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Abstract

We synthesized six samples in the compositional field NaMgAI(SO,);—KMgAI(SO,); in 20 mol% increments from pure Na
to pure K compounds. We investigated them by Powder X-Ray diffraction, >’Na, and >’ Al Nuclear Magnetic Resonance spec-
troscopy. The results confirm NaMgAI1(SO,); as a unique phase identical to a presumed new mineral found in the fumaroles
of Eldfell and Hekla volcanoes in Iceland. It tolerates less than 10 mol% K substitution for Na. There exists a compositional
gap to approximately Na 5K ;sMgAI(SO,); from where a solid solution extends to KMgAl(SO,);. The mineral koryakite
[NaKMg,Al,(SO,)] is a member of the latter solid solution series. The crystal structures of all (Na,K)MgAI(SO,); phases
are akin to NASICON (NA Super Ionic CONductor). NaMgAI(SO,); has R3c symmetry and a disordered distribution of
Mg and Al among the octahedral sites with only one unique site for the alkali atom. The members of the solid solution have
R3 symmetry with ordered Mg—Al distribution and two unique alkali sites with different preferences for Na and K. In the
crystal structure, the coordination of Na and/or K is trigonal antiprismatic, and these share bases with two octahedral Mg
(Na) or Al (K) coordinations. These polyhedra are arranged in columns parallel to [001] and interconnected by SO, tetra-
hedral groups. The alkali atoms from a column lie in the same (001) layers as the octahedrally coordinated atoms from the
three neighboring rows. On the same level, parallel to (001), there are gaps in the other three neighboring columns forming
channels containing Na™ or K* ions.

Keywords Fumarolic minerals - Anhydrous sulfates - (Na,K)MgAI(SO,); - NASICON-type structure - Koryakite

Introduction

In July 1991 Sveinn Peter Jakobsson collected a sample
with a presumed new mineral later labelled EA (Jakobsson
et al. 2008) on the Hekla volcano, Iceland, which erupted
earlier that year (January 18—19). He found the same pre-
sumed new mineral four years later in three samples col-
lected in the fumaroles on the Eldfell volcano, Iceland,
still active after the eruption of 1973. The presumed new
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mineral was identified by Erik Leonardsen using Powder
X-Ray diffraction (PXRD) as a hitherto unknown species.
The long-lived fumaroles of Eldfell yielded in 2009 a new
sample containing EA among the material collected during
a new expedition where one of the authors of this article
(TBZ) took part. This sample was investigated by Scanning
Electron Microscopy with Energy-Dispersive Spectrometer.
The results showed it to contain another presumed new min-
eral labelled EN by Jakobsson et al. (2008), a description of
which is presently in preparation, in a matrix of needles with
composition (Na,K)MgAI(SO,); and a Na:K ratio of approx-
imately 3:1. PXRD showed EN as the main phase, with EA
and a second minor phase. A closer investigation suggested
that EA and the new phase must have very similar structures,
just with different sizes of the unit cells. We supposed it was
due to different amounts of K replacing Na in the structure
and decided to synthesize (Na,K)MgAIl(SO,); compounds
with different Na:K proportions to verify this assumption.
Subsequently, an article was published describing the new
fumarolic mineral, koryakite, discovered at Tolbachick
volcano (Siidra et al. 2020) with composition reported as
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NaKMg,Al,(SO,), thus fitting into our research. We here
explain its place among the (Na,K)MgAI(SO,); compounds.

Experimental

For PXRD measurements, we used a Bruker-AXS Advance
8 diffractometer equipped with a primary Gelll mono-
chromator giving practically monochromatic radiation
(1.54059 A wavelength) and a LynxEye silicon-strip detec-
tor with an active surface covering 3.3°. The technique
used for room temperature measurements was the reflection
Bragg—Brentano technique with a fixed beam divergence of
0.25°, between 5° and 90° 20 in steps of 0.02°.

High-temperature (HT) PXRD measurements we per-
formed using a cylindrical MRI TC oven centered close to
the focus of the primary beam. We mounted samples in cap-
illaries with a diameter of 0.5 mm. For temperature control,
we used a 2404 Eurotherm temperature controller with a
NiCr/NiAl thermocouple calibrated with the MgO standard.
Measurements were carried out between 5° and 70° 26 in
steps of 0.01°.

For Rietveld refinements, we used Topas, version 6 (a
Bruker AXS product) applying a fundamental parameters
approach for the description of profile shapes. For an exter-
nal calibration of emission lines contribution, we used a
CeO, standard (NIST 674a) with an average crystallite size
of 595 nm (Balzar et al. 2004).

Solid-state *Na and ?’Al Magic Angle Spinning
(MAS) Nuclear Magnetic Resonance (NMR) spectra

Table 1 Overview of samples with selected results of Rietveld refinement

were recorded on an Agilent 600 MHz NMR spectrom-
eter (14.1 T) equipped with a 3.2 mm triple resonance
MAS NMR probe with 15 kHz spinning speed. The **Na
and 2’ Al NMR spectra were recorded with a short (x210°)
excitation pulse to ensure uniform excitation and are
referenced to 1 M NaCl (,,,(**Na) = 0 ppm) and 1 M
AICI, (8;,,(*’Al) = 0 ppm), respectively, and analyzed
using ssNake (van Meerten et al. 2019).

The TGA was performed on a Mettler Toledo TGA
using Nitrogen as the purge gas. Approximately 50 mg
of the samples were placed in an alumina crucible on the
sample stage. The samples were ramped to 100 °C and
kept there until the temperature of the sample was uniform
and stable. Hereafter it was heated at a rate of 10 °C/min
to 800 °C.

The samples were obtained by solid-state synthe-
sis through mixing powders of Na,SO,, MgSO,(H,0),
Aly(SO4)3(H,0)y;, and K,SO, in stoichiometric amounts
and heating the mixtures in an oven in covered ceramic
crucibles to obtain the six compositions listed in Table 1.
The initial treatment was five days at 230 °C. A check of
products by PXRD showed those rich in K to be largely
amorphous, so the temperature was increased to 300 °C
and heating continued for ten days. After that, PXRD
showed in all cases similar diagrams with a crystalline
phase resembling the pattern of NaMgFe(SO,); (Slater
and Greaves 1994) just with different sizes of unit cells.
Therefore, we concluded at that stage that all were iso-
structural with the Fe** compound, which was supported

Sample name Composition Space group V. (A% Ry (%) Rppe (BA GoF  Impurities
B ; phase) (%)
Nominal From Rietveld refinement
EAO NaMgAI(SO,); NaMgAI(SO,), R3¢ 1301.49 (6) 15.2 35 448 -
EA20 Na 5K ,MgAI(SO,); 71% Nag 93Ky 07MgAI(SOy);  R3c 1300.44 (9) 179 49 522 4% steklite
22% Nay 6K 3,MgAI(SO,), I 1289.8 (2) 6.3 4% langbeinite
EA40 Na, (K, ,MgAI(SO,); Naj K 36MgAL(SO,)5 R3 1283.21(7) 159 44 4.50 4% steklite
1% langbeinite
EA60 Na,, ;K, sMgAI(SO,); Nay 4,K( ssMgAI(SO,)5 R3 1286.28 (5) 11.4 2.8 3.14 5% steklite
3% langbeinite
EA80 Na,,K,sMgAI(SO,); Na,sK7sMgAI(SO,)5 R3 1295.47 (6) 10.8 25 2.93 6% steklite
3% langbeinite
EA100 KMgAI(SO,), KMgAI(SO,), R3 1311.16 (8) 11.5 2.6 3.07 6% steklite

3% langbeinite

The PXRD diagrams and files with full refinement data can be found in the supplementary information (Fig. S1, Table S1). The quantities of

phases are in weight %. Langbeinite: K,Mg,(SO,);, steklite: KAI(SO,),. V.= volume of the unit cell; R, =

Tw(¥y-v)

M-P

L.
or2’

GoF = ; w(weight) =

] AR
» Prage = Ty

Tw(t-x,)’
éng ) iR

Y,, Y =step intensity (observed and calculated); I, I, =intensity of a reflection (“observed” and calcu-

lated); M =the number of data points; P =the number of parameters. The estimated standard deviation (ESD) for V. is presented in brackets

@ Springer



Physics and Chemistry of Minerals (2023) 50:35

Page3of8 35

by satisfactory Rietveld refinements using this structure’s
crystallographic data to build a starting model.

Results
We performed TGA and HT PXRD analysis of samples

(Figs. S2, S3, Table S2). TGA showed all samples to be
stable up to around 650 °C (Fig. S2). Sample EAO showed
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g’ 1.02 A
X
1.01 A .
1.00 mé‘ /
i A /A
0.99 -\‘/A
0.98 u
T —n [ ] [
0 20 40 60 80 100

K content (mol%)

Fig. 1 Unit cell parameters at various K contents (X) normalized by
the unit cell parameters at K content of 0% (X;) (for absolute values
see Table S1). Red: R3¢ phases, black: R3 phases. The data for two
phases in EA20 (at K content 7 and 34 mol%) are probably biased by
diffraction overlap (see text). The data points are connected to guide
the eye. 3 X ESD are smaller than the symbols for all data points

Fig.2 Crystal structure of
EA60. A Projected on (001). B
Projected on (110). Cyan=0
atoms, light violet= Al (Na/K),
dark violet=All (K), blue=MI
(Mg and its octahedral coor-
dination), red=MII (Al and

its octahedral coordination),
yellow =S and its tetrahedral
coordination. The trace of a unit
cell is indicated

the smallest volume thermal expansion but the largest ani-
sotropy (strong expansion along [001] but very small along
[100]). The other samples had a relatively small anisotropy
of expansion, EA40, and EA60 larger along [001], EA80 and
EA100 along [100]. EA20 was later shown to be a mixture
of two phases and, therefore, irrelevant for comparison (Fig.
S1 and Table S1).

We continued the heat treatment of the same samples for
one month further at 300 °C and at 550 °C for an addi-
tional 200 h to obtain better crystallinity. We made the final
Rietveld analyses on samples after this treatment and the
main Rietveld results, we presented in Table 1, and in Fig. 1
one can see the development of unit cell parameters with
the content of K. The atomic displacement factors were
constrained to have the same value for Na and K sites, Mg
and Al sites and for all O sites, to diminish the number of
free parameters and their influence on occupancy factors.
The details of Rietveld refinements are in the supplemen-
tary information (Table S1) as well as the full lists of bond
lengths, angles, and coordination distortion parameters
calculated according to Balic-Zunic and Vickovic (1996)
and Makovicky and Balic-Zunic (1998) (Table S3). Calcula-
tions are carried out using the program [IVTON (Balic-Zunic
and Vickovic, 1996).

All samples contained major phases with crystal struc-
tures of the same general type. As an example, the crystal
structure of EA60 is shown in Fig. 2. The crystal structures
of all synthesized EA phases are built upon the same struc-
tural principles as a material group called NASICON (NA
Super Ionic CONductor) (Boilot et al. 1988), more specifi-
cally they have the same architecture as the pure phospho-
rus end-member of this group, NaZr,(PO,); (Hong 1976).

@ Springer
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This structure type contains columns of Na coordinations "s —E— M|
(in our case also K) sandwiched between two Zr (in our 110 —E— M
case Mg or Al) octahedral coordinations with which they 2(’“
share bases. The columns are connected through tetrahedral D 1054
groups (SiO, and PO, in the original NASICON and SO, in E
the EA phases). 2 100

Among EA phases, NaMgAI(SO,); exhibits R3c sym- _‘g
metry, which implies it only has one type of alkali-atom _g 9.5
site and a dlsorder.ed dlStI'.lbutIOI’l Sf Mg a.md”A.d among the S ) % % %\
octahedrally coordinated sites that “sandwich” it. EA phases 9.0 %
with K replacing Na partially (more than 35 mol%) or com-

2 8.5 .

pletely have R3 symmetry, which implies two symmetrically
independent alkali-atom sites (Al at 3a; 0,0,0 and AII at 3b:
1/3,2/3,1/6) and two symmetrically independent octahedral
sites (MI and MII both at 6¢: 2/3,1/3, z). The refinement of
the NaMgAI(SO,); was also attempted in the lower sym-
metry group, but R factors were very similar and, even more
importantly, NaMgAI(SO,); showed the systematic extinc-
tions consistent with the R3¢ space group and the atomic
coordinates were practically the same, suggesting that all
octahedral coordinations are of the same size due to the high
disorder of Mg and Al. The alkali sites have a coordination
number (CN) of six and form a much-distorted octahedron
that can be more accurately described as a trigonal anti-
prism. It was possible to refine directly the occupancies of
Al and AII by Na and K due to a large difference in atomic
numbers. The results can be seen in Fig. 3. K exhibits a large
preference for AIIl which is also supported by the signifi-
cantly higher cation-oxygen bond lengths in AIl compared to
Al observed for all EA phases (see Table S3). For composi-
tions with K> 50 mol%, this site is completely occupied by
K. This is confirmed by solid-state NMR spectroscopy (see
below).

—ml— Na1
1.001 - @ K2
- @ Na2
—Hl— K1
0.75 1
>
[8)
C
S o
S .50 1
o
O
(@)
0.25 1
0.00 1

K content (mol%)

Fig. 3 Distribution of K and Na between the Al (Nal and K1) and the
All site (Na2 and K2). Error bars represent 3 X ESD. The data points
are connected to guide the eye

@ Springer

40 60 80 100
K content (mol%)

Fig.4 Coordination polyhedra volumes for the MI and MII sites con-
taining Mg and Al. Error bars represent three times the standard devi-
ation. The data points are connected to guide the eye

The occupancy of Mg and Al at the M sites cannot be
directly refined due to their similar atomic numbers but
can be inferred from coordination polyhedra volumes. The
results can be seen in Fig. 4. The polyhedra volumes suggest
a large preference for Mg for the MI site (sandwiching AI)
and Al for the MII site (sandwiching All) in all R3 phases.
For comparison, the volume of MgO6 octahedron in peri-
clase is 12.499 A% and of AlO6 octahedron in corundum has
a volume of 9.08 A’. The conclusions from the polyhedra
volumes are further supported by bond valence calculations.
Bond valence sums for the M1 site occupied by Mg range
between 2.4 and 2.5, whereas for the MII site occupied by
Al, it ranges from 3.0 to 3.2.

In Figs. 3 and 4 the data for the R3 phase in EA20 are
not included because the diffraction overlaps of the two EA
phases present in this sample do not allow the same accuracy
of results as in the other samples.

To gain further insight into the local structure around Al
and Na, ?’Al and >>Na MAS NMR spectra were recorded
for all samples. The 2*Na MAS NMR spectra (Fig. 5) show
a gradual evolution. EAOQ (nominally one crystallographic
alkali site) is very complex and contains several >Na NMR
resonances, which reflects a high degree of local disorder.
This most likely reflects the displacement of some of the
Na atoms from the 6b position to the 18e position, which
is occupied in NASICON phases with “excess” Na coupled
with Si for P substitution. As the 2*Na content decreases,
the spectra become less complex. For example, the >*Na
MAS NMR spectrum of EA80 and EA60 can be simulated
convincingly with a single site (5,,(**Na)=— 16.7(8) ppm,
CQ =2.78(5) MHz and No= 0.00(5)) confirming the prefer-
ence of Na for one of the two crystallographic positions. A
small shoulder is observed on the right side, which reflects
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Fig.5 **Na MAS NMR spectra from EAO to EA80 (Na-containing
phases)

the presence of a small amount at the second site (AIl). The
2’Na MAS NMR spectrum of EA40 contains two distinct
23Na resonances with well-defined second-order quadrupo-
lar line shapes implying a high degree of local order and
the presence of >*Na on two crystallographic sites in dif-
ferent concentrations. The major site can be simulated with
the parameters above, whereas the second site is character-
ized by (8;,,(*Na)=—28.3(8) ppm, C,=2.10(5) MHz, and
ng=0.01(5)). The *Na MAS NMR spectra of EA20 and
EAO are too complex for detailed analysis but clearly contain
several more resonances. From the intensity, there is a strong
preference for Na to be located on one of these sites, which
supports the observations based on PXRD (Fig. 3).

The 2’ A1 NMR spectra show a similar trend. EAO shows
a single asymmetric line shape, which is characteristic of a
27 Al site in a disordered local environment with a maximum
intensity at 5(>’ Al)=—27 ppm, whereas the major resonance
is at 5(*’ Al)=—21 to — 22 ppm for the members of the solid
solution series from EA40 to EA100. Thus, for Al, the chem-
ical shift significantly changes from EAO through EA20
(mixture of phases) to EA40-EA100. This is in accordance
with a change from a disordered to a largely ordered distri-
bution in the crystal structure. Again, 2’Al NMR confirms
the miscibility gap. Moreover, a minor resonance is seen
just below 8(*’Al) &~ — 20 ppm. This is either from a small
impurity phase (KAI(SO,),) or from a small amount of Al
located on Mg sites (Fig. 6)

3("Al) (ppm)

Fig.6 2’Al MAS NMR spectra for EAO to EA100

Discussion and conclusions

Slater and Greaves (1993) synthesized NaMgAI(SO,),
among other sulfates/selenates of the NASICON type
where it is described as a rhombohedral phase with unit
cell parameters similar to those obtained in this work (see
supplementary information), and reported its conductiv-
ity. Moreover, syntheses and measurements of the phases
where Na is substituted by K and Ag are mentioned and
further details were to be published elsewhere. However,
we were not able to find such an article so, to the best of our
knowledge, this work gives the first account of the relations
among (Na,K)MgAI(SO,); phases with their full structural
characterization.

Our results show that NaMgAI(SO,); is a unique phase
in the compositional field NaMgA1(SO,);—KMgAI(SO,),
whereas a quenchable solid solution is formed from
around Nay 45K, 3sMgAI(SO,); to KMgAI(SO,); at 550 °C.
NaMgAI(SO,); most probably can tolerate a small K for Na
replacement up to around 10 mol%, so a compositional gap
exists from around 10% to around 35% K in the formula.
The results therefore confirm NaMgAI1(SO,); as a new min-
eral species observed in Iceland. At the same time, koryak-
ite is shown to have a composition and structure close to a
low-K end-member of a solid solution series that extends
to KMgAI(SO,);. The appearance of the two minerals inti-
mately mixed in the same fumarolic sample on Eldfell can
be explained by a Na:K proportion of the source falling
inside the compositional gap (around 20 mol% K) between
NaMgAI(SO,); and koryakite.

The reason for a compositional gap between
NaMgAI(SO,); and the koryakite solid solution series is
an interesting question. The gap has been identified both
in synthetic and natural samples, so the reason must be in
the intrinsic properties of these closely related structures.
We propose the following explanation: The R3c structure
of NaMgAI(SO,), with uniform size of the alkali site can

@ Springer
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Fig.7 Comparison of the
structures of Aly(SO,);,
millosevichite (a, ¢),

Ky.sNay sMgAI(SO,);, koryakite
(b. d). NaMgAL(SO,); (e. g)
and NaZr,(PO,); (f, h) shown
in projections along [100] (a,
b, e, f) and [001] (c, d, g, h).
The coloring is as follows:
yellow = sulphate tetrahe-

dra; green=AlOg octahedra;
dark blue=MgOg¢ octahedra;
dark green=Mg/AlO4 mixed
octahedra; light blue = phos-
phate tetrahedra; purple =ZrOg
octahedra; orange = Na atoms;
violet=K atoms

.!‘ ‘

Ay - '
AR 2 NAX AR AXAYAR
L] - [ - [

‘w‘\'m /o_w‘s'm«o_w
- : ' '

AYAVAYS

tolerate only very small amounts of a much larger K atoms
substituting for Na. On the other side, the mixed Na—K com-
positions of the koryakite solid solution series require a K
amount larger than approximately 40 mol% to stabilize a
structure with two alkali coordinations of distinctly differ-
ent sizes followed by the ordering of Mg and Al among the
octahedral sites.

The crystal structures of NaMgAI1(SO,); and the members
of the koryakite solid solution series are built upon the same

@ Springer
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general principles. The main crystal structure distinction is
Mg and Al disordering in NaMgAI(SO,);, whereas they are
highly ordered in the koryakite solid solution series. Like-
wise, K and Na are highly ordered in the solid solution struc-
tures. As regards K coordination, one can observe that there
are additional six O atoms closer than 3.5 A. There is, how-
ever, a large bond distance gap, which decreases somewhat
with the increasing K content but even in KMgAI(SO,); the
difference between nearest neighbors and the next neighbors
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remains too large (K1: 2.63, vs. 3.25; K2: 2.94 vs. 3.21 10\)
to consider the next neighbors as an important part of the
K coordination. More surprising is the short K—O bond dis-
tance in the K1 site, which is only 2.63 A even in the fully
K-occupied site, significantly different from 2.94 A in K2.
This, and the unusually low coordination number for K (6)
testifies to a large flexibility of this structure type responsi-
ble for an unusually extensive solid solution between Na*
and K*, which are so different in size. As the changes of the
unit cell parameters show (Fig. 1) the change in the size is
mostly accommodated by increasing the ¢ parameter or, in
other words, increasing the extension of the [001] columns
with increasing the content of K in the structure.

The structure of koryakite (Siidra et al. 2020) and all the
EA structures are related to the crystal structures of mil-
losevichite [Al,(SO,);; Dahmen and Gruehn 1993] and iso-
structural mikasaite [Fe,(SO,); (Christidis and Rentzeperis
1976)]. The structures in the koryakite solid solution series
can be regarded as stuffed derivatives of the millosevichite
structure (Siidra et al. 2020). The deficit in the positive
charge caused by the substitution of Mg?* for AI** is com-
pensated by the addition of alkali atoms in the voids of tetra-
hedral — octahedral framework. However, the alkali atoms do
not occupy channels [001], as written in the article of Siidra
et al. (2020). Such channels do not exist in millosevichite
structure (Dahmen and Gruehn 1993; Fig. 2). The alkalis
occupy the empty sites between the two Mg or two Al octa-
hedra. The structural projections 3 (b) and (c) in the article
by Siidra et al. (2020) give an impression of such channels,
but one should consider that those projections represent only
relatively thin (001) slices of the structure and not the full
structure. The full structural projections of millosevichite,
koryakite, NaMgAl(SO,); and NaZr,(PO,); are compared in
Fig. 7. One can see the actual situation in it. The coordina-
tions of alkali cations, and the empty sites that correspond
to them in millosevichite, are “plugged” in [001] direction
by two octahedral coordinations with which they share basal
faces. In Na—K mixed compositions, K shows a preference
to occupy the sites between two AlO4 octahedra and Na
between two MgQg octahedra. The channels containing Na*
and K* do exist but they run parallel to the a-axis which
can be seen in Fig. 7. It can also be seen that these channels
in R3¢ structures [NaMgAI(SO,); and NaZr,(PO,);] have a
uniform profile, whereas in R3 structures (milloshevicite and
koryakite) the two profiles are obtained, differently occupied
by Na and K in koryakite solid solution. However, the Na*
ions do not move along these channels in NASICON. The
distances between Na “neighbor sites” in a channel are too
long (over 8 A) to exert a si gnificant electrostatic influence.
The migration of Na* occurs between the Nal (0,0,0) and

a closer Na2 (x,0,1/4) site, in compositions with surplus Na
where there are still enough vacant sites in both places and
follows a zig-zag path (Boilot et al. 1988).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00269-023-01259-0.
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