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Abstract

Potassium incorporation in the structure of combeite has been studied in detail. Since natural combeites are known to contain
only small amounts of potassium focus was laid on the Na-rich part of a hypothetical solid-solution series with composition
Na,_K,Ca,Si;0,. Samples were prepared from mixtures of silica and the corresponding carbonates for nominal compositions
with x=0.2, 0.3 and 0.5, heated from ambient temperature to 1350 °C and slowly cooled to 1000 °C. After disintegration
of the carbonates, the platinum capsules used as sample containers were welded shut in order to avoid losses of the volatile
K,0 and Na,O components. From all three batches potassium containing combeite crystals could be retrieved. Single-crystal
diffraction experiments revealed the following compositions: Na, ;1)K 111)Ca; 90(1)S1309, Na, 091, Ko 151)C21 91(1)S1304 and
Nay 131)K 18(1)C21 87(1)S1304. Consistently, the trigonal crystals (space group P 3; 2 1) contained (i) (K+ Na):Ca ratios larger
than 1:1 and (ii) potassium concentrations lower than those in the starting mixtures. Since the K-contents of the samples
obtained from the runs with x=0.3 and 0.5 were almost identical, the solid-solution seems to be rather limited with an upper
boundary of about one potassium atom per unit cell. The structure of the K-containing combeites is very close to the K-free
structures reported in the literature. It can be described as a mixed tetrahedral-octahedral network in which additional K,
Na and Ca cations are incorporated for charge compensation. A detailed analysis of the topological features of the net is
presented. From the six observed extra-framework sites only the M22 position showing a coordination environment with
ten next oxygen neighbours is involved in the K-substitution. Potassium uptake is also reflected in increasing values for the
lattice parameters a and c as well as the unit-cell volumes. Actually, the c-axis is more affected from the incorporation of
the comparatively large K*-cations.
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Introduction

Combeite (idealized formula Na,Ca,Si;Oy) is a rare highly-
alkaline silicate mineral, whose formation requires very spe-
cial petrological settings. It has been observed, for example,
in lapilli and ashes of the only active carbonatite volcano on
Earth, Ol Doinyo Lengai (Tanzania) (Dawson et al. 1989;
Keller et al. 2010; Mitchell and Dawson 2012), in lavas and
pyroclastic rocks from the Nyiragongo volcano range (Dem-
ocratic Republic of the Congo) (Andersen et al. 2012), in the
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Ettringer Bellerberg volcano in the Eifel district (Germany)
(Fischer and Tillmanns 1983) or in foidites occuring as
porphyric dikes (Brava Island, Cape Verde) (Weidendorfer
et al. 2016). According to the articles cited above, combeite
is associated with minerals such as gotzenite, wollastonite,
clinopyroxene, nepheline, melilite, titanium-rich garnet,
sodalite or aegirine.

The corresponding synthetic analogue with composition
Na,O x2Ca0 x 3Si0, or NC,S; (using the nomenclature of
technical mineralogy) has been first mentioned by Morey
and Bowen (1925). Koppen and Padurow (1958) suggested a
rhombohedral unit cell, consistent with its optically uniaxial
properties. About ten years later, indexed X-ray powder dif-
fraction data of this phase have been published (Dent Glasser
and Mileson 1968). At the same time there were also first
indications that the chemical composition of the so-called
“1:2:3-phase” is more complex involving a solid-solution
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series (Maki and Sugimura 1968). Furthermore, the same
authors reported that Na,Ca,Si;0, shows a reversible phase
transition at about 485 °C. The existence of a continuous
solid-solution series Naz_ ,Ca; 5,05,51309 (0<x<1) was
suggested by Moir and Glasser (1974). Finally, the crystal
structures of both, the ambient and the high-temperature
polymorph, have been studied using single-crystal diffrac-
tion (Ohsato and Takéuchi 1986; Ohsato et al. 1990; Fischer
and Tillmanns 1987).

In the field of materials science, Na,Ca,Si;O4 has been
intensively investigated as a crystalline phase in so-called
4585 bioactive glass ceramics (Siqueira and Zanotto 2011;
Xie et al. 2015; BlaeB et al. 2019; Karimi et al. 2018; Nawaz
et al. 2020). Furthermore, the compound has been of interest
as a potential host material for the preparation of red-emitting
phosphors (Zhu et al. 2018), in the context of crystal nuclea-
tion and growth kinetics in soda-lime-glasses (Strnad and
Douglas 1973; Macena et al. 2020) or as a phase occurring
in steel slag glass—ceramics (Luo et al. 2020).

Data on the incorporation of alkali ions other than sodium
into the crystal structure of combeite are rare. Natural sam-
ples from the Ol Doinyo Lengai locality, for example, con-
tain only 0.13—0.50 wt.-% K,O which is equivalent to 0.010
to 0.037 potassium atoms per formula unit. By contrast,
whole rock analysis of the corresponding lavas resulted in
K,0O-contents between 3.84 and 5.64 wt.-% (Klaudius and
Keller 2006). Actually, mineral chemistry of the different
species in the mineral assemblages indicates that nepheline
is the primary potassium sink. A similar situation is observed
when comparing combeites from the Nyiragongo area with
the bulk chemistry of the nephelinite host rocks (Klaudius
and Keller 2006). This leaves the question whether potas-
sium cations can be incorporated into the combeite structure
and, if so, to what extent. The aim of the present contribu-
tion was to bridge this gap in crystal-chemical knowledge.
It is part of a wider ongoing research project on the phase
relationships in the system Na,0-K,0-CaO-SiO,.

Experimental details

In order to study the Na <> K substitution in the combeite
structure, samples corresponding to a hypothetical solid-
solution series Na, ,K,Ca,Si;04 with x=0.2, 0.3 and 0.5
have been prepared. For easy reference, these mixtures
will be denoted K-Comb-n with n=2, 3, 5, respectively.
Starting materials were Na,CO5; (Merck, 99.9%), CaCO;
(Merck, >99.9%), K,CO; (Alfa Aesar, 99.997%) and SiO,
(AlfaAesar, 99.995%) which were dried for 24 h at 400 °C
before weighing on an analytical balance. Subsequently,
stoichiometric batches of 0.5 g each were thoroughly
mixed in a planetary ball mill for 45 min at 600 rpm using
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ethanol as a milling fluid. After careful evaporation of
the alcohol at 60 °C in a hot-air cabinet the educts were
stored in a desiccator. Synthesis experiments were per-
formed in small platinum capsules having an inner diam-
eter of 5 mm and a length of approximately 35 mm. After
closing the lower ends of each capsule using a welding
apparatus, about 100 mg of the corresponding educts were
charged into the Pt-tubes. The capsules were placed verti-
cally in corundum combustion boats filled with alumina
hollow spheres, transferred to a chamber furnace, heated
slowly to 700 °C and annealed for 12 h for complete dis-
integration of the carbonates. After removing from the
furnace, the solid material inside the tubes was carefully
compacted with a fitting plastic bar. The upper open ends
of the capsules were pinched and welded shut. Actually,
sealing was performed in order to prevent K,O and Na,O
losses which are likely to occur at elevated temperatures.
Subsequently, the containers were placed back into the
combustion boats and heated from 25 °C to 1350 °C with
aramp of 5 °C/min. After holding the target temperature
for 1.5 h, the samples were cooled down to 1000 °C with
arate of 0.1 °C/min and, finally, quenched to ambient con-
ditions by removing the alumina boats from the furnace.
Weighing the closed capsules before and after the high-
temperature treatment indicated that they had not leaked
during the synthesis runs.

After opening the capsules, the solidified melt cakes
were mechanically separated from the container, further
crushed in an agate mortar and transferred to glass slides
under a polarizing binocular. A first inspection revealed the
presence of transparent, colorless-birefringent single crys-
tals up to 250 pm in size embedded in a glassy matrix. The
crystals showed sharp extinction between crossed polar-
izers. For each composition, between 5 and 8 crystals were
fixed on glass fibers using nail hardener as glue. Preliminary
X-ray diffraction data were collected on an Oxford Diffrac-
tion Gemini R Ultra single-crystal diffractometer equipped
with a four-circle kappa-goniometer and a Ruby CCD detec-
tor. Measurements were conducted with Mo-K, radiation.
Initial diffraction experiments aiming on the determination
of the unit-cell parameters proved the presence of combeite-
related compounds. Within a single batch, only very minor
variations concerning lattice parameters and cell volumes
were observed pointing to a homogenous composition of
the samples. Finally, the crystal with the best overall dif-
fraction quality from each batch was selected for further
structural investigations (see Table 1). The CrysAlisPRO
software package (Rigaku Oxford Diffraction 2015) was
employed to process the data. After indexing, the diffraction
patterns were integrated. Further data reduction included
Lorentz and polarization as well as an analytical numeric
absorption correction using multifaceted crystal models.
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Table 1 Crystal structure refinement details for the three crystals retrieved from the synthesis experiments K-Comb-2 to K-Comb-5

Crystal data

Sample K-Comb-2

Empirical formula Na, 101)Ko.111)C21.901)51309
z 6

Formula weight (g/Mol) 2148.47

Space group P3,21

Unit cell dimensions (A) a=10.4666(7)
¢=13.1773(9)

Volume (A% 1250.17(15)

Density (calc., g/cm?) 2.846
Absorption coefficient (mm™") 1.938
F(000) 1063.6

Data collection

0.098x%0.149x0.171
0-range for data collection 2.73 t0 26.37°
Reflections collected 19848

1698 [R(int) =0.0457]

Crystal size (mm®)

Independent reflections
Refinement
Refinement method
Data / restraints / parameters 1698/0/157
Goodness-of-fit on F2 1.037

Final R indices [I>20(I)] R1=0.0306, wR2=0.0917
R indices (all data) R1=0.0402, wR2=0.0954
Largest diff. peak and hole (e/A?) 1.506 and -1.133

Full-matrix least-squares on F?

K-Comb-3
Na, 091)Ko.181Cay 91(1)S1309
6

2160.48
P3,21
a=10.4972(6)
c=13.2333(8)
1262.83(13)
2.841

1.960

1072.2

0.089x0.110x0.163
3.81 t0 26.36°

20067

1725 [R(int) = 0.0494]

1725/0/157

1.051

R1=0.0479, wR2=0.1311
R1=0.0520, wR2=0.1349
1.463 and -0.891

K-Comb-5

Nay 131)Ko.1801yCay 871)S1309
6

2155.56
P3,21
a=10.4961(6)
c=13.2141(9)
1260.74(13)
2.839

1.939

1069.6

0.160x0.213x0.238
3.81 to 26.37°

19891

1721 [R(int) =0.0467]

1721707157

1.059

R1=0.0479, wR2=0.1305
R1=0.0513, wR2=0.1341
1.473 and -0.947

All data collections were performed at 23(2) °C using Mo-K,, radiation

Diffraction symmetry of all crystals conformed to the trigo-
nal Laue group 3 2/m.

Initial coordinates for the structure refinements were
taken from Fischer and Tillmanns (1987) using the same
site nomenclature. Full-matrix least-squares refinements
for all samples were performed with the program SHELXL
(Sheldrick 2008) embedded in the software suite WinGX
(Farrugia 1999). X-ray scattering factors were taken from
the International Tables for Crystallography, Vol. C (Wil-
son 1995). The optimization calculations included fractional
atomic coordinates and anisotropic displacement parameters.
Allocation of the different cation species to the various non-
tetrahedral cation sites was performed using a combination
of site occupancy refinements and bond distance considera-
tions. No constraints concerning the bulk chemistry of the
crystals were applied. The refinements converged to residual
values for R(IFl) between 3.10 and 4.80%. The largest shifts/
esd in the final cycles were <0.001. Notably, the resulting
compositions were almost charge neutral. In comparison
with the required six positive charges per formula unit that
have to be contributed by the (Na+ K+ Ca)-cations the
following values have been obtained: K-Comb-2: 6.01(2),
K-Comb-3: 6.13(2) and K-Comb-5: 6.05(2). However, the

formulas depart somewhat from ideal Na, ,K,Ca,Si;0, and
consistently exhibit less than two Ca- and more than two
(Na+ K)-atoms per formula unit (see Table 1). Due to the
acentric character of the combeite structure, racemic twin-
ning was taken into consideration. Actually, all samples
represented inversion twins with volume ratios of the two
individuals close to 1:1. Final coordinates, site occupancies
as well as equivalent isotropic displacement parameters are
given in Table 2. Anisotropic displacement parameters are
listed in Table 3. Selected interatomic distances are sum-
marized in Table 4. Figures showing structural features were
prepared using the program VESTA3 (Momma and [zumi
2011). Bond valence sums (BVS) calculations have been
performed with the program VaList (Wills 2010).

Results

The basic structural features of the three members of the
solid-solution series are identical to those of pure K-free
combeite (Ohsato and Takéuchi 1986; Fischer and Till-
manns 1987). According to the connectivity of the
[SiO,]-tetrahedra, the combeite-related compounds can be
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Table 2 Atomic coordinates
(x 10%, equivalent isotropic
displacement parameters

(A2x 10%), site populations and
bond valence sums (BVS) in
valence units (v.u.)

@ Springer

Wyckoff- x y z U(eq) Na, Caand K-populations [%] BVS [v.u.]
position
Sil 6¢ 1974(1)  1523(1)  7767(1) 9(1) 4.038
1954(2)  1522(2)  7754(1) 9(1) 4.076
1951(2)  1521(2)  7756(1) 11(1) 4.084
Si2  6c 4985(2)  3226(1)  8952(1) 9(1) 4.094
4961(2)  3198(1)  8953(1) 9(1) 4.093
4964(2)  3202(1)  8952(1) 11(1) 4.108
Si3  6c 6259(1)  1488(2)  7647(1) 9(1) 4.164
6281(1)  1492(2)  7662(1) 9(1) 4.146
6280(1)  1495(2)  7661(1) 10(1) 4.170
M1  6c¢ 3095(2)  9834(1)  5928(1) 22(1) 61(1)Na/39(1)Ca 1.302
3146(2)  9870(2)  5918(1) 20(1) 67(1)Na/33(1)Ca 1.248
3141(2)  9868(2)  5922(1) 21(1) 66(1)Na/34(1)Ca 1.250
M21 6c¢ 5044(3)  3379(2) 6639(1) 26(1) 100Na/0Ca 0.914
5032(4) 3381(3) 6644(2) 24(1) 100Na/0Ca 0.851
5035(4) 3376(3) 6644(2) 26(1) 100Na/0Ca 0.856
M22 3a 1647(10) 1647(10) O 48(3) 22(HK 1.418
1677(8) 1677(8) O 49(3) 36(1)K 1.458
1656(8) 1656(8) O 56(3) 36(1)K 1.446
M31 6¢ 5241(2)  3658(2)  1576(1) 23(1) 47(1)Na/53(1)Ca 1.527
5193(2)  3592(2)  1598(1) 31(1) 36(1)Na/64(1)Ca 1.528
5201(2)  3598(2)  1597(1) 31(1) 40(1)Na/60(1)Ca 1.516
M32 3b 8211(1) O 8333 11(1) 4(1)Na/96(1) Ca 2.006
8233(2) O 8333 13(1)  12(1) Na/ 88(1) Ca 1.848
82352) 0 8333 13(1) 14(1) Na/ 86(1) Ca 1.838
M4 3a 3059(1) O 3333 9(1) 100 Ca 2.174
3098(1) O 3333 11(1) 100Ca 2.138
3096(1) O 3333 13(1) 100Ca 2.142
(0] 3b 1640(5) O 8333 21(1) 2.296
1579(6) O 8333 30(2) 2.288
1587(6) O 8333 31(2) 2.296
02 3b 5586(5) O 8333 25(1) 2.319
5626(7) 0 8333 27(2) 2.320
5628(7) 0 8333 28(2) 2.319
03 6¢ 3446(3)  2823(4)  8357(2) 15(1) 2.240
3437(4)  2776(5)  8343(2) 16(1) 2.295
3439(4)  2785(5)  8345(2) 18(1) 2.240
04 6¢ 5863(4)  2631(4)  8226(2) 17(1) 2314
5864(5)  2613(5)  8249(3) 22(1) 2.259
5869(5)  2615(5)  8250(3) 23(1) 2.313
05 6¢ 2421(4)  14844)  6614(2) 22(1) 2.034
2367(5) 1428(5) 6608(3) 24(1) 1.935
2373(5) 1439(5) 6612(3) 26(1) 1.954
06 6¢ 4730(5) 2480(4) 30(2) 21(1) 2.046
4683(6) 2467(4) 33(2) 23(1) 1.927
4686(6)  2470(4)  33(2) 24(1) 1.946
o7 6¢ 5551(4)  1129(5)  6554(2) 23(1) 1.866
5583(4)  1143(6) 6569(3) 26(1) 1.922
5581(4)  1142(6)  6570(3) 26(1) 1.866
08 6¢ 663(3) 1871(3)  7941(2) 15(1) 1.919
690(4) 1924(4)  7928(3) 20(1) 1.922
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Table 2 (continued)

Wyckoff- x y z U(eq) Na, Caand K-populations [%] BVS [v.u.]
position
687(4) 1919(4)  7926(3) 21(1) 1.919
09 6¢ 5954(4)  4979(3)  8875(2) 22(1) 1.876
5936(5)  4942(4)  8869(3) 24(1) 1.957
5938(5)  4943(4)  8866(3) 26(1) 1.877
010 6¢ 8006(3)  2202(4) 7772(2) 18(1) 1.913
8026(4)  2248(6)  7785(3) 23(1) 1.865
8023(4)  2247(6)  7783(3) 24(1) 1.889

U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor. Lines one, two and three for each
specific entry refer to the data of the samples K-Comb-2, K-Comb-3 and K-Comb-5, respectively

assigned to the group of cyclosilicates, consisting of ellipti-
cally distorted [SicO,g]-rings (see Fig. 1a). The relative ori-
entation of up (U) and down (D) pointing apices of adjacent
tetrahedra in the six-membered rings is UDUDUD. The site-
symmetry of a single ring corresponds to the point group 2.
The two-fold axis is running through the oxygen atoms O1
und O2. The rings are not planar but highly corrugated. In
more detail, the Si atoms in the centers of the six tetrahedra
are located close to the corners of a distorted cube with edge
lengths ranging from 3.2 to 3.6 A. Notably, the remaining
two corners of the cube are occupied with Na/Ca-cations
(see Fig. 1b).

Observed Si—O distances for the tetrahedra are in the
normal range for oxidosilicates (Liebau 1985). As may be
expected, the differences between the geometrical data of
the tetrahedral units in the three samples are not pronounced.
Consistently, bond lengths between Si and the bridging oxy-
gen atoms (O1-04) are considerably longer than the dis-
tances between Si and the corresponding non-bridging ani-
ons (0O5-010) (see Table 4). The tetrahedral O-Si—O angles
show a significant scatter. For K-Comb-3, for example, the
following values have been observed: 103.3-116.2° for Sil,
103.3-118.5° for Si2 and 104.2-119.5° for Si3, respectively.
The polyhedral distortions can be quantified numerically
with the quadratic elongation and the bond angle vari-
ance (Robinson et al. 1971). The relevant values have been
included in Table 4.

Charge compensation within the structure is realized by
the incorporation of Na-, K- and Ca-atoms which are dis-
tributed among a total of six different non-tetrahedral cation
positions showing six (M1, M4), seven (M32, M31), eight
(M21) and ten (M22) next oxygen neighbors.

Based on the previous investigation of Fischer and Tillmanns
(1987), most of the M-sites were considered as mixed Na-Ca
positions and the corresponding percentages were obtained
from site population refinements. In summary, the M4-site
is exclusively occupied with calcium, whereas M21 contains
only sodium cations. M32 is Ca-dominated, while M1 and
M31 show significant amounts of both sodium and calcium,

respectively. Since the M22-O bond lengths (see Table 4)
were considerably longer when compared with the other M—O
distances, it was assumed that potassium is restricted to this
position. A refinement of the corresponding site population,
however, revealed that M22 is only partially occupied. Nota-
bly, our approach for allocating the different cation species to
specific M-positions resulted in almost charge neutral chemical
compositions without the need for the introduction of additional
restraints in the refinements.

While the polyhedra around M1 and M4 can be described
as distorted octahedra, the coordination environments of the
remaining M-positions are more complex. For the present
study, the M22-position is of special interest. Actually, it
represents the barycenter of the largest void. The corre-
sponding polyhedral volumes for the three samples vary
between 47.4 and 47.9 A%, A projection of the whole struc-
ture parallel to [001] is given in Fig. 2.

Observed average M-O distances (see Table 2) com-
pare well with literature values. Gagné and Hawthorne
(2016) presented bond-lengths distributions and average
bond distances of alkali and alkaline-earth cations bonded
to oxygen as a function of the coordination number. Based
on these data, the resulting “predicted” average bond dis-
tances using the refined values for the site populations
for weighting were compared with the observed mean
bond distances. For K-Comb-3, for example, the follow-
ing values have been obtained (first entry: observed value
/ second entry: predicted value): M1: 2.468/2.418 A; M21:
2.640/2.599 A; M32: 2.473/2.459 A; M4: 2.350/2.371 A;
M31: 2.516/2.481 A; M22: 2.858/3.013 A.

Bond valence sums for the cations and anions have been
calculated using the parameter sets of Brown and Alter-
matt (1985) for Ca-O, Na-O and K-O as well as of Brese
and O’Keeffe (1991) for Si—O interactions (see Table 2).
Concerning the anions, it can be stated that the bridging
oxygen atoms of the ring show a significant overbonding,
whereas the non-bridging oxygens have bond valence sums
which tend to be less but closer to the expected value of 2
valence units (v.u.). This feature is also observed for the
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Table 3 Anisotropic
displacement parameters
(AZx10%)
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U] 1 U22 U33 U23 UI3 U12
Sil 7(1) 6(1) 11(1) 0(1) 2(1) 21)
8(1) 6(1) 10(1) 1) 2(1) 1(1)
10(1) 8(1) 12(1) 1) 2(1) 3(1)
Si2 9(1) 11(1) 9(1) 2(1) 2(1) 6(1)
9(1) 13(1) 9(1) 21 2(1) 8(1)
10(1) 15(1) 10(1) 2(1) 2(1) 9(1)
Si3 11(1) 9(1) 8(1) 2(1) 3(1) 6(1)
12(1) 7(1) 7(1) 2(1) 4(1) 6(1)
13(1) 10(1) 9(1) 2(1) 4(1) 7(1)
Ml 29(1) 16(1) 26(1) 9(1) -14(1) 16(1)
27(1) 18(1) 19(1) 9(1) -11(1) 15(1)
29(1) 19(1) 22(1) 9(1) -12(1) 16(1)
M21 21(1) 39(1) 20(1) 8(1) 1(1) 17(1)
19(1) 43(1) 15(1) 10(1) 3(1) 20(1)
19(1) 44(1) 19(1) 10(1) 3(1) 20(1)
M22 45(4) 45(4) 21(4) -16(2) 16(2) 3(4)
43(3) 43(3) 21(3) -16(2) 16(2) -8(3)
50(3) 50(3) 24(3) -18(2) 18(2) 3)
M31 19(1) 47(1) 13(1) 11(1) -5(1) 23(1)
29(1) 68(1) 14(1) -19(1) 111 38(1)
28(1) 68(1) 15(1) -19(1) 11(1) 37(1)
M32 12(1) 15(1) 9(1) 1D 1) 7(1)
13(1) 20(1) 7(1) 3(1) 1) 10(1)
14(1) 21(1) 7(1) 3(1) 2(1) 10(1)
M4 12(1) 10(1) 6(1) 0(1) o(1) 5(1)
16(1) 11(1) 5(1) 1) 1D 6(1)
17(1) 12(1) 7(1) 1) o(1) 6(1)
01 14(2) 9(2) 39(3) 10(2) 5(1) 5(1)
29(3) 16(3) 39(4) 12(3) 6(1) 8(2)
27(3) 15(3) 46(4) 8(3) 4(1) 7(1)
02 29(2) 16(3) 25(2) 13(2) 7(1) 8(1)
393) 12(3) 20(3) 12(2) 6(1) 6(1)
393) 15(3) 21(3) 14(2) 7(1) 8(1)
03 12(2) 17(2) 16(2) 2(1) -6(1) 7(1)
13(2) 21(2) 15(2) 22) 6(2) 9(2)
13(2) 23(2) 18(2) 32) 72) 9(2)
04 17(2) 15(2) 23(2) 1D 5(1) 11(2)
28(2) 23(2) 24(2) 2(2) 7(2) 20(2)
27(2) 22(2) 29(2) 3(2) 6(2) 19(2)
05 24(2) 312) 12(1) 2(1) 2(1) 15(2)
30(3) 35(3) 10(2) -6(2) 6(2) 19(2)
34(3) 38(3) 12(2) 5(2) 52) 222)
06 28(2) 26(2) 11(1) 2(1) 4(1) 16(2)
32(3) 30(2) 8(2) 1(1) 6(2) 15(2)
32(3) 322) 10(2) 1D 4(2) 18(2)
07 27(2) 34(2) 14(1) 32) A(1) 19(2)
31(2) 36(3) 11(2) 2(2) 5(2) 18(2)
302) 37(3) 13(2) 2(2) -4(2) 19(2)
08 12(2) 13(2) 21(2) 1) 2.1 7(1)
14(2) 23(2) 25(2) 52) 42) 12(2)
14(2) 24(2) 26(2) 6(2) 42) 11(2)
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Table 3 (continued)

Uy Up Us; Uy U Up
09 26(2) 11(1) 25(2) -5(1) -8(2) 6(2)
23(2) 14(2) 29(2) -5(2) -6(2) 4(2)
26(2) 18(2) 28(2) -4(2) -5(2) 7(2)
010 11(1) 20(2) 24(2) 1(2) 3(1) (1)
10(2) 32(3) 24(2) 1(2) 5(1) 8(2)
12(2) 32(2) 26(2) -1(2) 3(1) 9(2)

The anisotropic displacement factor exponent takes the form: -2n° [h?a*?U,;;+...+2 h k a* b* Uj,].
Lines one, two and three for each specific entry refer to the data of the samples K-Comb-2, K-Comb-3 and

K-Comb-5, respectively

K-free combeite described by Fischer and Tillmanns (1987).
The sums for the silicon cations compare well with the ideal
value of 4 v.u. The mixed character of the sites M1 and
M31 determined from the site occupancy refinements is
also reflected in their bond valence sums. A strong positive
deviation from the expected value of 1 v.u. is observed for
the partially occupied M22-position. Even though the void
around M22 is the largest available cavity, BVS-analysis
shows that it is actually too small for hosting K*. Notably,
a calculation of the bond valences for M22 in the K-free
combeite refined by Fischer and Tillmanns (1987) revealed,
that the corresponding sodium cations on this position are
subject to an extreme underbonding (0.534 v.u.), that is, in
this case the cavity is too large.

Actually, the combeite structure type can be described
as a mixed tetrahedral-octahedral framework built from the
[SiO,]- and [M40Og]-units, that contains cavities of differ-
ent sizes hosting the other cations. A detailed topological
characterization of the mixed framework including coordi-
nation sequences and extended point symbols has been per-
formed with the help of the program ToposPro (Blatov et al.
2014). Therefore, the framework is described by a graph
composed of the vertices (T-sites containing Sil, Si2 and
Si3, M4-site as well as O atoms) and edges(bonds) between
them. The nodes of the graph can be classified according
to their coordination sequences {N,} (Blatov 2012). They
represent a set of integers {N;} (k=1,..,n), where N, is the
number of sites in the k-th coordination sphere of the T/M-
or O- atom that has been selected to be the central one. The
corresponding values for the symmetrically independent
T-sites and the M4-position up to n =12 are summarized in
Table 5. Furthermore, the extended point symbols (Blatov
et al. 2010) listing all shortest circuits for each angle for
any non-equivalent framework atom have been determined.
These results are also given in Table 5.

Finally, the polyhedral microensembles or PME’s have
been constructed. On the lowest sublevel they are formed
for each octahedron and tetrahedron in the asymmet-
ric unit by considering all directly bonded [M40Og]- and
[SiO,]-groups. They represent a geometrical interpretation

of the coordination sequences up to the index k=3. The
PME’s of the first sublevel observed for the M4 nodes can
be described as follows: each [M4Og]-octahedron is immedi-
ately linked to six tetrahedra. Using the classification based
on the calculation of the coordination sequences up to k=3
(Ilyushin and Blatov 2002) the PME’s of M4 can be denoted
as {6,6,18}. The PME’s of all three crystallographically
independent tetrahedral Si nodes conforms to {4,3,11} (see
Fig. 3a and b).

Discussion

From a mineralogical point of view, combeite belongs to the
so-called lovozerite-group of minerals (Pekov et al. 2009).
The authors gave a comprehensive summary of the different
members of the group including a detailed description of
their structural characteristics. According to their analysis
the lovozerite structure type is based on pseudo-cubic mod-
ules with edge lengths of about 7.5 A. They distinguished
non-tetrahedrally coordinated M, A and B cations which
are located at the corners (M), the edge-centers (A) and the
face-centers (B) of a single cube. Furthermore, so-called
C-cations are mentioned which reside on one of the body-
diagonals of a single cube. For the K-containing samples of
this study the following allocations can be made: M =M4,
A=M32/M31, B=M21/M22, C=MI1 (see Fig. 4a). Nota-
bly, the barycenter of the smaller cube formed by the six Si-
atoms of a single puckered ring and two additional M 1-sites
(see Fig. 1b) is located exactly in the center of the above-
mentioned larger cube (see Fig. 4b).

So far, two other structure refinements of the ambient
temperature polymorph of combeites have been published
(Ohsato and Takéuchi 1986; Fischer and Tillmanns 1987).
Though the samples employed in the previous investiga-
tions did not contain potassium, it is interesting to compare
the results of the refinements in more detail. Ohsato and
Takéuchi (1986) used a synthetic sample retrieved from a
starting composition with a Na:Ca ratio of 1:1. Notably, for
the refinement of the site-populations the bulk composition
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Table4 Selected bond lengths
up to 3.0 [A] and angles [°]
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Bond distances
Sil-05

Si1-01

Quadratic elongation

<Sil-O>

Si2-06

Si2-03

Quadratic elongation

<Si2-0>

Si3-07

Si3-02

Quadratic elongation

<Si3-0>

M1-06

M1-07

M1-09

<M1-O>

M21-05

1.597(3)
1.594(4)
1.589(4)
1.632(2)
1.633(2)
1.633(2)
1.004
1.004
1.004
1.621
1.618
1.617
1.577(3)
1.580(4)
1.579(4)
1.645(3)
1.643(4)
1.642(4)
1.008
1.008
1.008
1.617
1.617
1.615
1.5773)
1.580(4)
1.576(4)
1.625(1)
1.624(2)
1.626(2)
1.008
1.007
1.007
1.610
1611
1.610
2.319(3)
2.340(4)
2.337(4)
2.375(3)
2.378(4)
2.378(4)
2.511(3)
2.516(4)
2.515(4)
2.468
2.468
2.470
2.455(5)
2.509(6)
2.502(6)

Si1-08

Si1-03

Bond angle variance

Si2-09

Si2-04

Bond angle variance

Si3-010

Si3-04

Bond angle variance

M1-05

M1-08

M1-010

M21-06

1.602(3)
1.597(4)
1.593(4)
1.654(3)
1.647(4)
1.654(4)
16.3
18.4
18.5

1.595(3)
1.593(4)
1.590(4)
1.650(3)
1.651(4)
1.651(4)
33.9
32.8
335

1.600(3)
1.600(4)
1.597(4)
1.637(3)
1.642(4)
1.639(4)
332
31.7
32.1

2.348(4)
2.348(4)
2.352(4)
2.484(3)
2.502(4)
2.505(4)
2.773(3)
2.725(4)
2.732(4)

2.517(5)
2.572(7)
2.569(7)
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Table 4 (continued)

M21-04

M21-O07

M21-07

<M21-O>

M22-03

M22-01

M22-06

M22-05

M22-08

<M22-O0>

M31-07

M31-03

M31-010

M31-09

<M31-0>

M32-05

M32-08

M32-010

2.529(4)
2.575(5)
2.571(5)
2.674(5)
2.674(7)
2.680(7)
2.663(5)
2.688(7)
2.680(7)
2.621

2.640

2.638

2.726(7)
2.724(6)
2.733(6)
2.790(4)
2.791(3)
2.784(3)
2.892(9)
2.833(8)
2.851(9)
2.977(2)
2.950(7)
2.945(8)
2.952(3)
2.988(4)
2.984(4)
2.867

2.858

2.859

2.284(3)
2.294(4)
2.292(4)
2.428(4)
2.460(5)
2.458(5)
2.565(4)
2.592(6)
2.584(6)
2.827(4)
2.777(5)
2.776(5)
2.501

2516

2512

2.296(3)
2.297(4)
2.297(4)
2.380(3)
2.410(4)
2.406(4)
2.530(4)

M21-02

M21-03

M21-04

M22-03

M22-01

M22-06

M22-05

M22-08

M31-06

M31-04

M31-09

M32-05

M32-08

M32-010

2.643(2)
2.649(2)
2.649(3)
2.700(4)
2.683(4)
2.685(4)
2.784(4)
2.771(5)
2.764(5)

2.726(7)
2.724(6)
2.733(6)
2.790(4)
2.792(3)
2.784(3)
2.892(9)
2.833(8)
2.851(09)
2.977(2)
2.950(7)
2.945(8)
2.952(3)
2.988(4)
2.988(4)

2.302(3)
2.310(4)
2.307(4)
2.481(4)
2.502(6)
2.493(5)
2.618(4)
2.674(5)
2.673(5)

2.296(3)
2.297(4)
2.297(4)
2.380(3)
2.410(4)
2.406(4)
2.530(4)
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Table 4 (continued)
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M32-02

<M32-0>

M4-09

M4-010

M4-08

<M4-0>

0—Si—O angles
05-Si1-08

08-5i1-01

08-5i1-03

06-5i2-09

09-5i2-03

09-Si2-04

07-Si3-010

010-Si3-02

010-Si3-04

Si—O—Si angles
Sil-01-Sil

2.580(6)
2.582(6)
2.747(6)
2.737(7)
2.736(7)
2451

2473

2472

2.315(3)
2.327(4)
2.329(4)
2.326(3)
2.331(3)
2.330(3)
2.391(3)
2.392(4)
2.389(4)
2.344

2.350

2.349

115.94(17)
116.2(2)
116.02)
111.52)
111.4(3)
111.83)
107.28(17)
107.4(2)
107.4(2)
118.68(18)
118.5(2)
118.7(2)
104.00(19)
104.8(2)
104.6(2)
104.1(2)
103.33)
103.2(3)
119.72(17)
119.5(2)
119.5(2)
103.7(2)
104.5(3)
104.4(3)
104.94(19)
104.2(3)
104.2(3)

148.2(3)
151.3(5)
150.5(4)

M4-09

M4-010

M4-08

05-Si1-01

05-Si1-03

01-Si1-03

06-5i2-03

06-Si2-04

03-Si2-04

07-5i3-02

07-Si3-04

02-5i3-04

Si3-02-Si3

2.580(6)
2.580(6)

2.315(3)
2.327(4)
2.329(4)
2.326(3)
2.331(3)
2.330(3)
2.391(3)
2.392(4)
2.389(4)

109.44(16)
109.0(2)
109.1(2)
107.72(18)
108.8(2)
108.4(2)
104.21(16)
103.3(2)
103.3(2)
113.6(2)
113.3(3)
113.2(3)
108.86(19)
109.3(2)
109.1(2)
106.59(17)
106.6(2)
107.0(2)
110.69(18)
110.7(2)
110.6(2)
109.8(2)
109.93)
110.1(3)
107.11(18)
107.2(2)
107.3(2)

174.7(4)
173.3(5)
173.0(5)
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Table 4 (continued)

Si2-03-Sil 145.6(2) Si3-04-Si2 159.8(2)
148.4(3) 160.5(3)
148.03) 160.4(3)

Distortion parameters for the tetrahedral units (quadratic elongation, bond angle variance) and average
bond distances are also listed. Lines one, two and three for a specific entry refer to the data of the samples
K-Comb-2, K-Comb-3 and K-Comb-5, respectively

Fig. 1 A single six-membered [SizO,g]-ring in (a) a projection parallel
[001] and (b) in a side view highlighting the pronounced corrugation.
Oxygen atoms are given in red color. The six silicon atoms (small dark
grey spheres) are located on the positions of a cube with edge-lengths

was constrained to be Na,Ca,Si;Oy. Fischer and Till-
manns’ study from 1987 was based on a natural crystal
where microprobe analysis indicated a chemical composi-
tion of Na, ,Ca, ¢Si50,4. With respect of the composition,
the K-containing samples also show less than two Ca- and
more than two (Na+ K)-atoms per formula unit. Differences

Fig.2 Projection of the whole structure parallel to [001] for the sample
K-Comb-3. [SiO4]- and [M4Oq]-groups are indicated in dark and light
blue. Smaller red spheres represent oxygen anions. Potassium (violet),
sodium (yellow) and additional calcium (light blue) cations occupy voids
between the tetrahedra and octahedra. Bi-colored spheres indicate mixed
populations. The sizes of the bi-colored segments refer to the percentages
determined from the site-occupancy refinements

of about 3.5 A. The remaining two corners are occupied with atoms
from the M1-site (large dark grey spheres). Edges of the distorted cube
are indicated with grey lines

between the refinements can be also found concerning the
sites into which the Na, Ca and K cations are incorporated.
For example, Ohsato and Takéuchi (1986) did not observe
any scattering density on the M22 site. For the samples
studied in the present contribution as well as for the crystal
characterized by Fischer and Tillmanns (1987), this posi-
tion is partially occupied with K- or Na-ions, respectively.
Consistently, all three investigations report the existence of
more or less pronounced maxima in the difference Fourier
maps close to some of the extra-framework M-sites. In the
present study, the two highest peaks of residual scattering
density for all three samples were observed about 0.8 A away
from the M1- and the M31-position, respectively. Due to
their comparatively low absolute values of about 1.5 e/A% it
was decided not to include them into the refinements. Nota-
bly, Ohsato and Takéuchi (1986) preferred to split the M1
position, while Fischer and Tillmanns (1987) did not model
any scattering density on their most significant maximum
of 2.0 ¢/A% in the vicinity the M 1-position. In summary one
can say, that the combeite structure type offers a quite large
number of extra-framework positions which can be fully or
partially occupied providing a large flexibility concerning
the uptake of the sodium and calcium ions and, therefore,
an appreciable range of stoichiometry.

The incorporation of potassium is also reflected in the
unit-cell volumes. With respect to the lattice parameters
given by Ohsato and Takéuchi (1986) the volume increases
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Table 5 Coordination sequences

T- or M-sites  Coordination sequences {N,} (k=1,..,12) Extended point symbol
{N,} of the tetrahedrally and
octahedrally coordinated nodes 1 2 3 4 6 7 8 9 10 11 12
as well as the extended point
symbols for the combeite-type T 4 3 11 9 21 64 36 109 53 152 78 12.12.12
framework M4 6 6 18 12 36 18 60 36 108 60 174 78 12.12.12.12.12.12.16.16.16

16.16.16.24,5.24,5.24

Notably, all symmetry independent T-sites (Sil, Si2, Si3) are topologically equivalent, that is, they have the
same coordination sequences and extended point symbols

Fig. 3 Polyhedral microensem-
bles of the crystallographically
independent octahedral (M4)
and one of the tetrahedral (Si)
nodes: (a) {6,6,18} (for M4)
and (b) {4,3,11} (identical for
Sil, Si2 and Si3, respectively)

Fig.4 (a) Fundamental cube of
the cation arrangement in the
combeite-type crystal structure
of sample K-Comb-3. The
edge-lengths of the cube are
about 7.5 A. (b) Location of a
single puckered six-membered
[SigO,g]-ring within the above-
mentioned cube. For sake of
clarity, cation sites residing on
the edges and face centers have
been removed

Sil

Sil

M4

(b)

from 1248.7 A3 (K-free) to 1250.2 A® (K-Comb-2) to
1262.8 A% (K-Comb-3), that is—as might be expected—an
increasing K-content leads to an increase in the unit-cell
volumes. On the other hand, the two samples K-Comb-3
and K-Comb-5 having almost identical potassium contents
exhibit a difference of about 2 A% in the cell volumes (1262.8
as well as 1260.7 10%3). By comparing the lattice parameters
of a K-free combeite with one of the samples in this study,
the so-called compositional strain (Ohasi and Burnham
1973) due to the potassium incorporation can be derived.
Using the data sets of Ohsato and Takéuchi (1986) (ay, c)

@ Springer

as well as the sample K-Comb-3 (a,, c,) as reference points
the following strain components can be derived:

611 :622 = % - 1 :3.17' 10_3
0

£33 = % ~1=496-1073
0

Actually, the potassium induced expansion of the combe-
ite structure parallel to [001] is about 1.56 times larger than
perpendicular to the c-axis.
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Conclusions

With respect to the starting questions of this study one can
say that the combeite structure can definitely host potassium
cations. It is noteworthy, that in the three synthesis experi-
ments of the hypothetical solid-solution Na,_ ,K,Ca,Si;Oq
with starting compositions of x=0.2, 0.3 and 0.5 the potas-
sium concentrations of the resulting crystals were signifi-
cantly less than the theoretical values from the educt mix-
tures (see Table 1). In addition, the crystals always contained
more than two (K + Na)- and less than two Ca-cations. Even
though the composition of the glassy matrix representing a
former melt phase has not been analyzed it can be presumed
that it must be enriched in potassium, because sealing of
the capsules prevented any changes of the bulk composition
which contained more K,0O-component than the resulting
K-combeites.

The present structural study revealed that the potassium
incorporation seems to be restricted to the partially occu-
pied M22-site. If fully occupied, this would correspond
to a total of 3 potassium ions per unit-cell. On the other
hand, the two runs with initial compositions x=0.3 and
x=0.5 resulted in almost identical potassium contents of
x=0.18 corresponding to about 1.1 potassium atoms per
cell. This indicates, that—at least under the given synthesis
conditions—this value corresponds to the upper potassium
limit of the solid-solution series, i.e. there is no extensive
Na <> K substitution. A possible explanation for the rather
limited uptake of potassium in the combeite structure is
related to the abovementioned strong overbonding of K*
when incorporated on the M22-position, which is already
the largest available cavity within the structure. At any rate,
the K-concentrations of the combeite samples in this study
are much higher than in those observed in natural samples
(Klaudius and Keller 2006).

The limited Na—K-exchange may have also impli-
cations for thermodynamic modeling of the system
K,0-Na,0-Ca0-Si0O,. Actually, modeling calculations in
this system are eagerly needed for a better understanding
of the processes occurring in silicate-oxide slags and ashes
forming during the combustion of biomass fuels. Up to
now, the existence of only a handful of quaternary phases
has been proven. (K, sNa, 5)Ca;Si;0,, (Kahlenberg 2022),
for example, seems to be isostructural with K,Ca;Si;0,
(Schmidmair et al. 2015). This implies the presence of
a more extended solid-solution series K, ,Na,Ca;Si;O
which adds additional complexity in thermodynamic cal-
culations of the sub-solidus phase relationships and lig-
uidus surfaces. For combeite, which shows a much more
restricted solid-solution series, this problem is much less
pronounced and the incorporation of potassium in mod-
eling may be even neglected.
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