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Abstract: Xenophyllite, ideally Na4Fe7(PO4)6, is a rare meteoritic phosphate found in phosphide-
phosphate assemblages confined to troilite nodules of the Augustinovka iron meteorite (medium
octahedrite, IIIAB). The mineral occurs as tiny lamella up to 0.15 mm long cross-cutting millimeter-sized
grains of sarcopside, Fe3(PO4)2, associated with schreibersite, chromite and pentlandite. Xenophyllite
is translucent, has a bluish-green to grey-green color and vitreous lustre. Moh’s hardness is 3.5–4.
Cleavage is perfect on {001}. Measured density is 3.58(5) g/cm3. The mineral is biaxial (−), 2V 10–20◦, with
refractive indexes: α 1.675(2), β 1.681(2), γ 1.681 (2). Chemical composition of the holotype specimen
(electron microprobe, wt.%) is: Na2O 10.9, K2O 0.4, MnO 5.8, FeO 42.1, Cr2O3 0.8, P2O5 40.7, total
100.7, corresponding to the empirical formula (Na3.67K0.09)Σ3.76(Fe2+

6.12Mn2+
0.85Cr0.11)Σ7.08P5.99O24.00.

Xenophyllite is triclinic, P1 or P-1, a 9.643(6), b 9.633(5), c 17.645(11) Å; α 88.26(5), β 88.16(5), γ 64.83(5)◦,
V 1482(2) Å3, Z = 3. The toichiome C-centered subcell has the following dimensions: a 16.257(9),
b 10.318(8), c 6.257(9) Å, β = 112.77(9)◦, V 968(2) Å3, Z = 2. Xenophyllite is structurally related to
synthetic phosphate Kna3Fe7(PO4)6 having a channel-type structure, and galileiite, NaFe4(PO4)3.
The variations of chemical composition of xenophyllite ranging from Na4Fe7(PO4)6 to almost
Na2Fe8(PO4)6 are accounted for by Na-ions mobility. The latter property makes xenophyllite a
promising prototype for cathode materials used in sodium-ion batteries.

Keywords: xenophyllite; new mineral; iron phosphate; meteorite; galileiite; cathode; cation mobility;
sodium-ion batteries

1. Introduction

The discoveries of new functional materials have often been inspired by the study of their natural
counterparts. Phosphate mineral triphylite, LiFePO4 (the olivine structure type) [1] is among those
prototypes whose structural motif has led to an emergence of a novel class of cathodes for lithium-ion
batteries [2,3]. Meanwhile, the growing demand for inexpensive electrochemical energy sources has
resulted in the development of Na-ion batteries which require novel electrode materials based on
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fast and stable Na-ion conductors [4]. We herein provide the first mineralogical characterization,
X-ray investigation and chemistry of a new meteoritic mineral xenophyllite, Na4Fe7(PO4)6, whose
synthetic analogue was recently offered as a promising candidate for cathode materials in sodium-ion
batteries [5]. Xenophyllite was discovered in the course of a study of phosphide-phosphate assemblages
confined to troilite nodules of the Augustinovka iron meteorite (medium octahedrite, IIIAB), and was
named from Greek ξένoς (xénos, stranger) and ϕύλλo (fýllo, leaf), for its extraterrestrial origin and
perfect cleavage of its crystals. Both the mineral and the name have been approved by the Commission
on New Minerals and Mineral Names, International Mineralogical Association [6]. The holotype
specimen of xenophyllite is deposited at the collection of the Mining Museum, Saint Petersburg Mining
University, St. Petersburg, Russia, under the inventory number 23/2005.

2. The Augustinovka Meteorite

The Augustinovka is an iron meteorite belonging to medium-structure octahedrites (Om) and
related to a chemical group IIIA. A single mass weighted about 400 kg was recovered in 1890 on
the left bank of the Dnepr river, nearby the Augustinovka village, Jekaterinoslav District, Russia
(later on Dnepropetrovsk District, Ukrainian S.S.R., U.S.S.R., now belonging to Zaporizhia District,
Ukraine) (48◦4’ N, 35◦5’ E) [7,8]. The whole mass has been transported to the Mining Institute in
Saint-Petersburg where a few pieces were cut off for the study and distribution among the museums.
The 276 kg main mass is now stored at the meteoritic collection of the Mining Museum, Saint Petersburg
Mining University. A mineralogical and metallographic description of the meteorite is given by
Buchwald [9] who mentioned the enrichment of the Augustinovka in centimeter-sized troilite nodules
of nearly spherical shape, which are clearly visible at the front cut of the main meteorite mass [10].
Millimeter-sized phosphate inclusions in troilite from the Augustinovka were first encountered by
Olsen and Fredriksson [11,12] who identified them as being composed of sarcopside, (Fe,Mn)3(PO4)2,
with minor amounts of Ca-free graftonite (the latter mineral is now classified as graftonite-(Mn) [13]).

3. Materials and Methods

Several cm-sized fragments of troilite nodules from the Augustinovka were kindly provided
for the present study by the Mining Museum, Saint Petersburg Mining University, Saint Petersburg,
Russia. The fragments were shred into ~1 mm thick slices which were used for a further preparation of
the polished thin sections. The sections were first examined under a polarizing microscope in reflected
and transmitted light. After that, selected sections containing phosphate grains were coated with
conductive carbon film and subjected to the electron microprobe study. Because of instability (quick loss
of sodium) of xenophyllite under the conditions of wavelength-dispersive (WDX) analysis, the chemical
composition of the mineral and associated phases was studied in energy-dispersive mode (EDX) by
means of an Oxford Instruments CamScan 4 scanning electron microscope (Abingdon, UK) equipped
with a LINK AN1000 EDS detector, under 20 kV accelerating voltage, 1 nA beam current, 3 µm beam
diameter and 30 s counting time per spot. Analytical standards used were chkalovite (for Na), orthoclase
(K), diopside (Mg), metallic Mn and Co (Mn and Co), hematite (Fe), chromite (Cr), chlorapatite (P),
and pyrite (S). The microprobe data were processed using the built-in Oxford Instruments software
using a conventional ZAF procedure. The analyses of associated minerals were performed by use of an
AzTec Energy X-Max 20 EDX spectrometer (AzTec Energy Group Inc., Brentwood, NY, USA) attached
to a Hitachi S-3400N scanning electron microscope (SEM) (Hitachi, Ltd., Tokyo, Japan). EDX spectra
were obtained using 20 kV accelerating voltage, 2 nA beam current, and 60 s acquisition time per
spectrum, and were processed using ZAF. The density of xenophyllite was measured on the isolated
grain by sink-float method in the diluted Clerici solutions. X-ray single-crystal data were obtained from
the 0.05 × 0.05 × 0.05 mm grain extracted from a polished section, by means of a STOE IPDSII imaging
plate diffractometer (STOE & Cie GmbH, Darmstadt, Germany) (MoKα-radiation, 50 kV, 40 mA,
detector-to-crystal distance 100 mm). A set of 90 frames (0–180◦) was collected using ω-scan (2◦ frame
width and 300 s exposure time per frame). Data processing and unit-cell parameters determination was
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performed by means of STOE X-area v.1.42 software (STOE & Cie GmbH, Darmstadt, Germany) [14].
X-ray powder diffraction pattern (Figures S1 and S2) was obtained using a Gandolfi method by
means of a Rigaku RAXIS Rapid II diffractometer (Rigaku Corporation, Tokyo, Japan) equipped with a
semi-cylindrical imaging plate and operated under the following setup: CoKα-radiation (rotating anode
with microfocus optics), 40 kV acceleration voltage, 15 mA tube current, 127.4 mm detector-to-crystal
distance and 60 min overall exposure time. Subsequent powder X-ray diffraction (XRD) data processing
and unit-cell parameters refinement was performed using an osc2xrd and STOE WinXPOW v. 1.06
software [15,16]. The Raman spectrum of xenophyllite was recorded by means of a Horiba Jobin-Yvon
LabRam HR 800 spectrometer (Horiba Scientific, Kyoto, Japan) equipped with a 514 nm Ar+ laser and
50× confocal objective focused to 2 µm spot size. The output power of a laser was reduced by 30%
to ~13 mW (~1 mW on sample), in order to avoid radiation-induced damage of the mineral detected
during the screening measurements.

4. Results

4.1. Occurrence and Associated Minerals

Xenophyllite is a rare mineral hosted within millimeter-sized phosphate-phosphide assemblages
confined to centimeter-sized ovoidal troilite nodules common in the Augustiovka meteorite. Troilite has
a fine-grained lenticular texture revealed under crossed polars (Figure 1a). The dominant phase among
phosphates is sarcopside, which forms pseudo-euhedral grains reaching up to 3 mm disseminated in
troilite (Figure 1). Macroscopically, sarcopside is translucent; the fresh mineral has a grayish color but
it is frequently dissected by the submicroscopic web of secondary vivianite veinlets which impart the
pale- to deep-blue color to sarcopside grains. Although sarcopside often exhibits very sharp euhedral
faces (Figure 1a), examination in transmitted light under crossed polars (Figure 1b) always reveals
very complex mosaic structure; thus the observed faces do not correspond to sarcopside single crystals
in its present state. The mineral grains commonly consist of complex polysynthetic twins (Figure 1c).
Sometimes, sarcopside grains are severely fragmented (Figure 1d) and even dissected by the late
troilite veinlets (Figure 1e). Sarcopside is frequently enveloped by the rims composed of fine-grained
intergrowths of chromite and schreibersite (Figure 1e). In the course of powder X-ray examination
of phosphate assemblages of Augustinovka, we only detected sarcopside itself, with no evidence of
graftonite previously mentioned by Olsen and Fredriksson [11]. The unit-cell parameters of sarcopside
(space group P21/c) are: a 10.554(9), b 4.748(5), c 6.054(3) Å, β 91.09(8)◦. The mineral is very uniform in
chemical composition and has no compositional zoning; it contains 1.7 to 2.6 wt.% MnO (Table 1).

Chromite (Figure 1e) approaches nearly pure end-member (Table 1). Schreibersite (Figure 1e)
exhibits almost constant Fe/Ni ratio (Table 2). Troilite is a pure toichiometric FeS. The composition of
pentlandite could not be accurately determined because its tiny (1–2 µm thick) veinlets interfere with
encasing troilite; semi-quantitative determinations show Ni contents up to 30 wt.%.

Table 1. Chemical composition of sarcopside and chromite from troilite nodules of the Augustinovka
meteorite.

Sarcopside Chromite

wt.% 1 Range sd 3 wt.% 2 Range sd 3

FeO 57.30 56.51–57.72 0.33 32.01 31.44–32.66 0.43
MnO 2.12 1.72–2.61 0.23 0.20 0.00–0.56
CoO 0.08 0.00–0.25 0.16 0.00–0.42

Cr2O3 bdl 4 68.03 67.47–68.47 0.40
P2O5 40.19 39.80–40.60 0.20 bdl 4

Total 99.69 100.40
1 Average of 18 analyses on 6 grains. Empirical formula recalculated on 8 oxygen atoms per formula unit:
(Fe2.84Mn0.11)2.95P2.02O8. 2 Average of 6 analyses on 3 grains. Empirical formula recalculated on 4 oxygen atoms per
formula unit: (Fe0.99Mn0.01)1.00Cr2.00O4. 3 Standard deviation (sd). 4 Below detection limit (bdl) (~0.05 wt.%).



Minerals 2020, 10, 300 4 of 13

Figure 1. Phosphate-phosphide assemblages of troilite nodules of the Augustinovka meteorite.
(a) Pseudo-euhedral sarcopside grains (dark-grey) in fine-grained troilite The lenticular structure of host
troilite is revealed by color variations in yellow-tan hues. Reflected light, crossed polars. (b) The same
area in transmitted light under crossed polars. Note the mosaic interior of macroscopically euhedral
sarcopside crystals. (c) Polysynthetic twinning typical of sarcopside from Augustinovka. Transmitted
light, crossed polars. (d) Brecciated sarcopside grain surrounded by pentlandite veinlets in partially
altered troilite. Reflected light, crossed polars. I Sarcopside grain penetrated by the troilite veinlet,
enveloped in and hosting fine-grained chromite-schreibersite aggregates. Reflected light, parallel
polars. Abbreviations: Src, sarcopside; Tr, troilite; Pn, pentlandite; Schr, schreibersite; Crt, chromite;
Gth, goethite (weathering product). Photomicrographs by Sergey Britvin.
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Table 2. Chemical composition of schreibersite from troilite nodules of the Augustinovka meteorite.

Wt.% 1 Range sd 2

Fe 62.17 61.15–63.39 0.78
Ni 22.18 21.29–23.14 0.76
Co 0.19 0.13–0.27 0.05
P 15.51 15.30–15.85 0.17
S bdl 3

Total 100.05
1 Average of 12 analyses on 6 grains. Empirical formula recalculated on 4 atoms per formula unit: (Fe2.23Ni0.76)2.99P1.01.
2 Standard deviation. 3 Below detection limit (~0.05 wt.%).

4.2. Appearance and Physical Properties of Xenophyllite.

Xenophyllite forms elongated lamellar inclusions up to 20 × 150 µm usually dissecting the
encasing sarcopside grains (Figure 2). Xenophyllite lamellae are always confined to peripheral areas of
sarcopside. Macroscopically, the mineral is translucent, has a bluish-green to grey-green color and
vitreous lustre. Its powder color (the streak) is white. The Moh’s hardness is 3.5–4. The lamellae
are readily cleaved due to perfect cleavage on the {010} plane. The density measured by sink-float
of isolated grains in diluted Clerici solutuons is 3.58(5) g/cm3. The density calculated on the basis of
empirical formula and the unit-cell parameters is 3.53(1) g/cm3. In immersion liquids, xenophyllite is
transparent and distinctly pleochroic, from yellow-green (X) to dark grey-green (Z). Due to crystal
deformation, the mineral grains have undulatory extinction. Biaxial (−), 2V 10–20◦, refractive indexes
measured in Na-D light (589 nm): α 1.675(2), β 1.681(2), γ 1.681(2). The Gladstone-Dale compatibility
index [17] calculated using a measured density is –0.010 (superior).

Figure 2. Xenophyllite in the Augustinovka meteorite. (a) A ~0.5 mm sarcopside grain cross-cut
by secondary goethite and dissected with the green-grey xenophyllite lamella. Photomicrograph in
transmitted light. (b) General view of troilite thin section containing phosphate assemblage depicted in
Figure 1a (the field is outlined by the red square). (c) An enlarged view of xenophyllite lamella shown
in Figure 1a. Photomicrograph in transmitted light. Abbreviations: Xn, xenophyllite; Src, sarcopside;
Gth, goethite. Photographs by Sergey Britvin.
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4.3. Single-Crystal Study and Powder X-Ray Diffraction

Xenophyllite crystals are substantially curved and twinned on (111) (in triclinic setting). That
results in severe X-ray reflection overlapping and precludes obtaining the single-crystal data suitable
for the structure refinement. However, the unit cell of the mineral could be determined and refined,
and resulted in triclinic symmetry, space group P1 or P-1, with the parameters: a 9.643(6), b 9.633(5),
c 17.645(11) Å;α 88.26(5),β 88.16(5), γ 64.83(5)◦, V 1482(2) Å3, Z = 3. The refinement of the X-ray powder
diffraction pattern (Table 3) using the single-crystal parameters as an input had led to the following cell
metrics: a 9.617(4), b 9.608(4), c 17.649(13) Å; α 88.28(9), β 87.58(6), γ 64.92(3)◦, V 1475.6(11) Å3, Z = 3.

Table 3. Powder X-ray diffraction data for xenophyllite (indexed in triclinic cell) (d in Å).

Imeas dmeas dcalc h k l Imeas dmeas dcalc h k l

32 7.47 7.49 1 1 1 12 1.755 1.757 4 1 7
56 5.860 5.877 0 0 3 1.756 3 5 4

5.843 −1 −1 2 1.754 5 4 2
4 4.964 4.967 1 −1 1 1.754 −4 −3 6
12 4.789 4.799 −1 0 3 8 1.732 1.733 0 1 10

4.787 2 1 0 1.731 1 5 4
4.785 1 2 0 6 1.646 1.646 −4 2 2

10 3.908 3.913 −2 –2 1 1.646 −4 −3 7
3.911 0 −1 4 1.645 −3 3 3
3.899 1 −1 3 6 1.639 1.640 5 2 6

22 3.319 3.317 2 −1 1 1.640 −3 −1 9
3.315 2 1 4 1.639 1 −3 8

47 3.188 3.191 −1 −2 4 1.639 −3 −5 5
3.187 3 1 0 1.638 5 0 4
3.186 1 3 0 3 1.607 1.608 −5 −5 1
3.184 −1 −1 5 1.606 5 5 2

100 3.020 3.024 −3 −2 1 8 1.594 1.594 6 2 0
3.022 1 3 2 1.593 3 6 1

14 2.919 2.922 1 −2 3 1.593 2 −3 7
2.921 −2 −2 4 1.593 −4 1 6
2.917 −1 2 3 1.593 6 2 1

19 2.856 2.856 0 −3 1 1.593 2 6 0
14 2.813 2.812 1 0 6 10 1.559 1.560 −1 −1 11
67 2.719 2.722 0 −2 5 1.560 −1 −5 6

2.718 2 2 5 1.560 −4 −5 5
77 2.703 2.701 3 3 0 1.559 −1 5 2

2.701 2 −1 4 1.559 5 2 7
39 2.568 2.569 −3 0 3 1.559 0 4 8

2.566 1 −1 6 1.558 −6 −3 2
18 2.534 2.534 −3 −1 4 1.558 –5 −4 5
31 2.395 2.396 1 3 5 4 1.533 1.534 −1 4 7

2.394 4 2 0 1.534 −1 3 9
2.393 2 4 0 1.533 4 6 2

10 2.345 2.345 1 4 1 6 1.518 1.519 6 2 4
8 2.104 2.106 0 −4 2 1.518 −5 1 3

2.104 −1 −1 8 4 1.503 1.503 −3 −2 10
6 1.944 1.943 3 −2 3 1.503 5 −1 4

1.942 4 3 5 5 1.445 1.446 −1 2 11
1.942 −4 −2 5 1.446 0 −1 12

10 1.867 1.869 3 −2 4 1.446 5 5 6
1.868 −3 −5 1 1.445 2 3 11
1.867 −5 −3 1 1.445 −1 −6 4
1.866 5 1 0 1.444 −4 3 2

10 1.773 1.774 5 4 0 4 1.408 1.408 −3 −5 8
1.774 4 2 7
1.774 4 5 0
1.773 −5 −3 3
1.773 5 4 1
1.772 4 5 1
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The examination of the X-ray single-crystal dataset allowed to reveal two smaller subcells
(monoclinic and orthorhombic) having the volumes equal to 2/3 of the triclinic cell volume (Table 4).
The powder diffraction pattern of xenophyllite closely resembles that of galileiite, NaFe4(PO4)3 [18],
another rare Na-Fe phosphate also encountered in the IIIAB-group meteorites in the mineral assemblages
similar to those of Augustinovka. The unit-cell parameters of xenophyllite are almost identical to those
of its synthetic analogue reported by Pu et al. [5].

Table 4. The relationships between true triclinic cell of xenophyllite, the unit cell of its synthetic
analogue and two xenophyllite subcells.

Xenophyllite
(the True Cell)

Synthetic
Na4Fe7(PO4)6

Xenophyllite
C-Centered Subcell

Xenophyllite
I-Centered Subcell

Crystal system Triclinic Triclinic Monoclinic Orthorhombic
Space group P1 or P-1 P1 or P-1 C2/m or Cm Imma or Im2a

a (Å) 9.643(6) 9.647 16.257(9) 10.298(9)
b (Å) 9.633(5) 9.553 10.318(8) 14.997(7)
c (Å) 17.645(11) 17.573 6.257(9) 6.351(7)
α (◦) 88.26(5) 88.43
β (◦) 88.16(5) 88.03 112.77(9)
γ (◦) 64.83(5) 64.80

V (Å3) 1482(2) 1464 968(2) 981(2)
Z 3 3 2 2

V/Z (Å3) 494 488 484 491
T1 ( 1

2 , − 1
2 , 0)( 1

2 , 1
2 , 0)( 1

2 , 0, 3) (− 1
2 , 1

2 , 1
2 )( 1

2 , 1
2 , 1

2 )(0, 1
2 , −2.5)

Reference This work [5] 2 This work This work
1 Transformation matrices to a triclinic cell. 2 Reported as being refined by Rietveld method, but in fact it was refined
by the Powley method (Supporting Information [5]).

4.4. Chemical Composition

Examination of several xenophyllite grains by means of an electron microprobe (Table 5) had
revealed some distinctive features related to sodium contents in its composition. It was found that
sodium is readily burned off from xenophyllite grains even under relatively soft analytical conditions.
In particular, a 30 s exposure at 2 nA beam current and 1 µm beam diameter led to a loss of about
one third of total sodium. In order to eliminate this effect, we used 1 nA beam current and 3 µm
beam diameter. At these conditions, the loss of sodium was negligible; however, the accuracy of element
determination was intentionally reduced to the first decimal (Table 5). The chemical composition of the
type xenophyllite can be represented by the following empirical formula (based on 24 oxygen atoms
per formula unit): (Na3.67K0.09)Σ3.76(Fe2+

6.12Mn2+
0.85Cr0.11)Σ7.08P5.99O24.00. The latter one corresponds

to the Na4Fe7(PO4)6 end-member. However, it was found that sodium contents in xenophyllite
may considerably vary from grain to grain, ranging from Na4Fe7(PO4)6 to nearly Na2Fe8(PO4)6 ≡

NaFe4(PO4)3. The latter formula, in due course, corresponds to a composition of galileiite [18], the mineral
mentioned in the preceding section. Moreover, plotting the (Fe, MnCr)/(Na, K, Ca) ratios determined
for a series of xenophyllite grains reveals a remarkably straight, linear dependence between Na- and
Fe-group elements which inspires the existence of continuous solid solutions between Na4Fe7(PO4)6

and Na2Fe8(PO4)6 end-members (Figure 3). The minerals of similar intermediate composition were
reported from the euthectic chondritic melts described in Yanzhuang (H6) and Chelyabinsk (LL5)
ordinary chondrites [19–21].
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Table 5. Chemical composition of xenophyllite from the Augustinovka meteorite (analyses 1–8, our data)
and galileiite from selected IIIAB iron meteorites (analyses A–D) 1.

Xenophyllite, wt.% 2 Galileiite, wt.% 2

1 3 2 3 4 5 6 7 8 A B C D

Na2O 10.9 7.2 7.0 8.7 8.2 7.0 9.7 9.4 6.32 6.03 5.87 6.00
K2O 0.4 bdl bdl bdl bdl bdl bdl bdl 1.07 0.26 0.04 0.01
CaO bdl 0.1 bdl bdl bdl bdl 0.4 0.2 0.01 bdl bdl 0.02
FeO 42.1 46.4 42.4 44.3 40.1 48.5 43.1 41.0 43.47 51.67 48.95 34.63
MnO 5.8 6.1 9.7 7.0 11.7 5.8 5.8 7.5 5.42 1.87 3.98 16.98
MgO bdl bdl 0.2 bdl bdl bdl 0.2 bdl bdl bdl bdl bdl
Cr2O3 0.8 0.5 1.0 0.6 1.4 bdl 0.6 1.2 1.55 0.13 0.07 1.16
P2O5 40.7 39.1 39.5 40.3 39.2 38.7 40.3 40.7 41.19 39.61 40.25 43.99
Total 100.7 99.4 99.8 100.9 100.6 100.0 100.1 100.0 99.03 99.57 99.16 102.79

Atomic amounts (atoms per formula unit, recalculated to 24 oxygen atoms)

Na 3.67 2.49 2.40 2.95 2.81 2.43 3.29 3.18 2.15 2.08 2.02 1.94
K 0.09 - 4 - - - - - - 0.24 0.06 0.01 -
Ca - 0.02 - - - - 0.08 0.04 - - - -

ΣNa 3.76 2.51 2.40 2.95 2.81 2.43 3.37 3.22 2.39 2.14 2.03 1.95
Fe 6.12 6.93 6.28 6.47 5.92 7.26 6.31 5.98 6.38 7.69 7.26 4.84
Mn 0.85 0.92 1.45 1.04 1.75 0.88 0.86 1.11 0.81 0.28 0.60 2.40
Mg - - 0.05 - - - 0.05 - - - - -
Cr 0.11 0.07 0.14 0.08 0.20 - 0.08 0.17 0.22 0.02 0.01 0.15
Σfe 7.09 7.92 7.93 7.59 7.86 8.13 7.31 7.26 7.40 7.99 7.87 7.39
P 5.99 5.91 5.92 5.96 5.86 5.86 5.97 6.01 6.12 5.97 6.04 6.22

1 Galileiite [11]: A, Bear Creek; B, Bella Roca; C, Grant; D, Mount Edith. 2 bdl: below detection limit. 3 The holotype
specimen. 4 “-“ means not detected.

Figure 3. Variations of Σ(Na,K,Ca) vs. Σ(Fe,Mn,Cr) in the analyzed xenophyllite grains from the
Augustinovka meteorite. Data in the atoms per formula unit (apfu) recalculated on 24 oxygen atoms.
Red crosses denote the positions corresponding to ideal Na4Fe7(PO4)6 (top left) and Na2Fe8(PO4)6

(bottom right). The compositions are listed in Table 5.

4.5. Raman Spectroscopy

The Raman spectrum of xenophyllite was recorded at a reduced (to ~1 mW on sample) laser power
and is depicted in Figure 4. The quality of the spectrum was degraded due to a strong concurrent
fluorescence effect, hence only four main Raman bands could be reliably measured. The bands at 975
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and 1114 cm−1 lie in the region typical of stretching modes of [PO4]3− tetrahedra; their frequencies
are close to the frequencies of galileiite-like phosphates reported from the ordinary chondrites [20].
The bands at 600 and 641 cm−1 are attributed to bending vibrations of orthophosphate anion and are
distinguished from the bands reported for galileiite-like minerals from chondrites [20].

Figure 4. The Raman spectrum of xenophyllite (analysis 1 in Table 5).

5. Discussion

5.1. Relationships between Xenophyllite, Synthetic Na4Fe7(PO4)6 and ANa3M7(PO4)6 Phosphates

The recently reported characterization of a synthetic analogue of xenophyllite [5] had confirmed
our previous data [6] on the symmetry (Table 4) and composition of the mineral. In spite of that,
the structural relationships between xenophyllite and other phosphates were not yet defined. Herein
we provide a comparison of xenophyllite, Na4Fe7(PO4)6, with a series of synthetic phosphates
ANa3M7(PO4)6 (A = K, Rb, Cs; M = Mg, Fe2+, Mn2+, Zn, Co2+) (Table 6). The first member of the family,
CsNa3Zn7(PO4)6, was described by Yakubovich with co-authors [22]. Later on, nine compounds of Fe,
Mn and Co were synthesized and studied with respect to their unusual magnetic properties [23,24].
The last reported phosphate of a series, RbNa3Mg7(PO4)6, was found to be a promising host matrix for
the development of luminophore materials [25,26]. A series of structurally similar phosphates and
arsenates was also reported, many of them being Na-ion conductors [27–33].

Table 6. Comparison of a monoclinic subcell of xenophyllite with the unit cells of representative
ANa3M7(PO4)6 phosphates.

Compound Space Group a (Å) b (Å) c (Å) β (◦) V (Å3) Z V/Z Reference

Xenophyllite A2/m or Am 1 12.514/2 10.318 16.257 112.77 968 2 484 This work
RbNa3Mg7(PO4)6 C2/c 12.734 10.685 15.498 112.83 1944 4 486 [25]
KNa3Fe7(PO4)6 C2/c 13.003 10.762 15.708 113.64 2013 4 503 [23]
KNa3Mn7(PO4)6 C2/c 13.165 10.907 15.960 113.24 2106 4 527 [24]
CsNa3Zn7(PO4)6 C2/c 13.151 10.901 15.994 113.20 2107 4 527 [22]

1 Xenophyllite subcell was transformed to cba-setting for a better comparability with other compounds.

The cell metrics of a monoclinic subcell of xenophyllite is obviously related to the unit cells of
ANa3M7(PO4)6 phosphates (Table 6), distinguishing from them just by a doubly reduced c-axis. That is,
together with the same stoichiometry, it strongly suggests structural relationships between xenophyllite
and these phosphates. It should be noted that the above compounds possess unique channel-like
structures not encountered among natural phosphates. That is, in due course, this largely eliminates
speculation about the possible relation of xenophyllite to fillowite-group minerals [34].
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5.2. Xenophyllite and Galileiite

Galileiite, NaFe4(PO4)3, was described from several iron meteorites [18] (Table 5) which, like
the Augustinovka, belong to a structural group of medium octahedrites and a chemical group IIIAB.
The mineral assemblages of galileiite [12,18] are almost identical to those of xenophyllite from the
Augustinovka. The analytical abilities did not allow the X-ray single-crystal data for galileiite to be
obtained. The powder diffraction pattern of the mineral (Gandolfi method) was reported and was indexed
assuming the possible relationship of galileiite to fillowite-group minerals [18]. However, the authors note
that the indexing in rhombohedral (fillowite) cell [34] was not entirely satisfactory, and the assertion of
galileiite as a mineral belonging to the fillowite group “is yet to be demonstrated” [18]. What is more
interesting is that the cell metrics of an I-centered subcell of xenophyllite almost exactly reproduces the
unit-cells of a wide series of synthetic phosphates AM3–4(PO4)3 having the stoichiometry of galileiite,
NaFe4(PO4)3 (Table 7). In particular, the “potassium analog of galileiite” [18] has a direct synthetic
KFe4(PO4)3 counterpart [34]. The crystal structures of these phosphates are very similar to each other
and do not belong to a fillowite structure [35]. Instead, they have tunnel-like architectures derivative
of the α-CrPO4 structure type [36]. Many of those phosphates have ion-conductive properties [37].

Table 7. Comparison of I-centered subcell of xenophyllite with the unit cells of galileiite-like
synthetic phosphates.

Compound Space Group a (Å) b (Å) c (Å) V (Å3) Reference

Xenophyllite Imma1 10.298 14.997 6.351 981 This work
SrFe3(PO4)3 Imma 10.438 13.421 6.556 919 [38]
NaNi4(PO4)3 Amam2 9.892 14.842 6.358 933 [39]
NaMg4(PO4)3 Pnma 9.883 6.345 15.240 956 [40]
KMn4(PO4)3 Pmcn2 6.550 16.028 9.977 1047 [41]
NaCo4(PO4)3 P21/n 6.339 9.867 15.300 957 3 [42]
KFe4(PO4)3 Pmnn 6.273 16.513 9.808 1016 [34]
KMg4(PO4)3 Pnnm 16.361 9.562 6.171 966 [43]
KNi4(PO4)3 Pmnn 6.152 16.214 9.484 946 [42]

1I-centered subcell, alternative space group Imm2. 2 Alternative solution: Pmnn [44]. 3 β = 91.05◦.

Taking into account the evidence available to date, one can state that there are many similarities
between these two minerals. First, note the numerous overlaps between the strong X-ray powder
diffraction lines of xenophyllite (Table 4) and galileiite [18]. Second, our electron microprobe
data evidence for the occurrence of a continuous series of compounds between Na4Fe7(PO4)6 and
Na2Fe8(PO4)6 [≡NaFe4(PO4)3] (Table 5, Figure 3). Note that Olsen & Steele [18] have used relatively
harsh analytical conditions during the microprobe examination of galileiite (WDX system, 15 kV, 25 nA)
that could result in a considerable loss of sodium during their analyses. However, our measurements
were carried out with a great care under the soft conditions (cf. Materials and Methods section),
therefore we can confirm that the galileiite-type NaFe4(PO4)3 is a mineral rather than an artifact
produced by the overburning of Na-rich xenophyllite under the hard electron beam. The occurrence of
phosphates having intermediate xenophyllite-galileiite composition was also reported later on from a
series of ordinary chondrites [19–21,45,46], anomalous meteorite Sahara 03505 [47] and from burned
coal piles [48,49].

6. Conclusions

Xenophyllite, being discovered as a rare mineralogical curiosity [6], has became a natural prototype
of synthetic Na4Fe7(PO4)6, a new material with promising electrochemical properties [5]. The sodium
ions mobility first revealed during electron microprobe measurements of the mineral has met its
electrochemical implications. The close relationships between xenophyllite and a series of synthetic
phosphates (Tables 6 and 7) might suggest that the latter compounds bearing redox-sensitive cations
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Fe2+, Mn2+ and Co2+ have to be explored for their applicability as materials for Na-ion batteries.
Further structural studies are needed to reveal the exact mechanisms of Na-ions mobility in xenophyllite
and the obvious relationships with its nearest mineralogical counterpart, galileiite.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/4/300/s1,
Figure S1: As-recorded imaging plate pattern of xenophyllite. Rigaku RAXIS Rapid II diffractometer,
semi-cylindrical imaging plate, CoKα-radiation (rotating anode with microfocus optics), 40 kV acceleration
voltage, 15 mA tube current, 127.4 mm detector-to-crystal distance, 60 min exposure time. The black rectangle
outlines the area used for the integration of imaging plate data into an XRD profile., Figure S2: Powder XRD
profile of xenophyllite obtained by integration of imaging plate data shown in Figure S1.
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