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Abstract. The new mineral, heimaeyite, was found among the fumarolic encrustations collected on Eldfell vol-
cano, on the island of Heimaey, Iceland. The mineral formed as microscopic rounded aggregates ( < 50 um) and
rounded grains (< 10 um) mixed with tiny needles of koryakite and a mineral phase with an NaMgAl(SO4)3
composition. It was formed in scoria consisting of anhydrite, hematite, and cristobalite. Other associated min-
erals are tamarugite, hexahydrite, 16weite, and langbeinite. Heimaeyite is orange with a yellowish streak. It is
translucent with a vitreous lustre. The calculated density is 2.783 gcm™3. The chemical analysis gives a com-
position of Naj 93Alp 82Fe0.2552.99012.05. The ideal formula is NazAI(SO4)3 with 10 % to 25 % replacement of
Al with Fe. Single-crystal X-ray diffraction analysis shows that it is trigonal and has a space group of R3 with
unit cell parameters of a = 13.4326(9) A, ¢ = 8.9818(7) A, V = 1403.5(2) A3, and Z = 6. The X-ray powder
diffraction resembles that of Na3V(SO4)3 (PDF 39-0243), with which it is isostructural. They both belong to the
K7Nb(SO4)s structure type. In the crystal structure, the octahedral coordinations of the cation (in heimaeyite this
is Al) are connected by sulfate tetrahedra in a “pin-wheel” arrangement into chains extending along [001]. The
chains are interconnected by [NaOg] distorted trigonal prism coordinations. Fe substitutes for Al in the larger of
the two symmetry-independent octahedral sites. Synthetic pure Na3Al(SO4)3 was prepared through a solid-state
reaction at 550 °C, and its structure was refined by the Rietveld method. It shows a smaller difference in size
between the two octahedral sites than the natural sample.

1 Introduction

Jakobsson et al. (2008) published an overview of the min-
eralogy of fumaroles from three Icelandic volcanoes, where
the samples were collected shortly after their eruptions (Surt-
sey in 1963-1967, Eldfell in 1973, and Hekla in 1991).
They recorded a number of known fumarolic minerals plus
some supposedly new minerals by powder X-ray diffrac-
tion (PXRD), which were given different two-letter labels.
In 2009, the Eldfell volcano was visited by a team of ge-
ologists from the University of Copenhagen, led by the late
Sveinn Jakobsson from the Icelandic Institute of Natural His-
tory. Among the samples collected then was the one that

contained the mineral with PXRD characteristics similar to
that observed in previous work and labelled “EN”. We have
made a detailed investigation of the mineral, confirmed its
novelty, and called it heimaeyite after the island of Heimaey
(hosting the largest Icelandic fishing harbour of the same
name) on which Eldfell volcano is situated (63°25'50” N,
20°14'48” W). The new mineral and its name were accepted
by the Commission on New Minerals, Nomenclature and
Classification (CNMNC) of the International Mineralogical
Association (Bosi et al., 2024).
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Figure 1. The type specimen of heimaeyite. Heimaeyite is found
in the vesicular light part of the sample, intimately mixed with ko-
ryakite and a mineral with a composition of NaMgAIl(SOy4)3. They
are surrounded by a red mixture of anhydrite and hematite.

The holotype is kept in the mineral collection of the Ice-
landic Institute of Natural History in Gardaber, Iceland, un-
der sample number NI-30218.

2 Appearance and physical properties

Heimaeyite formed in a tube inside red scoria consist-
ing mostly of a mixture of anhydrite, hematite, and
cristobalite through which fumarolic gases percolated. It
formed a ceramic-like white-yellow-reddish mass that con-
sists of an intimate mixture of heimaeyite; koryakite
((Na,K)MgAI(SO4)3); the mineral labelled “EA” that is still
not fully described (NaMgA1(SO4)3); and products of their
hydration: tamarugite, hexahydrite, and 1oweite plus some
langbeinite. The measured temperature in the tube where the
sample was collected was between 200 and 300 °C.

A scanning electron microscopy (SEM) investigation of
the part of the sample containing heimaeyite showed that it
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Table 1. Compositional EMPA data (in wt %) for the sample of
heimaeyite.

Constituent Mean Range SD (o) Reference

material
Fe, O3 4.18 3.38-5.35 0.58 Hematite
MnO 0.43 0.14-0.71 0.16 MnTiO3
K,O 0.98 0.69-1.17 0.14 Orthoclase
SO3 56.72  53.28-58.53 1.40 Barite
SiO, 0.10 0.01-0.22 0.07 Orthoclase
Al,O3 10.10 9.05-11.12 0.57 Corundum
MgO 1.00 0.74-1.21 0.12 Olivine
Nay;O 19.39  17.53-20.31 0.79 Albite
Total 92.89

was porous on the micrometre scale (Fig. 2). A measurement
by an attached energy-dispersive spectrometer (EDS) helped
to identify the globular aggregates of platy crystals and indi-
vidual isometric crystals as heimaeyite and acicular crystals
dispersed between them as EA or koryakite.

The colour of heimaeyite is orange (seen on the small frag-
ment used for the single-crystal XRD analysis), the lustre is
vitreous, and it is translucent. The streak is yellow. These ob-
servations apply for the natural sample that contained some
Fe replacing Al. Pure synthetic Na3Al(SOy4)3 is colourless,
and its streak is white. Due to admixture with other minerals
and small dimensions of the grains, fluorescence, hardness,
and tenacity could not be investigated.

The cleavage was not observed and is not expected as no
preferred orientation could be registered on PXRD diagrams.
All observed fragments had uneven fractures.

Density could not be measured due to the characteristics
of the sample. The density calculated on the basis of chemi-
cal analysis and the dimensions of the unit cell from single-
crystal XRD is 2.783 gcm ™3, and, calculated from the results
of the crystal structure analysis, it is 2.747 gcm ™.

Magnetism was not observed.

Optical properties were not measured due to the size of
the grains. The largest grain we could find (longest diameter
was around 70 um) was used for the XRD crystal structure
analysis, and others were significantly smaller. The synthetic
material had similar characteristics. The calculated mean re-
fractive index, using the Gladstone—Dale relationship (Man-
darino, 1976), is 1.5222.

3 Chemical analysis

A preliminary chemical analysis was done by an S 360 Cam-
bridge SEM coupled with an Oxford Link Ge ISIS EDS,
equipped with a Super Atmosphere Thin Window. It showed
that heimaeyite consists of Na, Al, S, and O, giving an ap-
proximate formula of NazAI(SO4)3, with a small additional
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Figure 2. SEM photograph of the aggregate of heimaeyite (rounded grains and globular aggregates) and the other new mineral EA plus

koryakite (both acicular).

amount of Fe. Koryakite and EA were also observed as asso-
ciated minerals (Fig. 2).

A fragment of the sample was embedded in epoxy, pol-
ished with diamond powder in oil, and sputtered with a 30 nm
thick carbon film prior to analysis by an electron microprobe
analyser (EMPA; JEOL JXA-8200). The beam voltage and
current were 15kV and 5nA, and the spot size was a 10 um
measurement time of 10 s, with 5 s measurement on each side
of the maximum for subtraction of background being used.
The 11 analyses were chosen with the smallest contribution
of impurities, and their averages are reported in Table 1.

The low totals we explain by a high porosity of the sam-
ple, which adds to all the analysis measurements of some
epoxy and embedded polishing diamond grains. We assume
the presence of small amounts of Mn, Si, K, and Mg is due
to impurities, with the latter two being contributed by the un-
avoidable small needles of the accompanying minerals (see
Fig. 2).

The total composition of the sample results in
Ko.10Naz2.95Mng 03Mgo.12Fe0.25Alp.94S10.0153.35013 5. If
the Mn and Si impurity and the contributions of koryakite
(NaKMg;Al>(SO4)¢) and EA (NaMgAl(SOq4)3) are re-
moved, calculating the additional subtracted amounts
of Al, Na, and S, which they also contain, with Al’
equalling Mg, Na’ equalling Mg-K, and S’ equalling
3x Mg, the resulting empirical formula of heimaeyite is
Naj 93Alp.82Fe0.2552.99012.05.

https://doi.org/10.5194/ejm-37-79-2025

The ideal formula for the pure Al compound without Fe is
Na3AlS3013, which requires 24.20 wt % NayO, 13.27 wt %
Al;O3, and 62.53 wt % SOs.

Heimaeyite is soluble in water.

4 X-ray diffraction analysis

4.1 PXRD

PXRD data (Table 2) were collected with a Bruker AXS D8
ADVANCE powder diffractometer, operating in a Bragg—
Brentano reflection geometry and equipped with a primary
Gel 11 monochromator and silicon-strip LYNXEYE detec-
tor. The radiation wavelength was CuK a1 (1.54059 A), and
the step scan was 0.02° with a measuring time of 4 s per step
and a rotating sample holder. The PXRD diagram of a sample
containing 41 wt % heimaeyite, 18 wt % tamarugite, 15 wt %
koryakite, 11 wt % langbeinite, 9 wt % EA, and 7 wt % hex-
ahydrite is represented in Fig. 3. Unit cell parameters re-
fined from the powder data are as follows: a = 13.3872(4) A,
c=8.9411(4)A, V =1387.7(1) A3. The crystal system is
trigonal.

Because of the similarity of the XRD pattern to
Na3zV(SO4)3 (PDF 39-0243) and its association with eldfel-
lite (NaFe(SO4)»), the mineral EN was previously considered
to be isostructural with the former one but with a compo-
sition of NazFe(SO4)3 (Jakobsson et al., 2008). Only after
the SEM-EDS measurement of the sample collected in 2009

Eur. J. Mineral., 37, 79-89, 2025
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Table 2. X-ray powder diffraction data (d in A) for heimaeyite. * The intensities of the eight strongest maxima are in bold.

Imeas  dmeas deale  hkl Imeas  dmeas dealc hkl

2 7.04 708 1014T 7-31

40 6.68 6.69 2-10 2 1864 1.864 7 -4 -1

3 4.87 48 20—-1+H 7-50

17 4.16 417 10-2 4 1855 1.856 7-20
3-11 4-34

32 3.93 3.93 3_2_1 4 1.837 1.835 4-1-44L

5 3.53 354 202 6-33

4 3.35 335 4-20 9 1785 1.786 6-3-3+4+K
3-22+4+L 1.770 404

100 3.13 3.13 3_1-2 3 1.768 1767 10 —5
4—-1-1 7-3-2

55 3.02 3.03 4-31 2 1.753 1.753 7_42
2—-1-3 7—-61

10 2.72 2.72 213 2 1.734 1.734 7-1-1+K
4-3-2 5-24

7 2.61 2.61 4_1-2 3 1.706 1.711 5_3_4

11 255 2.55 g :; 1_1 1.709 gﬁf * SE

3 1.655 1.656
3 253 253 2710 3-25
’ ’ 5-40 8§ -3 -1

2 2.43 243 40-2 4 1.627 1.629 8 -51
30-3 701

9 236 2.360 303 7 1.605 1609 50—-4+L
5-2-2+H 7-23

3 2.281 2.286 5_39 3 1.576 1.576 7.2.34K

7 2241 2244 50-1 6—44

3 2196 2196 104+K 4 1564 1.565 6—-2—-4
6—-41 4—-15

5 2.129  2.128 6-2 14K 1.563 4-3_5

2 2.083 208 20-—-4 8§-32
6—-11 4 1.552 1553 8-5-2

10 2.026 2.028 6-5_1 70—2
3-14 8-10

5 1.989 1.991 3.2 44K 5 1.535 1.536 8§ _70+K
6-—-22

4 1.966 1.967 642

1.932 600
4 1.929 5—-1-3
1929 5—-4-3+4E

* Other minerals present in the sample: tamarugite (T), hexahydrite (H), langbeinite (L), koryakite (K), and the

new mineral EA (E).

was the compound revealed to be a predominantly aluminous
isostructural compound. This was further confirmed by the

single-crystal XRD study.

Eur. J. Mineral., 37, 79-89, 2025

4.2 Single-crystal XRD

Single-crystal XRD studies were carried out with a Super-
nova diffractometer (Rigaku Oxford Diffraction) equipped
with a micro (Mo) X-ray source (wavelength of 0.71073 A)
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Figure 3. Powder XRD diagram of the fumarolic sample with heimaeyite (emphasized in dark blue) in a mixture with tamarugite, koryakite,
langbeinite, the mineral EA, and hexahydrite. Light blue: experimental pattern, red: calculated pattern.

and a PILATUS DECTRIS 200K area detector. The crystal
structure was solved and refined using the Jana2006 software
(Petricek et al., 2014).

The crystal structure was determined using the SUPER-
FLIP programme (Palatinus and Chapuis, 2007) incorporated
into Jana, which uses the charge-flipping method (Oszldnyi
and Siitd, 2004). The programme revealed the positions of
all the atoms in the structure, which were then refined with
Jana’s refinement routine, finishing with the anisotropic re-
finement of atom displacement parameters (ADPs) for all
atomic sites and the occupancies of Al and Fe at the Al2 site
with their sum constrained to 1 and having the same ADP.
The main details of the measurement and final refinement re-
sults are presented in Table 3, and Table 4 gives the atomic
parameters. All details can be seen in the deposited Crystal-
lographic Information File (CIF).

5 The crystal structure

5.1 Description of the structure

Heimaeyite is isostructural to Na3Fe(SO4)3 (Scordari et al.,
2011) and Na3zV(SO4)3 (Boghosian et al., 1994). They be-
long to the K7Nb(SO4)s—K7Ta(SO4)¢ structure type (Borup
et al.,, 1990). Heimaeyite’s crystal structure can be seen in
Fig. 4. It consists of the chains parallel to [001] formed by
the [AlOg] coordination octahedra interconnected by [SO4]
groups (neighbouring octahedra are connected by three sul-
fate groups). The chains form a 3D structure through a link-
age to Na atoms that interconnect triplets of chains and which
are in a distorted 6-fold coordination. The successive Al co-

https://doi.org/10.5194/ejm-37-79-2025

Figure 4. The crystal structure of heimaeyite as seen along [001].
S coordinations are depicted as yellow tetrahedra; All and Al2 co-
ordinations are cyan and green octahedra, respectively; and Na and
oxygen atoms are magenta and blue, respectively. Atomic displace-
ment ellipsoids drawn at 50 % probability level. Drawn by Atoms
(https://www.shapesoftware.com, last access: 1 October 2024).

ordination octahedra in a chain are rotated relative to each
other by approximately 180° around the ¢ axis with a “pin-
wheel” configuration of the octahedra and the attached sul-
fate groups. The ¢ period encompasses two Al coordinations,
and due to the space group symmetry, they are symmetrically
independent. In heimaeyite, the [Al120g] octahedron is sig-

Eur. J. Mineral., 37, 79-89, 2025
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Table 3. Details of the crystal, measurement, and crystal structure
refinement.

Crystal data

Crystal formula NazAlg 93Fe,0753012

Crystal system Trigonal

Space group R3

a, c(A) 13.4326(9), 8.9818(7)
vV (A3) 1403.5(2)

z 6

Reflections for unit cell 2321

refinement

Calculated density (g em~ ) 27411

w (mm~1) 1.193

Crystal description Orange plate

Crystal dimensions (mm) 0.07 x 0.05 x 0.015

Data collection

Temperature (K) 293
Radiation type and X-rays, 0.71073
wavelength A)

Absorption correction Multi-scan

Tinin> Tmax 0.57931, 1.00000

Bmin> Omax (°) 2.87,31.28

Index range —-19<h <19
—-19<k<19
—13<1<13

Measured fraction 0.97

Rint 0.104

Refinement

Reflections 998

Observed (I > 307) 550

R1 (I > 3o07) 4.42 %

R1 (all) 10.87 %

wR (all) 5.64 %

GoF 1.3031

Weighting function w = +/0Fo + (0.0001F0)2

Parameters 60

Residual p, (+, —) 0.53, —0.63

nificantly larger than [Al10¢]. We explain the difference by
the incorporation of Fe into the larger octahedral site, which
is confirmed by the crystal structure refinement of atomic oc-
cupancies (Table 4). Table 5 gives a list of bond lengths.

5.2 The relations between the structures with the
K7Nb(SQOg4)e structure type

There are five crystal structures with this structure type (Inor-
ganic Crystal Structure Database, https://icsd.fiz-karlsruhe.
de, last access: 1 October 2024, and this work) known so
far, two with potassium as an alkali element, K7Nb(SO4)g
and K7Ta(SOy4)e (Borup et al., 1990), and three with sodium,
Na3zV(S04)3 (Boghosian et al., 1994), NazFe(SO4)3 (Scor-

Eur. J. Mineral., 37, 79-89, 2025

(a) (b)

Figure 5. (a) The coordination of K1 in the structure of
K7Nb(SO4)g. The projection is on the (110) plane with [001] ori-
ented vertically. (b) The coordination of Nal in the structure of
heimaeyite. The projection has the same orientation as in (a).

dari et al., 2011), and Na3zAl(SO4)3 (heimaeyite). There are
two main differences between the potassium and the sodium
structures. The first is that the potassic ones have two dif-
ferent atomic species with different valences at two indepen-
dent octahedral sites, one of them being K, whereas the sodic
ones have only one element type at both sites. The exception
among the sodic ones is heimaeyite, which has partial occu-
pancy of Fe on one of them (however, the pure Al compound
can be synthesized as described later). The second difference
is the coordination of the alkali site that connects tetrahedral—
octahedral chains, which is a distorted octahedral site in the
case of K (Fig. 5a) and a distorted trigonal prism in the case
of Na (Fig. 5b).

The values of volume distortions in Table 6 illustrate these
characteristics. For Nal in Na3zV(SQy)3, there is a seventh O
atom just closer than 3 A and its coordination was reported as
7-fold (Boghosian et al., 1994), but here we included only the
closest six oxygens in the calculations for the sake of com-
parison with the other structures. The “maximum-volume”
polyhedron for coordination number 6 is the regular octahe-
dron (volume distortion of 0). The volume distortion for the
archimedean trigonal prism (all edges of equal length) calcu-
lated relative to the octahedron is 0.2711 (Makovicky and
Bali¢-Zuni¢, 1998). The discrepancy of these values mea-
sures the amount of distortion from the ideal types. The val-
ues for both K1 and Nal lie between the values for the oc-
tahedron and trigonal prism but are closer to the octahedron
for K and to the trigonal prism for Na.

The characteristics of the crystal structure type explain
the appearance of the differences between the potassium and
sodium members. As can be seen in Table 6, the octahedral
coordinations in chains differ in the degree of distortion. The
only distortion in their case is the volume distortion; the ec-
centricity and asphericity are zero because the central cations
sit on the symmetry centre of 3 and all the bond lengths are
equal. The discrepancy from an ideal octahedral coordina-
tion can be either the elongation or shortening along the 3-
fold axis (it is the shortening in all of the aforementioned
structures). The distortion is larger for the larger octahedron
(corresponding to Al2/Fe2 in heimaeyite), especially in the

https://doi.org/10.5194/ejm-37-79-2025
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Table 4. Atomic coordinates, occupancies, and equivalent isotropic displacement parameters.

Site X y z  Occupancy Ueq (A2)
S1 0.50616(8)  0.14710(7)  0.09917(10) 1 0.0194(4)
All 0 0 0 1 0.0141(6)
Al2 0.333333 0.666667 0.166667 0.853(10)  0.0179(7)
Fe2 0.333333 0.666667 0.166667 0.147(10)  0.0179(7)
Nal 0.11066(12)  0.37299(13)  0.01840(17) 1 0.0287(7)
O1 0.3817(2) 0.0762(2) 0.1073(3) 1 0.0312(12)
02 0.5383(2) 0.2342(2) 0.2180(3) 1 0.0289(12)
03 0.5338(2) 0.2072(2)  —0.0451(3) 1 0.0326(13)
04 0.5652(2) 0.0827(2) 0.1173(3) 1 0.0299(13)

Figure 6. (a) The (110) slice from the structure of K7Nb(SO4)s. Nb coordinations are red, S coordinations are yellow, K1 atoms and K2
coordinations are dark violet, and O atoms are blue. (b) The (110) slice from the structure of heimaeyite. The colours are like those in Fig. 4.

Table 5. The bond lengths in heimaeyite.

Central atom Ligands  Bond lengths A)

S1 04 1.446(4)
o1 1.454(2)
03 1.473(3)
02 1.480(3)
All 02 (6X) 1.8772)
AlI2/Fe2 03 (6X) 2.055(4)
Nal o1 2.342(3)
04 2.380(3)
04 2.475(4)
o1 2.478(3)
03 2.621(3)
o1 2.799(3)

cases when K occupies this site when the coordination be-
comes significantly flattened (see Fig. 6a). For comparison,
Fig. 6b shows the structure of heimaeyite projected along the
same crystallographic direction. As can be seen in Table 6,
the bond valence sums for this site show large discrepancies

https://doi.org/10.5194/ejm-37-79-2025

as expected, except for Na3V(SOy4)3, where it is occupied
by the same species as the (slightly) smaller octahedron. De-
spite the discrepancy of bond valence sums for cations in the
large chain octahedra, the bond valence sums for O atoms
and other cations in all structures correspond well to the ex-
pectation, suggesting that the sizes of large octahedral coor-
dinations do not come from mistakes in the structure refine-
ment. The volume distortion of the sulfate tetrahedra is small
in all structures (Table 6). The largest distortion in them is
the eccentricity of the S atom, which has two shorter and two
longer bonds. The latter are bonds to oxygens shared with the
cations in the octahedral coordinations in chains. The quasi-
rigidity of the sulfate tetrahedra, connecting the symmetry-
constrained octahedral coordinations, allows for the adjust-
ment of the size of octahedra by a rotation of tetrahedra so
that a significantly larger octahedral cation in one site can
be combined with the smaller ones in the neighbouring oc-
tahedral sites, like in the case of KT with Nb>*+ or Tad*.
This applies for the heimaeyite structure as well, where larger
Fe3t substitutes for AT only at the Al2 site. The rotation
of sulfate tetrahedra also influences the coordination of alkali
cations that sit between the chains. In the case of drastic dif-
ferences in the size of the chain octahedra, K atoms situated

Eur. J. Mineral., 37, 79-89, 2025
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Table 6. The parameters of the coordination polyhedra in the K7Nb(SO4)g structural group calculated with the IVTON programme (Bali¢
Zunié and Vickovié, 1996). str: structure (1: heimaeyite, Na3Alj_,Fex(SOq4)3; 2: Na3V(S504)3; 3: K7Nb(SO4)g; 4: K7Ta(SO4)g); CN: co-
ordination number; < d >: average bond length; bvs: bond valence sum; Vp: polyhedral volume; vd: volume distortion; asp: asphericity;
ecc: eccentricity. The data for NazFe(SO4)3 are not given because this structure has been determined and refined at a high temperature
(390 °C) from a powder sample (Scordari et al., 2011), whereas the other structures were refined from single-crystal data collected at room
temperature with significantly higher accuracy.

str  Site CN <d> (A) bvs Vp (A3) vd asp ecc
1 S1 4 1463 6.2 1.602(8) 0.0021 0 0.0163
2 S1 4 1471 6.1 1.626(5) 0.0026 0 0.0258
3 S1 4 1462 6.2 1.60(3) 0.0002 0 0.0591
4 S1 4 1459 6.3 1.59(3)  0.0005 0 0.0623
1 All 6 1.877 33 8.79(2) 0.0029 0 0
2 V2 6 1.983 3.1 10.36(2) 0.0034 0 0
3 Nbl 6 1955 53 9.96(8) 0.0001 0 0
4 Tal 6 1.958 54 10.02(9) 0 0 0
1 Al2/Fe2 6 2.055 2.1 11.47¢4) 0.0093 0 0
2 Vi 6 2.003 3.0 10.63(2) 0.0073 0 0
3 K2 6 2,663 14 23.9(1) 0.0488 0 0
4 K2 6 2525 2.1 20.8(1) 0.0331 0 0
1 Nal 6 2518 0.9 16424) 0.2128 0.0229 0.0917
2 Nal 6 2.529 09 16.52(3) 0.2219 0.0037 0.0892
3 K1 6 2755 1.1 259(2) 0.0625 0.0217 0.0389
4 K1 6 2772 1.1 26.4(2) 0.0661 0.0261 0.0434
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Figure 7. PXRD pattern of the sample containing 95 wt % synthetic Na3Al(SO4)3 and 5 wt % synthetic metathénardite (NapSO4) with the
results of the Rietveld refinement. Blue: observed pattern, red: calculated pattern, green: calculated pattern of NazAl(SO4)3, grey: difference
observed — calculated, green ticks: positions of Na3Al(SO4)3 diffraction maxima, magenta ticks: positions of metathénardite diffraction
maxima.

between chains find themselves in a coordination environ-
ment different from that of the Na atoms, which are situated
between chains with minor differences in the sizes of chain
octahedra.

The existence of isostructural NazAl(SO4)3 and
NazFe(SO4)3 and the detected moderate Fe for Al sub-
stitution in heimaeyite suggest the possibility of a solid
solution between these two compounds. A description of a

Eur. J. Mineral., 37, 79-89, 2025

phase from the burnt mine dumps of the Chelyabinsk coal
basin with a composition of (K,Na);Naz(Fe,Al)2(SO4)¢
(Zolotarev et al., 2020) may signify that an ideal solid
solution cannot be achieved, in any case not in a com-
plete form and not without structural complications. The
crystal structure reported for the Chelyabinsk phase shows
that it has the same space group (R3) as heimaeyite but
with an approximately doubled ¢ period. It features the

https://doi.org/10.5194/ejm-37-79-2025
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Table 7. The crystal structure parameters of synthetic Na3Al(SO4)3 obtained by Rietveld refinement of powder XRD.

Unit cell a (A)  Unit cell ¢ (A)

13.33936(8) 8.90165(6)

Site x y 7 Uiso (A?)
S1 0.5093(1) 0.1517(1)  0.0915(2) 0.0123(5)
All 0 0 0 00112
A2 13 213 /6  0.016(2)
Nal 0.1065(2) 0.3620(2)  0.0131(2)  0.0255(9)
o1 0.3822(3) 0.0798(4)  0.0887(5) 0.0111(2)
02 0.5369(3) 0.2351(3)  0.2176(3) 0.0111(2)
03 0.5423(3) 0.2198(3) —0.0516(4) 0.0111(2)
04 0.5687(3) 0.0871(3)  0.1086(4) 0.0111(2)
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Table 8. The bond distances in synthetic Na3Al(SOy4)3.

Central atom  Ligands  Bond length (A)

S1 04 1.440(5)
o1 1.473(4)
02 1.491(4)
03 1.498(4)
All 02(6X) 1.873(4)
A2 03(6X) 1.893(4)
Nal o1 2.299(5)
04 2.402(4)
04 2.477(5)
o1 2.511(5)
ol 2.649(5)
03 2.697(3)
02 2.968(4)

octahedral-tetrahedral chains with a similar topology,
but they have three symmetry-independent, mixed Fe—Al
octahedral sites, all dominated by Fe. The interconnection
between the chains is different from heimaeyite, due to two
symmetry-independent alkali sites, one of them is dominated
by K with minor Na substitution and the other is purely Na.
It is, therefore, presently not clear whether the structural
differences result solely from K—Na substitution or also from
Fe—Al mixing complexity.

The mineral labelled EN (Jakobsson et al., 2008) was
found in a frothy crust, 2-3 cm thick, with various shades
of brownish-to-greenish and whitish-yellow colour, cover-
ing altered scoria of hawaiite, in association with eldfellite,
tamarugite, anhydrite, blodite, and hematite (Balié—Zunic’ et
al., 2009). The crystal size and the admixture with other
minerals prevented a further characterization of EN, apart
from a PXRD diagram where it is one of the four phases.
Whether it is close to heimaeyite in composition or closer to
NazFe(S04)3, as originally supposed because of the associa-

https://doi.org/10.5194/ejm-37-79-2025

tion with eldfellite (NaFe(SO4)»), remains an open question.
The results from the Rietveld refinement of the original EN
diagram (the accuracy is significantly lower than the present
one of heimaeyite) give a value of the a unit cell parameter
closer to that of NazAl(SO4)3, whereas the ¢ parameter is
closer to that of Na3Fe(SO4)3. Therefore, they do not allow
for a definite conclusion.

6 Synthetic NazAl(SO4);3

Synthetic NazAl(SO4)3 was prepared by heating a mixture of
powders of Na;SO4 and Al3(SO4)2(H20)17 in stoichiomet-
ric proportions in a platinum crucible for 1 month at 550 °C.
At the end, the sample contained Na3Al(SO4)3 with a small
remaining amount of NaySO4.

The product was then analysed at room temperature with
the same instrument and conditions as used for the pow-
der XRD analysis of heimaeyite. The Rietveld refinement
was done starting with the crystal structure parameters of
heimaeyite and the parameters for metathénardite from Ey-
sel et al. (1985). For Na3zAl(SOy4)3 the occupancy of Al2
was constrained to 1 (Al), while the positional parameters,
isotropic ADP (those of O atoms constrained to be equal),
and unit cell parameters were refined. For metathénardite
(amounting to 5wt %) only the unit cell parameters were
refined. The final reliability factors were Ryp = 9.65 % and
R, =6.70%. The Rpragg for Na3zAl(SOy4)3 was 2.00 %.

The crystal structure parameters of synthetic Na3Al(SO4)3
are reported in Table 7, and the PXRD pattern is in Fig. 7.

As can be seen from Table 8, the main difference in the
structure of synthetic NazAl(SO4)3 to that of heimaeyite is
in the coordination polyhedron of AI2 (now a pure Al site),
which is not much larger than that of All, and there is the
seventh O atom coming into the coordination sphere of Nal.
The situation in synthetic, pure Al compound resembles the
crystal structure of Na3V(SO4)3. However, the crystal struc-
ture of synthetic NazAl(SO4)3 has been refined from PXRD
data with a much smaller number of observed reflections and

Eur. J. Mineral., 37, 79-89, 2025
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many constraints in ADP, so it is expected to be of lesser
accuracy than the one obtained for heimaeyite from single-
crystal XRD data.

Na3zAl(SO4)3 was also previously prepared by dissolving
stoichiometric quantities of Na sulfate and Al sulfate in water
and then calcining the precipitate at 500 °C (Martinez-Lope
et al.,, 1989) and by a reaction of kaolinite with NaHSO4
at high temperatures (Colina and Costa, 2005). To the best
of our knowledge, the only other anhydrous Na—Al sul-
fate known is synthetic NaAl(SO4)> (Boujelbene and Mhiri,
2013).

7 Conclusions

The new mineral from the fumaroles of Eldfell volcano on
the Icelandic island of Heimaey was shown to be isostruc-
tural with NazV(S04)3 (Boghosian et al., 1994) and has a
composition of NazAl(SO4)3 with a substitution of 10 %—
25% Al by Fe. It was given the name heimaeyite after the
island on which it was found.

Pure Na3 Al(SO4)3 has also been synthesized at 550 °C.

Na3zAl(SO4)3 crystallizes in the R3 space group with a
c :a ratio of 0.6687 and has a K7Nb(SO4)¢ structure type
similar to Na3V(S0O4)3, NazFe(SOy4)3, and K7Ta(SOq4)6. In
the crystal structure of heimaeyite, Al is in octahedral co-
ordination with O atoms at two symmetry-independent sites,
which are connected by sulfate tetrahedra in a pin-wheel con-
figuration in chains along [001]. The chains are connected to
a 3D structure by [NaOg] coordinations in the form of dis-
torted trigonal prisms. Fe is substituted in minor quantities
for Al in the larger of the two octahedral coordinations.

To understand the eventual solid solution of Al and Fe in
this structure type, the mixing behaviour has still to be inves-
tigated along the join of Na3zAl(SO4)3—-NazFe(SO4)3.

Data availability. Crystallographic data for heimaeyite are avail-
able in the Supplement.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/ejm-37-79-2025-supplement.

Author contributions. TBZ performed the XRD measurements,
led the investigation, and prepared the manuscript with contribu-
tions from all co-authors. AG and DM performed the SEM inves-
tigations. FN and MGP assisted with the single-crystal measure-
ments. MBR performed EMPA measurements. MBJ contributed to
the initial investigations.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Eur. J. Mineral., 37, 79-89, 2025

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“New minerals: EJM support”. It is not associated with a confer-
ence.

Acknowledgements. Tonci Balié-Zunié, Anna Garavelli, Do-
natella Mitolo, and Morten Bjerkvig Jglnas gratefully remember
the late Svein P. Jakobsson, who inspired the investigations of El-
dfell fumaroles and also led the expedition in 2009. Tonci Bali¢-
Zunié, Anna Garavelli, and Donatella Mitolo are also indebted to
the late Filippo Vurro, who promoted the joint cooperation which
led to the characterization of a number of new minerals among Ice-
landic fumarolic encrustations. We thank Ljiljana Karanovié for a
critical reading of the paper and comments, Stefanie Lode from the
Norwegian University of Science and Technology and Janet Zulauf
from Goethe University Frankfurt for the preparation of the sample
for microprobe measurement, and Tod E. Waight for help in setting
up the microprobe conditions. We also thank Anna Katerinopoulou
and Dora Bali¢ Zuni¢, who participated in the expedition and helped
with the collection of samples.

Review statement. This paper was edited by Sergey Krivovichev
and reviewed by two anonymous referees.

References

Bali¢ Zunié, T. and Vickovi¢, I.: IVTON — Program for the Cal-
culation of Geometrical Aspects of Crystal Structures and Some
Crystal Chemical Applications, J. Appl. Crystallogr., 29, 305-
306, 1996.

Bali¢-Zunié T., Garavelli A., Acquafredda P., Leonardsen E., and
Jakobsson S. P.: Eldfellite, NaFe(SO4),, a new fumarolic min-
eral from Eldfell volcano, Iceland, Mineral. Mag., 73, 51-57,
https://doi.org/10.1180/minmag.2009.073.1.51, 2009.

Bosi, F., Hatert, F., Pasero, M., and Mills, S. J.: IMA Com-
mission on New Minerals, Nomenclature and Classification
(CNMNC) - Newsletter 81, Eur. J. Mineral., 36, 917-923,
https://doi.org/10.5194/ejm-36-917-2024, 2024.

Boghosian, S., Fehrmann, R., and Nielsen, K.: Synthesis and crys-
tal structure of Na3V(SO4)3. Spectroscopic characterisation of
Na3V(SO4)3 and NaV(SOy);, Acta Chem. Scand., 48, 724-731,
1994.

Borup, F., Berg, R. W,, and Nielsen, K.: The crystal structure of
K7Nb(SO4)¢ and K7Ta(SO4)g, Acta Chem. Scand., 44, 328—
331, 1990.

Boujelbene, M. and Mhiri, T.: Ab initio X-ray structure de-
termination of NaAl(SOg4), J. Adv. Chem., 5/1, 607-613,
https://doi.org/10.24297/JAC.V511.941, 2013.

https://doi.org/10.5194/ejm-37-79-2025


https://doi.org/10.5194/ejm-37-79-2025-supplement
https://doi.org/10.1180/minmag.2009.073.1.51
https://doi.org/10.5194/ejm-36-917-2024
https://doi.org/10.24297/JAC.V5I1.941

T. Bali¢-Zuni¢ et al.: A new mineral from the fumaroles on Eldfell volcano 89

Colina, F. G. and Costa, J.: High-Temperature Reaction of Kaolin
with Sodium Hydrogen Sulfate, Ind. Eng. Chem. Res., 44, 4495—
4500, https://doi.org/10.1021/ie030273d, 2005.

Eysel, W., Hofer, H., Keester, K., and Hahn, T.: Crystal chemistry
and structure of NapSOy4 (I) and its solid solutions, Acta Crystal-
logr., B41, 5-11, 1985.

Jakobsson, S. P., Leonardsen, E. S., Balic-Zunic, T., and Jonsson, S.
S.: Encrustations from three recent volcanic eruptions in Iceland:
The 1963-1967 Surtsey, the 1973 Eldfell and the 1991 Hekla
eruptions, Fjolrit Nattirufraedistofnunar, 52, 65 pp., ISSN 1027-
832X, 2008.

Makovicky, E. and Bali¢-Zunié, T.: New measure of distortion for
coordination polyhedra, Acta Crystallogr., B54, 766-773, 1998.

Mandarino, J. A.: The Gladstone-Dale relationship — Part I: Deriva-
tion of new constants, Can. Mineral., 14, 498-502, 1976.

Martinez-Lope, M., Zamora, J., and Garcia-Clavel, M. E.: Oxysalt
— metal double reactions in the solid state: Na3Al(SO4)3 — Mg,
Thermochim. Acta, 153, 105-111, 1989.

Oszlanyi, G. and Siitd, A.: Ab initio structure solution
by charge flipping, Acta Crystallogr, A60, 134-141,
https://doi.org/10.1107/S0108767303027569, 2004.

https://doi.org/10.5194/ejm-37-79-2025

Palatinus, L. and Chapuis, G.: SUPERFLIP — a computer pro-
gram for the solution of crystal structures by charge flipping
in arbitrary dimensions, J. Appl. Crystallogr., 40, 786790,
https://doi.org/10.1107/S0021889807029238, 2007.

Petficek, V., Dusek, M., and Palatinus, L.: Crystallographic Com-
puting System JANA2006: General Features, Z. Kristallogr., 229,
345-352, https://doi.org/10.1515/zkri-2014-1737, 2014.

Scordari, F., Ventruti, G., Gaultieri, A. F.,, and Lausi, A.: Crystal
structure of Na3Fe(SO4)3: A high-temperature product (~ 400 °
C) of sideronatrite [NazFe(SO4)'2H20], Am. Mineral., 96, 1107—
1111, https://doi.org/10.2138/am.2011.3783, 2011.

Zolotarev, A. A., Krivovichev, S. V., Avdontceva, M. S.,
Shilovskikh, V. V., Rassomakhin, M. A., Yapaskurt, V. O.,
and Pekov, I. V.: Crystal Chemistry of Alkali-Aluminum-Iron
Sulfates from the Burnt Mine Dumps of the Chelyabinsk
Coal Basin, South Urals, Russia, Crystals, 10, 1062,
https://https://doi.org/10.3390/cryst10111062, 2020.

Eur. J. Mineral., 37, 79-89, 2025


https://doi.org/10.1021/ie030273d
https://doi.org/10.1107/S0108767303027569
https://doi.org/10.1107/S0021889807029238
https://doi.org/10.1515/zkri-2014-1737
https://doi.org/10.2138/am.2011.3783
https://doi.org/10.3390/cryst10111062

	Abstract
	Introduction
	Appearance and physical properties
	Chemical analysis
	X-ray diffraction analysis
	PXRD
	Single-crystal XRD

	The crystal structure
	Description of the structure
	The relations between the structures with the K7Nb(SO4)6 structure type

	Synthetic Na3Al(SO4)3
	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Review statement
	References

