and Petrology, University of Warsaw). 
Chemical analyses were carried out (WDS-mode, 15 keV, 20 nA, ~1 µm beam 
diameter) using the following lines and standard materials: NaKα = albite; SiKα, 
CaKα, MgKα = diopside; AlKα, KKα = orthoclase; ZnKα = ZnAs2; MnKα = rho-
donite; FeKα = Fe2O3; BaLα = baryte; SrLα = celestine; TiKα =TiO2.

The Raman spectra of bennesherite and fresnoite were recorded on a WITec 
α 300 R Confocal Raman Microscope (Institute of Earth Science, University of 
Silesia, Sosnowiec, Poland) equipped with an air-cooled solid-state laser (532 nm) 
and a CCD camera operating at –61 °C. The laser radiation was coupled to a mi-
croscope through a single-mode optical fiber with a diameter of 3.5 µm. A Zeiss 
LD EC Epiplan-Neofluan DIC-100/0.75 NA objective was used. Raman scattered 
light was focused on a broadband single-mode fiber with an effective pinhole size 
of about 30 µm, and a monochromator with a 600 mm−1 grating was used. The 
power of the laser at the sample position was ~40 mW. The integration time of 
measurement was 5 with the accumulation of 20 scans and the resolution of 3 cm−1. 
The monochromator was calibrated using the Raman scattering line of a silicon 
plate (520.7 cm−1). Spectra processing, such as baseline correction and smooth-
ing, was performed using the SpectraCalc software package GRAMS (Galactic 
Industries Corporation, New Hampshire, U.S.A.). Band fitting was performed using 
a Gauss-Lorentz cross-product function, with a minimum number of component 
bands used for the fitting process.

Single-crystal X‑ray studies of bennesherite grain 30 × 30 × 20 µm in size, 
were carried out with a STOE IPDS-II diffractometer (two-circle goniometer, image 
plate detector) with MoKα radiation (λ = 0.71073 Å). Data were processed using 
X-Area software (Stoe and Cie 2002), and full-matrix, least-squares calculations 
were performed with the program package SHELX-97 (Sheldrick 2008). As a 
starting model, the structure of the synthetic Ba2MgSi2O7 (Shimizu et al. 1995) 

was used. Sections of reciprocal space were analyzed, and no additional reflections 
were observed that would implicate a modulated structure. Experimental data are 
shown in Online Materials1 Table OM1. The bennesherite structure was refined to 
R1 = 0.045, taking into consideration the replacement of Ba/Ca on the X-site and 
Fe/Mg on the T1-site. The T2 position is fully occupied by Si. The atom coordinates 
(x, y, z) and equivalent isotropic displacement parameters, as well as anisotropic 
displacement parameters and selected interatomic distances are given in Online 
Materials1 Tables OM2, OM3, and OM4, respectively. The refined chemical formula 
of bennesherite is (Ba1.70Ca0.30)(Fe1.62Mg0.38)Si2O7.

Single-crystal synchrotron radiation diffraction experiments on a fresnoite 
grain (30 × 20 × 20 µm in size), separated from intergrowths with bennesherite, 
were performed at the X06DA beamline at the Swiss Light Source (Paul Scherrer 
Institute, Villigen, Switzerland). The beamline was equipped with a PILATUS 
2M-F detector. The radiation source was an SLS super-bending magnet (2.9 T). 
A wavelength of λ = 0.70848 Å was obtained by using a Bartels monochromator. 
The detector was placed 90 mm from the sample, with a vertical offset of 60 mm, 

Figure 1. Veins of coarse-grained andradite-gehlenite-rankinite 
paralava within gehlenite hornfels from the Gurim Anticline. The 
main minerals of this paralava are distinguished by their color: 
andradite enriched with titanium is black; the melilite of the gehlenite-
alumoåkermanite series is brown to yellow-brown; rankinite, fluorapatite, 
kalsilite, and cuspidine are light-brown, pink, light-gray, or colorless; 
secondary Ca-hydrosilicates are chalk white.

Table 1. Physical properties of bennesherite and selected minerals of the melilite group
Mineral species	 End-member	 Crystal data	 Density	 Optical properties
Bennesherite (this study)	 Ba2Fe2+Si2O7	 P421m	 4.27 g/cm3 (calc)	 (–)
		  a = 8.2334(14) Å		  nω = 1.590(2)
		  c = 5.2854(8) Å		  nε = 1.575(2)
Åkermanite [1,2,3]	 Ca2Mg(Si2O7)	 P421m	 2.944 g/cm3	 (+)
		  a = 7.8288(8) Å		  nω = 1.6326
		  c = 5.0052(5) Å		  nε = 1.6407
Alumoåkermanite [4]	 (Ca,Na)2(Al,Mg,Fe2+)(Si2O7)	 P421m	 2.96(2) g/cm3	 (–)
		  a = 7.7661(4) Å		  nω = 1.635(1)
		  c = 5.0297(4) Å		  nε = 1.626(1)
Gehlenite [2,5]	 Ca2Al(AlSiO7)	 P421m	 3.038 g/cm3	 (–)
		  a = 7.7173 Å		  nω = 1.669
		  c = 5.0860 Å		  nε = 1.658 (synthetic)
Hardystonite [2,6]	 Ca2Zn(Si2O7)	 P421m	 3.39–3.44 g/cm3	 (–)
		  a = 7.8279(10) Å		  nω = 1.669
		  c = 5.0138(6) Å		  nε = 1.657
Okayamalite [7]	 Ca2B(BSiO7)	 P421m	 3.30 g/cm3 (calc)	 (–)
		  a = 7.116 Å		  nω = 1.700
		  c = 4.815 Å		  nε = 1.696
Gugiaite [8,9]	 Ca2Be(Si2O7)	 P421m	 3.0336 g/cm3	 (+)
		  a = 7.43 Å		  nω = 1.664
		  c = 5.024 Å		  nε = 1.672
Hydroxylgugiaite [10]	 (Ca,)2(Be,Si)[(Si,Be)2O5(OH)2]	 P421m	 2.79 g/cm3 (calc)	 (+)
		  a = 7.4151(2) Å		  nω = 1.622(2) 
		  c = 4.9652(1) Å		  nε = 1.632(1) 
Notes: 1 = Swainson et al. (1992); 2 = Anthony et al. (2003); 3 = Medenbach and Shannon (1997); 4 = Wiedenmann et al. (2009); 5 = Louisnathan (1971); 6 = Louis-
nathan (1969); 7 = Matsubara et al. (1998); 8 = Peng et al. (1962); 9 = Yang et al. (2001); 10 = Grice et al. (2017).
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resulting in a maximum resolution of 0.7 Å. A total of 1800 frames were recorded 
using a fine-sliced (0.1°) ω-scan at 0.1  s per frame. Lattice parameters were 
determined using CrysAlisPro (Agilent 2014), whereas the data reduction was 
processed with XDS (Kabsch 2010). The fresnoite structure was refined to R1 = 
0.019, starting from the known fresnoite structure model (Moore and Louisnathan 
1967). Experimental details are given in Online Materials1 Table OM5. The atom 
coordinates and equivalent isotropic displacement parameters are presented in 
Online Materials1 Table OM6, as well as the anisotropic displacement parameters in 
Online Materials1 Table OM7 and selected interatomic distances in Online Materi-
als1 Table OM8. The T1 and T2 sites are fully occupied by Ti and Si, respectively. 
The refined chemical formula of fresnoite is (Ba1.94Ca0.06)TiO(Si2O7).

Occurrence and description of bennesherite
Bennesherite was discovered in the small veins of coarse-

grained andradite-rankinite paralava (Fig. 1) within gehlenite-
larnite hornfels found at the Gurim Anticline in the Hatrurim 
Complex (Mottled zone), Negev Desert, Israel (Krzątała et al. 
2020). The type locality (N 31°12.5′ E35°15.7′) is situated near 
Arad city, in the central part of the biggest pyrometamorphic rock 
area in Israel, named the Hatrurim Basin (Gross 1977; Burg et al. 
1991, 1999; Vapnik et al. 2006; Novikov et al. 2013). The rocks 
of the complex, represented mainly by spurrite marbles, larnite 
conglomerates and gehlenite hornfels, are distributed along the 
Dead Sea rift in the territories of Israel, Palestine, and Jordan 
(Bentor et al. 1963; Gross 1977; Novikov et al. 2013). Scientists 
generally accept that the terrigenous-carbonate protolith of the 
Hatrurim Complex was subjected to combustion processes, but 
the origin of the complex is still debated. The geology and genetic 
hypotheses of the Hatrurim Complex have already been discussed 
in some detail (Bentor et al. 1963, 1981; Gross 1977; Minster et 
al. 1997; Vapnik et al. 2007; Sokol et al. 2010, 2012; Novikov et 
al. 2013; Galuskina et al. 2014).

The presence of paralava veins in gehlenite hornfels suggests 
that local pyrometamorphic processes had to be very intense, 
causing partial or bulk melting of the protolith. The melt crystal-
lization can be confirmed by the presence of eutectic intergrowths 
of schorlomite-andradite or gehlenite with flamite, as well as 
walstromite with kalsilite, in the paralava (Gfeller et al. 2015a; 
Krzątała et al. 2020). The presence of pseudowollastonite in some 
coarse-grained paralavas  clearly suggests that these rocks crystal-
lized from the melt at temperatures of least 1125 °C (Seryotkin 
et al. 2012). Additionally, coarse-grained rock-forming minerals 
of paralava (garnet, melilite, rankinite, fluorapatite, and wollas-
tonite) contain melt inclusions with a recorded homogenization 
temperature of 1200–1250 °C (Sharygin et al. 2006).

The studied andradite-rankinite paralava from the Gurim An-
ticline is mainly composed of garnet of the andradite-schorlomite 
series, melilite of the gehlenite-alumoåkermanite series, rankinite, 
and fluorapatite. The minor minerals are wollastonite, flamite, and 
kalsilite. Hematite, members of the magnesioferrite-magnetite 
series and zadovite-aradite series, walstromite, cuspidine, fres-
noite, native copper, gurimite, celsian, hexacelsian, perovskite, 
combeite-like phase, vorlanite, chalcocite, chalcopyrite, and a 
heazlewoodite-like mineral are accessory minerals. The second-
ary minerals are represented by zeolites, tacharanite, afwillite, and 
tobermorite-like Ca-hydrosilicates.

Bennesherite is a very rare mineral and together with fres-
noite occurs in small intergranular spaces between rock-forming 
minerals associated with other barium minerals such as gurimite, 
walstromite, hexacelsian or celsian, zadovite, and baryte (Fig. 2). 

Particularly conspicuous is the fact that fresnoite occurs as a more 
stable mineral and does not exhibit an imprint of low-temperature 
alteration, where nearby bennesherite grains show edges substituted 
by late hydrosilicates (Fig. 2b). Sometimes epitaxial intergrowths 
of bennesherite and fresnoite are observed (Fig. 2d).

The bennesherite crystals, up to 80 µm long, exhibit a light yel-
low to lemon color and a white streak. The crystals are transparent 
and have a vitreous luster. They are characterized by good cleavage 
on (001). Parting is not observed, tenacity is brittle, and fracture 
is conchoidal. Bennesherite is uniaxial (–) with refractive indices 
(589 nm) nω = 1.711(2), nε = 1.708(2). The calculated density, based 
on the average chemical composition and unit-cell parameters, is 
4.39 g/cm3. Micro-hardness measurements gave a mean VHN25 

value of 540 kg/mm2 (ranging from 527 to 565 kg/mm2) based on 12 
measurements. This value corresponds to a Mohs hardness of ca. 5.

The chemical data for bennesherite from the Gurim Anti-
cline are presented in Table 2. The empirical formula calcu-
lated on the basis of seven oxygen atoms per formula unit is  
(Ba1.706Ca0.249Sr0.042Na0.026K0.016)Σ2.040(Fe2+

0.774Mg0.087Al0.051Fe3+
0.035 

Mn2+
0.019Zn0.015)Σ0.982Si1.978O7 and can be simplified to Ba2Fe2+(Si2O7). 

Bennesherite shows a relatively constant composition, with the 
highest variations observed in the number of minor elements like 
Ca, Sr, and Mg (Table 2).

Fresnoite associated with bennesherite forms crystals with a 
more intense yellow color than bennesherite. Its crystals reach 
40 µm in size. Fresnoite is characterized by a constant composition 
(Table 2). The empirical formula of the investigated crystals is as 
follows: (Ba1.90Ca0.04Na0.02)Σ1.96(Ti0.97Fe3+

0.06)Σ1.03[(Si1.97Al0.04)Σ2.01O7]O.

Table 2.	 Chemical compositions (in wt%) of bennesherite and fresnoite 
from the Gurim Anticline, Israel

	 Bennesherite 	 Fresnoite
	 Mean	 S.D.	 Range	 Mean	 S.D.	 Range
	 n = 11			   n = 10		
SiO2	 25.10	 0.40	 24.35–25.75	 23.82	 0.15	 23.56–24.09
TiO2	 –			   15.55	 0.55	 14.50–16.18
Fe2O3	 0.07a	 		  0.90	 0.46	 0.28–1.77
Al2O3	 0.55	 0.07	 0.44–0.67	 0.38	 0.03	 0.32–0.41
BaO	 55.23	 1.35	 51.35–56.38	 58.64	 0.24	 58.30–59.01
SrO	 0.93	 0.27	 0.50–1.65	 –		
ZnO	 0.26	 0.05	 0.18–0.35	 –		
FeO	 12.21	 0.95	 10.88–13.81	 –		
MnO	 0.28	 0.09	 0.21–0.46	 –		
CaO	 2.95	 0.61	 2.41–4.40	 0.45	 0.12	 0.19–0.62
MgO	 0.74	 0.19	 0.45–1.10	 –		
K2O	 0.16	 0.03	 0.11–0.21	 –		
Na2O	 0.17	 0.03	 0.13–0.22	 0.11	 0.02	 0.08–0.13
  Total	 98.66			   99.85		

Calculated on 7 O atoms
Ba2+	 1.706			   1.909		
Ca2+	 0.249			   0.037		
Sr2+	 0.042					   
Na+	 0.026			   0.018		
K+	 0.016					   
Sum X	 2.040	 		  1.964	 	
Fe2+	 0.774			   0.056		
Ti4+	 –			   0.972		
Mg2+	 0.087					   
Al3+	 0.051					   
Mn2+	 0.019					   
Zn2+	 0.015					   
Fe3+*	 0.035					   
Sum T1	 0.982	 		  1.028	 	
Si4+	 1.978			   1.979		
Al3+	 –			   0.037		
Sum T2	 1.978	 		  2.026
Note: n = number of analyses; S.D. = 1σ = standard deviation. a Calculated on 
charge balance.
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Figure 2. Backscattered 
e lec t ron  (BSE)  images  of 
bennesherite in paralava from 
the Gurim Anticline: (a) Crystals 
of bennesherite occur between 
rock-forming minerals, the frames 
point out the magnified fragment 
shown in b. (b) Bennesherite 
in association with fresnoite. (c 
and d) Bennesherite is in small 
cavities within the rankinite 
crystals together with other 
barium minerals such as fresnoite, 
walstromite, celsian, or zadovite. 
The framed fragment is magnified 
and shown in d. Labels: Bns = 
bennesherite, Cls = celsian, Csp 
= cuspidine, Fre = fresnoite, Gh 
= gehlenite, HSi = hydrosilicate 
of calcium, Kls = kalsilite, Mgt = 
magnetite, Rnk = rankinite, Wls = 
walstromite, Zdv = zadovite.

Raman investigation
The Raman spectrum of bennesherite (Fig. 3a) differs signifi-

cantly from the spectra of the melilite group minerals and their 
synthetic analogs in the 500–800 cm−1 range (Sharma et al. 1983; 
Bouhifd et al. 2002; Hanuza et al. 2012). In the bennesherite 
spectrum, bands observed in the 890–1060 cm−1 range correspond 
to stretching antisymmetric νas(Si-O-Si) and symmetric νs(SiO3) 
vibrations (Sharma et al. 1983): 1015 cm−1 νas(Si-O-Si); 970 and 
912 cm−1 νs(SiO3). The bands in the range from 370 to 860 cm−1 
are strongly coupled, and the majority exhibit a mixed nature. 
These appear in the Raman spectra of both bennesherite and 
other melilite-related phases (Hanuza et al. 2012). A shoulder 
at 823 cm−1 is interpreted as the vibration modes of νas(SiO3) + 
γ(Si-O-Si) (out-of-plane vibrations of the bridge). The bands at 
702 and 669 cm−1 are determined by the νs(Si-O-Si)+νs(SiO3) 
vibrations, and the bands at 635, 611, 585, and 563 cm−1 are 
connected with bending δs(SiO3) + translation T′(Ba2+) + stretch-
ing νs(Fe2+O4)6− vibrations (Fig. 3а). The stretching vibrations 
of νs(Fe2+O4)6– are probably the main contribution to the band at 
585 cm−1. For comparison, in eltyubyuite, Ca12Fe3+

10Si4O32Cl2, the 
band from νs(Fe3+O4)5− vibrations is at about 730 cm−1 (Gfeller 
et al. 2015b). The bands at 469, 434, and 411 cm−1 in the ben-
nesherite Raman spectrum correspond to the bending vibrations 
of δas(SiO3)+δ(Si-O-Si) (in-plane vibrations of the bridge), with a 
likely contribution from T′(Ba2+)+T′(Fe2+) vibrations. In the lower 

range, the band at 308 cm−1 is mainly related to ρ(SiO3) (rocking 
vibrations), whereas the band at 272 cm−1 is related to δ(Si-O-Si) 
vibrations (Hanuza et al. 2012). The broad band, centered near 

Figure 3. Raman spectra of (a) bennesherite, Ba2Fe2+Si2O7 and 
(b) fresnoite, Ba2TiO(Si2O7) in paralava from the Hatrurim Complex.
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128 cm−1, is ascribed to Ва-О vibrations.
The Raman spectrum of fresnoite (Fig. 3b) associated with 

bennesherite is distinguished from the spectra of the melilite group 
minerals and is similar to the fresnoite spectra presented by other 
authors (Blasse 1979; Gabelica-Robert and Tarte 1981). The strong 
bands in the spectrum of Israeli fresnoite, at 860 and 874 cm−1, 
have a complex nature. They are defined by νs(SiO3) vibrations 
in (Si2O7)6− and ν(Ti-Oap) vibrations in the (TiO5)6− tetragonal 
pyramid (Gabelica-Robert and Tarte 1981), in which the apical 
oxygen is spaced at an anomalously short distance –Ti-Oap ≈ 1.69 Å 
(see description of the structure below). The band at 664 cm−1 is 
related to stretching vibrations νs(Si-O-Si), and the bands at 599, 
341, and 273 cm−1 are connected with bending δ(SiO3) and δ(Si-
O-Si) vibrations in (Si2O7)6− (Gabelica-Robert and Tarte 1981).

Single-crystal data of bennesherite and associated fresnoite
Bennesherite, Ba2Fe2+Si2O7, with a P421m space group and a 

= 8.2334(14) Å, c = 5.2854(8) Å cell parameters is isostructural 
with sorosilicates of the melilite group with the general formula 
X2T1[(T2)2O7] (Bindi et al. 2001; Table 1). In the bennesherite 
structure (Figs. 4a–4c; Online Materials1 Tables OM1–OM4), 
layers of eightfold-coordinated Ba cations intercalate with lay-
ers formed by tetrahedrally coordinated T1 = Fe2+, Mg, and T2 
= Si. Two T2O4 tetrahedra form (Si2O7) dimers. The Ba atom is 
coordinated by eight O atoms with the bond distance ranging from 
2.609 to 2.908 Å and an average Ba-O distance of 2.776 Å (Online 
Materials1 Table OM4). The smaller SiO4 tetrahedra exhibit an 
average bond distance of 1.632 Å, but they are highly irregular 
with distances ranging from 1.583(19) to 1.651(14) Å (Online 
Materials1 Table OM4). The larger T1O4 tetrahedra are regular with 
four equal T1-O bonds of 1.957(14) Å and flattened along [001] 
(Fig. 4b). Researchers have observed this type of deformation of 
the T1O4 tetrahedron in other melilite group members (Swainson 
et al. 1992; Kusaka et al. 1998; Bindi et al. 2001; Hejny et al. 
2016). Bond valence sum calculations indicate that the iron in 
bennesherite is mainly represented by Fe2+ (Online Materials1 
Table OM9). No twinning and no additional reflections, which 
would implicate a modulated structure, were observed in the XRD 
data of bennesherite.

Still, after the full refinement of the bennesherite structure, two 
residual electron density maxima can be observed in the difference-
Fourier map. The first peak with 2.6 e–  is at (0 0 0.1716) and 
0.91 Å from the Fe1/Mg1 position. The second peak at (0 0 0.5) is 
1.75 e– high and is at a distance of 2.46 Å from O3 and 2.64 Å to 
T1. In our opinion, these additional peaks are contributions from 
another grain. Sections of reciprocal space showed additional re-
flections from a second intergrown grain with a slightly different 
orientation. These reflections are weak but at low angles partially 
overlap with reflections from the studied crystal. We have also 
considered the following options and they are do not explain the 
additional peaks:

(1) Part of the grain, maybe some small domain, could have a 
fresnoite structure (with a fivefold-coordinated Fe1/Mg1 position). 
Possible intergrowth of this additional “phase” with our structure 
would not match with the positions of the additional peaks. And the 
resulting fivefold-coordinated polyhedra would be very deformed 
with some extra short and extra-long non-meaningful bonds.

(2) Part of the grain (some domain) has a monoclinic structure 

(C2/c, Z = 4) like Ba2MgSi2O7 (Aitasalo et al. 2006) or Ba2Zn-
Si2O7 (Kaiser and Jeitschko 2002). The overlap of monoclinic 
and tetragonal “phases” does not correspond to the additional 
peak positions.

As bennesherite forms oriented intergrowths with fresnoite in 
rankinite paralava from Israel (Fig. 2d), it was decided to study the 
structure of the fresnoite (Online Materials1 Tables OM5–OM8) 
and compare its structure with that of bennesherite. Fresnoite 
also crystallizes in a non-centrosymmetric tetragonal system like 
bennesherite, but in a different space group (P4bm). The obtained 
unit-cell parameters, a = 8.5262(5) Å, c = 5.2199(4) Å, are close 
to the data presented by Alfors (1965). The structure of fresnoite 
is similar to that of bennesherite (Fig. 4). The main difference is 
that a T1 site is occupied by Fe2+/Mg in bennesherite and by Ti4+ 
in fresnoite. The Ti atoms have an unusual fivefold coordination at 
the tetragonal-pyramidal site (Fig. 4f). The Ti1 site is coordinated 
by five oxygen atoms with four bonds Ti-O = 1.971(3) Å (square), 
and the anomalously short bond to the apical oxygen (Ti-O4) is 
1.694(7) Å (Online Materials1 Table OM8). The Ba-site in fresnoite 
is coordinated by eight O atoms with the bond distance in the range 
of 2.653–3.003 Å, at an average distance of 2.850 Å. The average 
Si-O bond distance in SiO4 tetrahedra is 1.623 Å, with the bonds 
ranging from 1.592 to 1.660 Å. 

Discussion
Currently, eight mineral species are combined in the melilite 

group: åkermanite, alumoåkermanite, bennesherite, gehlenite, 
gugiaite, hardystonite, hydroxylgugiaite, and okayamalite 
(Table 1). In our opinion, the two minerals of the melilite group, 
alumoåkermanite [IMA 2008-049] and hydroxylgugiaite [IMA 
2016-009], do not conform to the CNMNC-IMA requirements 
because their compositions are not compliant with the end-
member formula. Alumoåkermanite, (Ca,Na)2(Al,Mg,Fe2+)
Si2O7, is approved as the mixture of the two end-members in a 
50/50 ratio—theoretical “soda-melilite”, (NaCa)AlSi2O7, and 
gehlenite, Ca2Al(AlSi)O7 (Wiedenmann et al. 2009; Krzątała et 
al. 2020). Hydroxylgugiaite, (Ca3)Σ4Si2(Be2.5Si1.5)Σ6O11(OH)3, 
has more than one site with double-site occupation (Grice et 
al. 2017).

The theoretical end-members of “ferrogehlenite,” 
Ca2Fe2+Si2O7, and “ferrigehlenite,” Ca2Fe3+AlSiO7, are often 
used to recalculate the chemical analyses of the melilite group 
minerals to end-member formulas. We have found a mineral with 
a chemical composition close to “ferrigehlenite,” ≈ (Ca1.8Na0.2)
(Fe3+

0.65Al0.35)(Si1.2Al0.8)O7, in association with khesinite in the 
schorlomite-rankinite paralava of the Hatrurim Complex. 
However, further structural investigation resulted in the refined 
formula ~Ca1.8Na0.2(Al0.7Fe0.30)(Si1.2Al0.45Fe0.36)O7, showing that 
Fe atoms in its structure are equally allocated to Т1 and Т2 sites 
(our unpublished data). Similar Fe3+ distribution was noted for 
the synthetic phases of the Ca2MgSi2O7–Ca2Fe3+AlSiO7 series 
(Hamada and Akasaka 2013). For this reason and that the total 
ratio of Al > Fe3+, this “ferrigehlenite” is formally gehlenite. It 
is interesting that the “ferrigehlenite” described from coal-fire 
buchite from Buffalo, Wyoming, U.S.A. (Foit et al. 1987) turned 
out to be a khesinite Ca4Mg2Fe3+

10O4[(Fe3+
10Si2)O36], the rhönite 

group mineral described 30 years later (Galuskina et al. 2017b).
It is necessary to add that, according to the structural hierar-
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Figure 4. The structure of bennesherite (a, b, and c) and fresnoite (d, e, and f). (a and d) (001) projection; (b and e) tetrahedral layer; (c and f) 
(100) projection. Ba/Ca-polyhedra (spheres) have a gray color, Fe/Mg-tetrahedra have a green color, Ti-pyramids have a purple color, and Si-
tetrahedra have a navy-blue color.

chy of the sheet silicates (Hawthorne et al. 2019), the minerals 
leucophanite, meliphanite, and jeffreyite have a melilite-related 
structure. The chemical composition and topology of their sheets 
are more complex compared to melilite-type minerals (Grice 
and Robinson 1984; Grice and Hawthorne 1989; Cannillo et al. 
1992; Bindi et al. 2003; Lyalina et al. 2019).

Bennesherite, Ba2Fe2+Si2O7, is the first natural melilite 
with a big cation at the X-site. Geometrical restrictions of the 

melilite structure exist in terms of the size of the tetrahedral 
cations with respect to the size of the interlayer X cations. 
The greater the size of the T1 and T2 tetrahedra in comparison 
with the X-site polyhedron (T/X ratio), the bigger the internal 
structural strains between the tetrahedral and polyhedral lay-
ers and, as a result, consequent deformation of the tetrahedral 
layers and structure modulation appear (Seifert et al. 1987; 
Giuli et al. 2000). In Figure 5, the structural parameters: 
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{T1-O3-T2}° angle, tetrahedra angular distortions σ2
T1 and 

σ2
T2, calculated for the Т1 and Т2 tetrahedra, respectively, ac-

cording to the formula by Robinson et al. (1971), are plotted 
against the T/X ratio for several melilite-type compounds. The 
T/X ratio, calculated as [(T1-O)mean + 2·(T2-O)mean]/3·(X-O)mean  
(Giuli et al. 2000), for bennesherite is equal to 0.627, which 
is the lowest value among the known melilite group minerals 
(Fig. 5) and indicates that this mineral shows the least misfit 
between the tetrahedral and ВаО8 layers. Formerly, okaya-
malite, Ca2B2SiO7, was considered as the mineral with the 
least T/X parameter (Giuli et al. 2000; Fig. 5). The relatively 
low misfit of tetrahedral and polyhedral layers in bennesherite, 
which does not favor the formation of incommensurate modula-
tion of structure, is determined by the big angle {T1-O3-T2}° = 
125.6°, the relatively small value of angular distortion of the T2 
tetrahedron, σ2

T2 = 39.4, and the high value of angular distortion of 
the T1 tetrahedron, σ2

T1 = 143.5, in comparison with other miner-
als of the melilite group (Fig. 5). At the same time, a synthetic 
Mg-analog of bennesherite, Ba2MgSi2O6 (Shimizu et al. 1995), 
is characterized by a T/X ratio = 0.625 and angle {T1-O3-T2}° = 
124.6°, similar to bennesherite, and also by a relatively weaker 
angular distortion of the tetrahedra: σ2

T1 = 84.1 and σ2
T2 = 28.2, 

respectively. The synthetic phase Ba2CuSi2O7, which has a more 
deformed T1 tetrahedron with the highest angular distortion σ2

T1 
= 199.7, is characterized by the lowest T/X ratio = 0.62 (Fig. 5). 
Replacement of Si by Ge in the T2 tetrahedron of Ba-melilites 
significantly promotes the misfit of the tetrahedral and poly-
hedral layers, for example, the T/X ratios for Ba2FeGe2O7 and 
Ba2CuGe2O7 are 0.65 and 0.647, respectively (Fig. 5). Generally, 
for melilite-type structures, low values of the T/X ratio cause 
greater angular distortion of T1 and a lower angular distortion 
of T2, and increase the angle {T1-O3-T2}°, which is the most 
noticeably manifested for Ba-melilites (Fig. 5). In Ba-melilites, 
the large cation at the X-site defines the T1 and T2 tetrahedra 
geometry, influencing the best atomic arrangement to minimize 
the intrinsic structural strain between the tetrahedral and XO8 
layers. Consequently, in bennesherite, the potential isomorphic 
replacement of Fe2+ by other divalent elements, for example, 
Mg, Mn2+, Zn, should not cause structural tensions leading to 
incommensurate modulation.

The genesis of the unusual barium mineralization in the 
rankinite paralava of the Hatrurim Basin has been previously 
discussed (Galuskina et al. 2017a; Krzątała et al. 2020). Crystal-
lization of the melilite group minerals in rankinite paralava from 
the Hatrurim Complex has exposed two general trends: in later 
zones of gehlenite, the Fe3+ content increases, whereas in later 
zones of åkermanite-alumoåkermanite minerals, increasing con-
tent of Fe2+ is noted (Krzątała et al. 2020). Generally, the paralava 
crystallizes from Ca-rich silicate melt. This is indicated by the 
eutectic structures of flamite + Ti-bearing andradite, flamite + 
gehlenite, and walstromite + kalsilite (Gfeller et al. 2015a; Sokol 
et al. 2015; Krzątała et al. 2020). Bennesherite and fresnoite are 
found in small intergranular spaces between the larger crystals 
of gehlenite, Ti-rich andradite, rankinite, and fluorapatite. Crys-
tallization of relatively large crystals of rock-forming minerals 
began from cracks in walls forming a solid rock skeleton filled by 
residual melt. These portions of compositionally inhomogeneous 
residual melt are the source of material from which later zones of 

rock-forming minerals are grown. In the last portions of residual 
melt, elements incompatible with rock-forming minerals (in these 
conditions) accumulated and that resulted in the crystallization 
of diverse minerals containing Ba, V, P, U, S, and Nb (Ga-

Figure 5. (a and b) Values of angular distortion σ2
 calculated according 

to Robinson et al. (1971) plotted against the T/X ratio. (c) Values of the 
{T1-O3-T2}° angle plotted against the T/X ratio. Data used to create the 
graphs are presented in Online Materials1 Table OM10. Symbols: triangle 
= Ba-melilite; cross = Ba-free melilite; red color = minerals of the melilite 
group or its synthetic analogs; green color = synthetic phase. 1 = Ba2FeSi2O7 
(this work); 2 = Ba2CuSi2O7 (Du et al. 2003); 3 = BaMgSi2O7 (Shimizu et al. 
1995); 4 = Ba2CoSi2O7 (El Bali and Zavalij 2003); 5 = Ba2MnSi2O7 (Sale et al. 
2019); 6 = Ba2CuGe2O7 (Tovar et al. 1998); 7 = Ba2FeGe2O7 (Malinovskii 
et al. 1976); 8 = Ca2SiB2O7 (Giuli et al. 2000); 9 = Sr2Al2SiO7 (Kimata 1984); 
10 = Ca2BeSi2O7 (Kimata and Ii 1982); 11 = Sr2MgSi2O7 (Kimata 1983a); 
12 = (NaCa)AlSi2O7 (Louisnathan 1970); 13 = Ca2Al2SiO7 (Kimata and Ii 
1982); 14 = Ca2CoSi2O7 (Kimata 1983b); 15 = Ca2MgSi2O7 (Kimata and 
Ii 1981); 16 = Ca2ZnSi2O7 (Louisnathan 1969); 17 = Y2SiBe2O7 (Bartram 
1969); 18 = Ca2ZnGe2O7 (Armbruster et al. 1990).
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luskina et al. 2017a; Krzątała et al. 2020). In these small melt 
portions, conditions for the simultaneous crystallization of ben-
nesherite and fresnoite appeared. The structural similarity of 
bennesherite and fresnoite (Fig. 4) determines the possibility of 
their epitaxial intergrowing on (001) (Fig. 2d). The generation 
of bennesherite growth layers on fresnoite begins on polyhedral 
layers, as their tetrahedral layers show significant distinctions. In 
the bennesherite and fresnoite structures, the (Si2O7)6− dimers are 
differently oriented. In the fresnoite apices, all SiO4-tetrahedra 
are oriented in the same direction. The bases of the tetrahedra 
are spread about the same plane ~(001) and are connected to the 
corners of the square bases of the (TiO5)6− pyramids (Fig. 4). In 
the same type of layers in the bennesherite structure, the apices 
of the tetrahedra in the (Si2O7)6− dimers alternately point to the 
opposite sides (along the c axis). In this way, the flattened T1O4-
tetrahedra connect at the edges, with the apices of two dimers 
pointing up and two pointing down (Fig. 4c).

In conclusion, it can be emphasized that the elasticity of the 
structure of the melilite group minerals and other minerals with 
similar structures, for example fresnoite, determines not only 
their chemical diversity but generates the possibility for an 
epitaxial intergrowing formation of these minerals.

Implications
Rankinite paralava fills cracks in hornfelses with a mineral 

composition close to this paralava, and contains minerals, which 
indicate their crystallization under oxidized conditions, for example, 
barioferrite, BaFe3+

12O19 (Murashko et al. 2011; Krzątała et al. 2018) 
or vorlanite CaU6+O4 (Galuskin et al. 2013). Small amounts of Fe2+ 
in the minerals of rankinite paralava were detected in the magnesio-
ferrite-trevorite-magnetite and åkermanite-gehlenite mineral series 
(Sharygin et al. 2013; Krzątała et al. 2020). The genesis of the Fe2+-
bearing bennesherite in the rankinite paralava in a small portion of 
residual melt of first cubic millimeters in volume can be connected 
not only with low-oxygen fugacity and the chemical composition 
of this melt but also with specific growth effects. Bennesherite, 
as a rule, forms intergrowths with structurally related fresnoite, 
which can play the role of a catalyst and an epitaxial substrate for 
bennesherite nucleation and growth. The crystal chemistry features 
of bennesherite determine the stabilization of Fe2+ in the structure. 
Thus, in the high-temperature rocks of the Hatrurim Complex, one 
can expect to find unusual minerals, compositions, and structures, 
which do not correspond to the general thermdynamic conditions of 
rock formation because a key role was played by kinetic and crystal 
chemical factors during their genesis.
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