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Abstract. A single crystal (~20um x 20 pm x 330 um) of mullite-2¢, a natural polytype of mullite, was sep-
arated from a radially grown cluster of acicular crystals from Ettringer Bellerberg (Quarternary Eifel vol-
canic fields, Germany). The chemical composition determined from electron microprobe analysis (EMPA) is
Nao,mMgO_OSAlg,ngegz()Sig.]3Ti0,02019,55, corresponding to x = 0.22(8) in the generalised mineral formula
M;‘Mg?‘MSLX +y_2ZM2J_“4x_y +Z020_2,6. Only Fe’t as foreign cation was considered in the refined structure
model, partially replacing AI** in the octahedral chains. A crystal of a similar type, though exhibiting a sig-
nificantly different composition with x = 0.02, was first described in 2015, tentatively named “sillimullite” by
Fischer et al. (2015). This crystal and our new sample have similar structural properties, now classified as a
polytype of mullite, designated mullite-2¢. Single-crystal X-ray diffraction showed that the mullite-2¢ crystal
investigated here exhibits partial Si / Al ordering in the double chains of (Si, Al)O4 tetrahedra in contrast to the
sample described in 2015 as being completely ordered. The ordering in mullite-2¢ results in a doubled c lattice
parameter with respect to mullite. It crystallises in space group Pnam, with cell parameters for the new sample
of a =7.5432(5) A, b =7.7048(5) A, ¢ = 5.7965(3) A, V = 336.89(6) A3 and Z = 1. X-ray powder diffraction
data are presented with a detailed discussion of the differences between the diffraction patterns of sillimanite,
mullite and mullite-2¢c. Crystals of mullite-2c are translucent to lightly violet, they possess a vitreous lustre
and the calculated density is 3.199 gecm™>. The optical character is biaxial (+), with refractive indices deter-
mined by spindle-stage microscopy of ny =1.6673, n, =1.6687 and n, = 1.680(4) (adjusted to conform to
2Vz =39(4)°). Applying the Gladstone—Dale approach, the compatibility index is 0.007, representing superior
compatibility. In terms of chemical composition and structural features mullite-2¢ is an outstanding example of
mullite-type compounds falling into the postulated miscibility gap between sillimanite and mullite. Its crystal
structure combines characteristics from both mullite (oxygen vacancies, triclusters of tetrahedral building units)
and sillimanite (high degree of Si / Al ordering in the tetrahedral building units, causing the doubled ¢ parame-
ter). The lattice parameters (normalised to 1¢) of the new sample lie between those of sillimanite and 3 /2 mullite;
the chemical composition is close to 3 /2 mullite and thus differs significantly from the silica-rich composition of
the species previously determined by Fischer et al. (2015), indicating a relatively large compositional variation.

Published by Copernicus Publications on behalf of the European mineralogical societies DMG, SEM, SIMP & SFMC.



236

1 Introduction

In spite of the fact that mullite occurs rarely in natural rocks,
synthetic mullites certainly belong to the most important
phases not only for traditional ceramics, such as pottery and
refractories, but also for engineering ceramics in the form
of monolithic mullite ceramics, mullite fibres, mullite coat-
ings and mullite-based composites (see, e.g. Schneider and
Komarneni, 2005). That is why the crystal structure and
structure-related properties have been intensively studied in
past years (see, e.g. Schneider et al., 2015).

The mineral mullite belongs to the family of mullite-
type compounds as defined by Fischer and Schneider (2005)
and Fischer et al. (2012) and can in principle be con-
sidered a member of the general compositional series
Al [Alp42,Siz—2,]1010—x, with sillimanite (x = 0), 3/2 mul-
lite (x = 0.25) and 2/1 mullite (x = 0.40) as its main com-
pounds. In contrast, natural mullites have a chemical com-
position at the SiO;-rich side of the system Al,O3—SiOy
and generally show a composition with x < 0.25 (Lenz et al.,
2019). Cameron (1976b) proposed the presence of a miscibil-
ity gap at the SiO;-rich side of the system between silliman-
ite and 3/2 mullite based on the coexistence of both miner-
als in natural rocks. The presence of a miscibility gap would
also be supported by differences in the crystal structures of
sillimanite and mullite crystallising in different space groups,
Pbnm (sillimanite) and Pbam (mullite), with Si / Al ordering
in sillimanite and oxygen vacancies in mullite. The ordering
causes a doubling of the ¢ parameter of the unit cell of sil-
limanite compared to that of mullite. Burnham (1964) stated
that the mullite structure theoretically fits to any composition
of the series. Lenz et al. (2019) have demonstrated that many
of the chemical compositions of natural mullites fall into the
assumed miscibility gap. In addition, Aramaki (1961) and
Cameron and Ashworth (1972) described Fe- and Ti-bearing
sillimanites from the Asama volcano, Japan, which are de-
ficient in their Si concentration, and Cameron (1976a) de-
scribed a natural mullite with a composition that is interme-
diate between sillimanite and 3/2 mullite. All these min-
erals are supposed to be formed under low-pressure condi-
tions. Hariya et al. (1969) synthesised aluminium silicates
with unit-cell dimensions between sillimanite and mullite
under high temperature and high pressure. They produced
mullites from kaolin at temperatures of 1300 to 1500°C
and pressures of 3.5-20kbar, yielding phases with cell pa-
rameters that are intermediate between those of silliman-
ite and 3/2 mullite. Their interpretation was a variable de-
gree of ordering at the tetrahedral Al and Si sites. On the
other hand, they transformed natural sillimanite (1500 °C,
7.5kbar) into a mullite-type phase with unit-cell parame-
ters shifted towards 3/2 mullite, assuming a decrease in
the ordering. Hariya et al. (1969) concluded that a contin-
uous isomorphous series could exist between sillimanite and
mullite. A complete transformation from sillimanite to 3/2
mullite takes place at high temperature (1600 °C) and ambi-
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Figure 1. Mullite-2¢ crystals grown on a xenolith from Ettringer
Bellerberg, Eifel area, Germany.

ent pressure (see, e.g. Holdaway, 1971; Greenwood, 1972;
Guse et al., 1979; Rahman et al., 2001; Igami et al., 2019).
Natural mullites presented in Agrell and Smith (1960),
Cameron and Ashworth (1972), and Cameron (1976a, b,
1977b) also show intermediate unit-cell dimensions. More-
over, Taylor (1928), and Agrell and Smith (1960) observed
faint sillimanite-like superstructure reflections (/ =odd) in
single-crystal X-ray diffraction patterns of mullite. Cameron
and Ashworth (1972) and Cameron (1976a, 1977a) also ob-
tained weak but sharp / =odd superstructure reflections in
single-crystal electron diffraction measurements of natural
mullites. Fischer et al. (2015) first described, in structural
detail, a new variant of mullite with the tentative name “sil-
limullite”, found in a natural sample from Ettringer Beller-
berg, Germany. It combines features from mullite (oxygen
vacancies, tricluster formation) and sillimanite (Si/ Al or-
dering with doubled ¢ parameter). Thus, it represents an in-
termediate state between the two minerals in terms of crys-
tal structure and chemical composition. Given these partially
contradicting results, more detailed data are needed for sam-
ples lying in the supposed miscibility gap.

In this work, we present the determination of the crys-
tal structure and optical properties of a natural mullite-type
sample similar to that of Fischer et al. (2015) yet signifi-
cantly distinct in terms of composition and important details
of the structural arrangement. Similarities and differences to
the sample in Fischer et al. (2015) are highlighted. The main
focus lies on the Si/ Al ordering scheme, a detailed discus-
sion of the identification of mullite-2¢ from powder X-ray
diffraction patterns, the determination of anisotropic refrac-
tive indices and the Gladstone-Dale compatibility index as
well as a comparison with mean values derived from elec-
tronic polarisabilities and a brief discussion of possible for-
mation conditions of this mineral.

www.eur-j-mineral.net/32/235/2020/
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Table 1. Crystal data, data collection parameters and structure refinement details for mullite-2c.

Crystal data

Chemical composition from electron microprobe analysis
Chemical composition from single-crystal-structure analysis
Crystal system, space group

Nag.01 Mg 05Alg.52Fe0.29S13.13Tip.02019.55, x = 0.22(8)
Alg 55F€(.29513.16019.58, x = 0.21
Orthorhombic, Pnam

Z 1

a(A) 7.5432(5)

b (A) 7.7048(5)

c(A) 5.7965(3)

V (A3) 336.89(6)

Crystal size (um) 20 x 20 x 330

Density (gcm™3)2 3.199

Data collection

Temperature (K) 298

Radiation type, 1 (A) Mo K«, 0.71076

Absorption correction method SADABS

Tin> Tmax 0.9261, 1.0

No. of measured reflections all and obs [/ > 30 (1)] 16473, 15310

No. of unique reflections all and obs 885/664

Rint 2.61

Range of &, k, [ —12<h<12
—12<k<12
—-9<[1<9

Omax (°) 36.44

Refinement

No. of parameters 65

R, wR (all)

R, wR (obs)

GoF (all) / GoF (obs)
Extinction correction
Extinction coefficient

4.51%/6.22%

333% /6.10%

3.79/4.34

B-C type 1 Gaussian isotropic (Becker and Coppens, 1974)
0.13(4)

4 Calculated based on the empirical formula and the unit cell parameters obtained from the single-crystal measurement.

ozl

_ Z|w\Foch|2‘ B 1 - _ Zw|F37Fg|2 o Z)Fg—Fg(mean)‘
Z‘FE‘ T Z(wF3| = (UZ(F)JrO,OOOle) » GoF (goodness of i) = np o Kine= Y F2 ’

n is the number of reflections and p is the number of parameters refined.

2 Experimental methods
2.1 Sample

A crystal with dimensions of ~20pm x 20 um x 330 um
was selected from a rock sample from the Ettringer Beller-
berg volcano, Quaternary eastern Eifel volcanic fields, Ger-
many, found on a pyrometamorphosed basement xenolith.
The crystals of that sample occur as very fine needles
grown as radiating aggregates in cavities of the host rock
(Fig. 1). They show a length of up to 600 um parallel [001]
and a diameter of up to 20 um, the latter being less than
Sum on average. These crystals were presumably formed
under high-temperature and low-pressure conditions. The
type material was deposited in the collection of the Mu-
seum of Natural History, Berlin, Germany, catalogue number

www.eur-j-mineral.net/32/235/2020/

MFN_MIN_2018_01121. All investigations (single-crystal
X-ray diffraction, optical measurement on a spindle stage,
electron microprobe analyses) were carried out on the same
crystal.

2.2 Single-crystal X-ray diffraction

The single-crystal X-ray diffraction measurement was car-
ried out on a Bruker D8 VENTURE diffractometer us-
ing Mo Ka radiation (A =0.71076 A). The instrument
is equipped with a curved TRIUMPH monochromator, a
0.3 mm collimator, a four-circle goniometer in x geometry
and a PHOTON 100 CMOS area detector. Crystal data, data
collection parameters and the refinement details are listed in
Table 1. The program JANA2006 (Petficek et al., 2014) was
used for the confirmation of the space group, averaging of

Eur. J. Mineral., 32, 235-249, 2020



238

Table 2. (a) Electron microprobe analyses of mullite-2¢ given in weight percent. (b) Electron microprobe analyses of mullite-2¢ given in

S. Lenz et al.: Mullite-2¢ — a natural polytype of mullite

atoms per formula unit (apfu). Calculation corresponds to a normalisation of the sum of M3+, M** and Mg2+ to 12.

(a)
Spot SiO,p AlyO3 Fe, 03 TiOp MgO Na,O Total
1 27.25 68.66 348 0.18 0.31 0.08 99.96
2 27.24 68.84 349 0.18 0.35 0.07 100.17
3 27.14 69.00 3.18 0.14 0.27 0.07 99.80
4 27.21 68.95 3.70 0.18 0.30 0.09 100.43
5 27.08 68.28 3.21 0.18 0.27 0.10 99.12
6 27.00 68.66 3.58 0.18 0.34 b.d. 99.76
7 31.92 63.06 3.71 0.44 0.26 b.d. 99.39
8 32.38 62.22 3.70 0.45 0.27 b.d. 99.02
9 33.72 60.76 4.17 0.49 0.28 b.d. 99.42
10 27.51 69.33 3.31 0.18 0.31 0.07 100.71
Mean 29(3) 67(3) 3.6(3) 0.26(13) 0.30(3) 0.05(4) 99.8(5)
Range 27.00-33.72 60.76-69.33  3.18-4.17 0.14-0.49 0.26-0.35 0.00-0.10  99.02-100.72
2/1 mullite* 23.0(3) 76.5(9) 99.5(11)
Fischer et al. (2015)
Mean 36.1(6) 61(1) 2.2(2) 0.3(1) 0.21(4) - 100(2)
Range 35.02-37.24 59.65-62.61 1.95-2.56 0.14-0.52 0.12-0.26 - 97.32-102.21

(b)

Spot Si Al Fe Ti Mg Na (0]

1 2.936 8.718 0.282 0.015 0.050 0.017 19.459

2 2.927 8.720 0.282 0.014 0.056 0.015 19.450

3 2.924 8.763 0.258 0.011 0.044 0.015 19.454

4 2.920 8.719 0.299 0.014 0.048 0.019 19.453

5 2.940 8.739 0.262 0.015 0.044 0.022 19.466

6 2912 8.728 0.290 0.015 0.055 b.d. 19.436

7 3.490 8.125 0.305 0.036 0.043 b.d. 19.742

8 3.557 8.056 0.306 0.037 0.044 b.d. 19.775

9 3.704 7.865 0.344 0.040 0.046 b.d. 19.849

10 2.939 8.730 0.266 0.014 0.050 0.015 19.460

Mean 3.1(3) 8.5(3) 0.29(3) 0.021(11) 0.048(5) 0.010(9) 19.55(16)

2/1 mullite*  1.22(1) 4.78(1) 9.61(1)

b.d.: below limit of detection; * 2/1 mullite was used as a reference.

the intensities and refinement of the crystal structure. Pro-
jections of the crystal structure were drawn with STRUPLO
(Fischer and Messner, 2015). Inspection of sections in recip-
rocal space (calculated with Bruker APEX?2 instrument con-
trol software) confirmed the presence of 2¢ superstructure re-
flections (I = odd), causing the doubling of lattice parameter
¢ with respect to that of the unit cell of mullite.

2.3 Electron microprobe analysis

Quantitative chemical analyses of the crystal were carried
out on a CAMECA SX100 electron microprobe analyser
(EMPA) in wavelength-dispersive mode (WDS) at the In-
stitut fiir Mineralogie, Leibniz Universitit Hannover. Data
were collected at 10 different spots on the crystal, mounted
in epoxy resin and polished (Fig. 2). During the preparation
the crystal broke into two smaller pieces. The instrument is

Eur. J. Mineral., 32, 235-249, 2020

Figure 2. Backscattered electron image of the single-crystal
mullite-2¢ from the microprobe analysis. The acicular crystal broke
into two pieces during the preparation.

www.eur-j-mineral.net/32/235/2020/
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Table 3. Atomic coordinates, Wyckoff positions (Wyck.), site occupancies (Occ.) and equivalent isotropic displacement factors Ueq (Az) for

mullite-2c.
Atom Wyck. X y z Occ.2 Ueq
(ALFe) 4a 0 0 0 0.928,0.072 0.00581(17)
T1(ALSi) 4c 0.14845(9)  0.34020(8) 0.25 0.754,0.141 0.0053(2)
T2(Si,Al)  4c 0.14731(9)  0.34232(8) 0.75  0.650, 0.245 0.0054(2)
T*1(Al) 4c 0.2626(8) 0.2051(8) 0.25 0.105  0.0064(15)
T*2(Al) 4c 0.2614(8) 0.2040(8) 0.75 0.105  0.0065(15)
ol11 d4c 0.36354(18) 0.4180(2) 0.25 1.0 0.0106(4)
012 4c 0.35070(18) 0.4245(2) 0.75 1.0 0.0104(4)
02 8d 0.12699(16)  0.22235(16)  —0.00895(14) 1.0 0.0108(3)
03 4c —0.0009(3) 0.5064(3) 0.25 0.685 0.0130(8)
041 4c 0.451(2) 0.048(2) 0.25 0.105 0.006(3)P
042 4c 0.452(2) 0.049(2) 0.75 0.105 0.005(3)P

2 Occupancies of the octahedral and tetrahedral sites were derived from EMPA. Occ(Al) = 1—Occ(Fe); the other partial occupancies
result from Table 5 by using x = 0.21 and scaling all equations in Table 5 by 1/4, e.g.
Occ(T1(Al) = (4 —2-0.21 —0.564)/4 = 0.754. b Isotropic displacement parameters.

equipped with five wavelength-dispersive spectrometers and
was operated with a focused electron beam with an acceler-
ation voltage of 15kV and a beam current of 15nA. Count-
ing times for each element were 10 s for the peak and 5 s for
the background. Wollastonite (Si K1), kyanite (Al Koay),
hematite (Fe K o), rutile (Ti K1), periclase (Mg Ko1) and
albite (Na Ko) were used as standards. Raw X-ray inten-
sities were treated for matrix effects with a PAP correction
(Pouchou and Pichoir, 1991). Synthetic 2/ 1 mullite was used
as a reference material and to account for the strong matrix
effect of Al. The analytical results are given in Table 2.

2.4 Measurement of the refractive indices

Refractive indices of the crystal were determined by the im-
mersion method. A detailed description of the immersion
procedure is given by Bloss (1981). For this study, a spindle
stage attached to a polarisation microscope was used. The
investigated crystal was mounted on the spindle and finally
inserted into the immersion cell filled with immersion oil.
The set-up is described in detail by Medenbach (1985). The
orientation of the crystal was determined by recording the
extinction curves. The object spindle was rotated in steps of
10°, and for each step the microscope-stage angles for ex-
tinction under crossed polarisers were measured. With the
extinction data, the orientation of the principal axes of the
indicatrix and the optic axial angle were calculated using the
program EXCALIBRW (Gunter et al., 2005). Then the re-
fractive indices corresponding to the three main axes of the
indicatrix were measured using a filter in the yellow-light re-
gion. The compatibility index was calculated with the pro-
gram POLARIO (Fischer et al., 2018) according to the def-
inition in Mandarino (1981). The program was also used to
calculate the mean refractive index from electronic polaris-
abilities taken from Shannon and Fischer (2016).

www.eur-j-mineral.net/32/235/2020/

3 Results
3.1 Crystal-structure refinement

The crystal has orthorhombic symmetry with space group
Pnam, and the refined single-crystal unit-cell parameters are
a=754325)A, b=7.70485) A, ¢ =5.7965(3)A, V =
336.89(6) A3 and Z =1. The crystal-structure refinement
converged at Rops = 3.33 % for 664 unique reflections with
F, > 30 (F,) (more experimental details in Table 1). Final
atomic parameters are listed in Table 3, and selected in-
teratomic distances are listed in Table 4. All atoms except
041 and 042 could be refined with anisotropic displace-
ment parameters (atomic parameters including a full set of
anisotropic displacement parameters are given in Table S1
in the Supplement). The refinement was started from the
crystal-structure model provided by Fischer et al. (2015).
Site occupancies were derived and modified from the mul-
lite occupation scheme (see Table 6; Fischer et al., 1994)
to correspond to the doubled unit-cell volume according
to the compositional series (Al, Fe)4[AlsyaySigz—a5]1020-2x,
with 2x corresponding to the number of oxygen vacancies
per unit cell. Ignoring the minor amounts of Ti** and Mg?™,
which are insignificant in terms of their contributions to the
calculated intensities, occupancies were set according to Ta-
ble 5 such that the total Si/(Al+4Fe) ratio corresponds to
the (Si+Ti) / (Al+Fe) ratio yielded from the EMPA results.
Fixed occupancies for all atoms were set in accordance with
the chemical composition and as functions of the x value (Ta-
ble 5). The corresponding chemical composition used in the
refinement was Alg 55Fep 205131601958, i.e. x =0.21. The
tetrahedrally coordinated (Si,Al) sites T1 and T2, the extra
Al sites T*1 and T*2, and the oxygen positions O41 and
042 were constrained pairwise to have the same occupation
to guarantee complete tetrahedra and diclusters and triclus-
ters. To determine the distribution of Si** and AI** over

Eur. J. Mineral., 32, 235-249, 2020
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Table 4. Selected interatomic distances (A) and mean? distances (A) of mullite-2c.

Octahedron \ T1(Al, S1)O4 T2(Si, A)Oy
2x  (Al,Fe)—Ol11 1.8865(10) (Al, Si)—03 1.705(3) (Si, A)—03 1.606(3)
2x (Al Fe)—012  1.9252(10) (AL S —O11  1.7296(16) (Si,A)—012  1.6598(16)
2x  (ALFe)—02  1.9635(12) | 2x (AL, Si)—02  1.7617(10) | 2x  (Si,A)—02  1.6823(10)

Mean 1.9251(10) Mean 1.7395(17) Mean 1.6576(17)

T*1(A1)Oy4y | \ T*2(A1)O4 4|

Al-011 1.808(6) | 2x  Al-02 1.732(3)
2x  Al-02 1.821(3) Al-042 1.868(17)

Al—041 1.868(17) Al-012 1.828(6)

Al-012 2.324(6) Al-011 2.397(6)

Mean 4° 1.830(7) Mean 4° 1.790(7)

Mean 5° 1.928(7) Mean 5¢ 1.911(7)

d(mean)

@ Uncertainties of the mean values were calculated by the following error propagation: o (mean) = Z,- ' =

o (di) = %Z[a(d,'), where d; is

d(d;)

the ith distance, N is the number of distances, b is the mean value for a 4-fold coordinated T* atom, and € is the mean value for a 5-fold coordinated

T* atom.

Table 5. Site occupancies of mullite-2¢ expressed in apfu as a func-
tion of the x value. y is the amount of Si shifted from T2 to T1
position, causing slight additional disorder on the T sites.

Mullite-2¢

T1(Al) 4—2x—y
T1(Si) y

T2(Si) 4—4x —y
T2(AD*  2x+y
T*1(AD) 2x
T*2(Al)  2x

03 4-6x

041 2x

042 2x

2 corresponds to the net excess
of Al on T2(Si). Note: atomic
sites not listed here are fully
occupied.

T1 and T2 sites, the refinement of site-occupation factors is
prevented due to the similarity in scattering factors. How-
ever, we inferred from the interatomic T-O distances that
the T1(Al) site has an occupation of 15.7(29) % by Si, and
27.4(49) % of the T2(Si) site is occupied by Al (for details,
see Sect. 4.1). The total amount of Fe (based on EMPA and
considered to be Fe3*) was placed exclusively on the octa-
hedral site.

3.2 Chemical analysis

Averaging the electron microprobe analyses from 10 differ-
ent spots yields an average composition of

29(3) wt % Si0O», 67(3) wt % Al, O3, 3.6(3) wt % Fe, O3,
0.26(13) wt % TiO», 0.30(3) wt % MgO and

0.05(4) wt % NayO (Table 2a),

Eur. J. Mineral., 32, 235-249, 2020

corresponding to 41(3) mol % SiO;, 56(3) mol % Al,O3,
1.90(13) mol % Fe,03, 0.28(14) mol % TiO;,

0.63(7) mol % MgO and 0.07(6) mol % NayO. The analyses
reveal a broad variance in the Si and Al concentrations.
The amount of SiO, ranges between 27.00 and 33.72 wt %,
and that of Al,O3 varies between 60.76 and 69.33 wt %.
The resulting atoms per formula unit (Table 2b) are cal-
culated based on a normalisation of the tri- and tetrava-
lent cations and Mg?" to a total of 12 cations, according
to M;Mg§+M§i4x+y72zth4x7y+z020_2)‘ (see Lenz et al.,
2019). This general compositional formula is derived from
the known mullite compositional series considering the dou-
bled unit-cell volume and the extra cations. With the assump-
tion that all iron is ferric, the empirical formula of the anal-
ysed crystal is Nag1Mgg osAls 52Fe0.29S13.13Tip.02019 55,
corresponding to x = 0.22(8).

3.3 Optical properties

The crystals from the rock sample, including the one inves-
tigated here, are translucent to pale violet, showing a vitre-
ous lustre. The optical character of the examined crystal is
biaxial (4+) with an optic axial angle 2Vz of 39(4)° as de-
termined from its extinction curves (see Sect. 2.4). The re-
fractive indices, as inferred from immersion measurements,
are ny = 1.668(4), ny = 1.668(4) and n, = 1.680(4), where
ny and ny could not be distinguished within the precision of
the measurements. However, just a marginal shift from n, =
ny =1.668 ton, =1.6673 and n, = 1.6687 would perfectly
match the 2V angle, applying Eq. (1) (see, e.g. Bloss, 1961):

ny \/(ny +n;)(n; —ny)

cosVz = — .
‘ ny \ (ny +ng) (n; —ny)

6]

Based on the standard uncertainty of 2V, the adapted in-
dices ny and n, have an uncertainty of +0.0002. The mean

www.eur-j-mineral.net/32/235/2020/
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= Extinction curve
o Extinction curve +/- 90

Figure 3. Graphical output plotted by EXCALIBRW obtained from
the extinction data of a mullite-2¢ crystal. This crystal is from the
same rock sample as the specimen investigated by single-crystal
X-ray diffraction and EMPA. The stereographic projection shows
the observed extinction positions (solid and hollow dots) including
the calculated extinction curves and the orientation of the optical
axes (OA1 and OA2) as well as the directions of the three principal
axes of the biaxial indicatrix, AB, OB and ON, which represents the
acute bisectrix, obtuse bisectrix and optic normal.

observed refractive index (n) is 1.672(7), and the mean re-
fractive index calculated using the Gladstone—Dale constants
from Mandarino (1981) is 1.677, and using electronic polar-
isabilities after Shannon and Fischer (2016), it is 1.659. The
extinction positions, the calculated extinction curves, and the
locations of the optical axes and principal axes of the indi-
catrix are shown in the stereographic projection in Fig. 3.
The optical orientation is X||a, Y||b, Z||c. The Gladstone—
Dale compatibility index (1 — Kp/Kc) based on n =1.677
is 0.007, and thus it is in the range of superior compatibility.

4 Discussion
4.1 Crystal structure and polytypism

According to the criteria given in Fischer and Schnei-
der (2005) and Fischer et al. (2012), the crystal structure
of the investigated mineral can be assigned to the group of
mullite-type compounds. It exhibits linear chains of edge-
sharing M Og octahedra (M is mainly Al, Fe minor), running
parallel ¢ with tetrahedral T,O7 dicluster groups (T = Si, Al)
cross-linking neighbouring octahedral chains (Fig. 4). Fis-
cher et al. (2015) demonstrated that its space group (Pnam)
is a klassengleiche subgroup of index 2 of mullite (Pbam),
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and thus it represents a subgroup of the hypothetical tetrago-
nal aristotype P4/mbm. The refined crystal structure shows
mixed characteristics of both mullite and sillimanite. On the
one hand, similar to sillimanite, the distribution of Si and Al
over the T sites (dicluster groups) is ordered; however, due
to the larger fraction of Al compared to Si and a slight ad-
ditional disorder (see below), this is not to 100 %. Hence,
two T sites are to be distinguished: T1 is mainly occupied by
Al, and T2 is mainly occupied by Si, representing the partial
ordering being responsible for the doubling of the ¢ param-
eter compared to mullite, where Si and Al are statistically
distributed on a single T site. On the other hand, the crystal
structure shows oxygen vacancies at the O3 site. This causes
a shift of the affected T sites to two new T* sites forming two
triclusters, each consisting of two TO4 and one T*Oy tetra-
hedra. Therefore, the bridging oxygen atom of the dicluster
is shifted from the O3 to the O4 position. However, in con-
trast to the relationships in mullite, the present crystal has
two crystallographically independent T* and O4 positions,
which result from the doubling of the ¢ axis and the asso-
ciated symmetry reduction in the supercell. At the vacancy,
the former T1 site is shifted to the new T*1 site connected
by O41 to form the tricluster. The T2 site is shifted to the
T*2 site and bonded to 042 to form another tricluster (see
Fig. 4). This ordering scheme of Fischer et al. (2015) is con-
firmed by our results. Compared to sillimanite, neighbouring
double chains of TO4 diclusters have an offset of 1/2 of a
unit cell in the ¢ direction (see Fig. 5). This leads to a change
of the space-group setting, from Pbnm (sillimanite) to Pnam.
As pointed out by Fischer et al. (2015), in principle, Pnam
could be transformed into Pbnm by a simple interchange of
lattice vectors a and b, but this would yield a reversed ratio
of these lattice parameters relative to sillimanite and mullite
and would not avoid the shift of 1/2 ¢ in the tetrahedral dou-
ble chains.

As described in the previous paragraph, the difference to
the mullite structure is the order—disorder relationship of the
T-site aluminium and silicon positions. In mullite, Al and
Si are statistically distributed and share the same crystallo-
graphic T site. The crystal structure of mullite-2¢ has two
independent T positions. The crystal can be considered to
be built up by a stacking of layers of similar structure units
along ¢ with a periodicity of 2, which is reflected in a doubled
¢ axis. However, it can be clearly distinguished from silli-
manite. Thus, the structure can be described as a polytype of
mullite following the guidelines on mineral nomenclature of
the Commission on New Minerals, Nomenclature and Clas-
sification (CNMNC) of the International Mineralogical As-
sociation (Nickel and Grice, 1998), which states that “Poly-
types are substances that occur in several different structural
modifications, each of which may be regarded as being built
up by the stacking of layers of (nearly) identical structure
and composition and with the modifications differing only
in their stacking sequence.” For this reason, this mineral is
designated as mullite-2c.

Eur. J. Mineral., 32, 235-249, 2020



242

S. Lenz et al.: Mullite-2¢ — a natural polytype of mullite

Figure 4. Crystal structure of mullite-2¢ projected to the a—b plane (view direction parallel c, slightly rotated about the a and b axis). The
octahedra are predominantly occupied by Al and to some extent by Fe. The blue tetrahedra are mainly occupied by Al (T1 site), and the
yellow ones are mostly occupied by Si (T2 site). An oxygen vacancy is shown at 1, 1/2, 1. Triclusters are composed of two TO4 groups
(light violet) and one T*O4 tetrahedron (magenta), connected by the O41/042 atom (ochre). The outline of one unit cell is shown in the
upper left. (a) Projection of four unit cells. (b) Representation of the uppermost layer of the structure, emphasising the oxygen vacancy.

(a)

a

a

Figure 5. Crystal-structure representations of the sillimanite and mullite-2c¢ tetrahedral double chains. The left chains correspond to the chain
1/2, 0, z, and the right ones to chain 0, 1/2, z, in Fig. 4a. The colour coding of the polyhedra corresponds to that in Fig. 4. The double chains
in the mullite-2c¢ structure are shifted against each other by an offset of 1/2 ¢ compared to sillimanite. View direction is perpendicular to the
c axis and is slightly rotated about ¢ and b. (a) Sillimanite. (a) Mullite-2c.

Deviating from the description in Fischer et al. (2015), the
T1(Al) and T2(Si) positions are occupied to equal fractions
to guarantee the integrity of tetrahedral di- and triclusters in
the modified structure model presented here. For charge bal-
ance, a certain amount of Si must be replaced by Al on the
T sites, which equals twice the x value (expressed in units
of apfu — atoms per formula unit). The analysis of the in-
teratomic distances showed that the mean T1-O bond length
is slightly shorter than average aluminium—oxygen distances
reported in the literature (Burnham, 1963; Winter and Ghose,
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1979; Yang et al., 1997). Similarly, the mean T2-O distance
is a little longer than average silicon—oxygen distances in sil-
limanite (compare Table 4 and 6). This is in accordance with
the observations made by Fischer et al. (2015). Apparently,
the distribution of Si and Al in the tetrahedral double chains
is not strict but partially disordered beyond the slight disor-
der imposed by the above-mentioned non-equal fractions of
Si and Al on the T sites. From the average reference distances
in sillimanite (AI—O = 1.765(3) A and Si—O = 1.621(3) A)
we calculated that the observed distances in mullite-2c¢ corre-
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Table 6. Interatomic distances (A) within the octahedra and TOy4 tetrahedra of “sillimullite”, sillimanite and natural mullite (for calculation

of uncertainties of mean values, see Table 4).

Reference Octahedron ‘ T(A1)Oy4 ‘ T(Si1)Oq4
“Sillimullite” Pnam
Fischer et al. (2015) 2x  (Al,Fe)—Ol1 1.870(1) Al-03 1.707(4) Si—03 1.590(4)
2x  (ALFe)-012 1.924(1) Al-011 1.742(2) Si—012  1.649(2)
2x  (ALFe)-02 1.954(1) | 2x Al-02 1.772(1) | 2x  Si—-02 1.670(1)
Mean 1.916(1) Mean 1.748(2) Mean 1.645(2)
Sillimanite Pbnm
Burnham (1963) 2x  Alj—Oy 1.861(3) Al —Oc 1.721(6) Si—O¢ 1.564(6)
2x  Alj—0, 1.919(3) Al,—Oy 1.758(5) Si—0, 1.629(7)
2x  Alj—04 1.957(3) | 2x  Al,—0Oq4 1.800(4) | 2x  Si—0O4q 1.633(4)
Mean 1.912(3) Mean 1.770(5) Mean 1.615(5)
Sillimanite Pbnm
Winter and Ghose (1979) 2x  Al;—Og 1.868(1) Al,—O¢ 1.711(3) Si—O¢ 1.574(3)
2x  Alj—0p 1.913(1) Al,—Op 1.751(2) Si—0p 1.641(2)
2x  Al}—Op 1.955(1) | 2x  Al,—Op 1.796(2) | 2x  Si—Op 1.645(2)
Mean 1.912(1) Mean 1.764(2) Mean 1.626(2)
Sillimanite Pbnm
Yang et al. (1997) 2x  All-OB 1.869(1) Al2—0C 1.709(2) Si—0C 1.569(2)
2x  All-0A 1.915(1) Al2—OB 1.747(2) Si—OA 1.636(2)
2x  All-0OD 1.956(2) | 2x AI2—OD 1.796(1) | 2x  Si—OD 1.644(1)
Mean 1.913(1) Mean 1.762(2) Mean 1.623(2)
Mullite (ME1) Pbam
Octahedron ‘ T(Al, Si)O4 ‘
Lenz et al. (2019) 4x (Al ,Fe)-0Ol1 1.9009(4) (Al2,Si2)—03  1.6578(2)
2x  (Al,Fe)—02 1.9491(6) (Al2,Si2)—01  1.6993(6)
2x  (Al2,Si2)—02 1.7264(4)
Mean 1.9170(5) Mean 1.7025(4)

spond to an occupation of 17.8(32) % of Si on the T1(Al) site
and 25.3(45) % Al on the T2(Si) site. Uncertainties in brack-
ets were determined by error propagation considering the av-
erage values and the standard uncertainties of the observed
bond lengths and of the reference bond lengths averaged over
values given by Burnham (1963), Winter and Ghose (1979),
and Yang et al. (1997; see Supplement). These results clearly
confirm the partial ordering of Al and Si in the double chains,
but they represent a slight excess of Si compared with the
chemical analysis. In order to achieve charge balance and to
match the measured chemical composition, the fractions of
Si and Al were varied “symmetrically” (lowering Si, increas-
ing Al) within the error margins, yielding 15.7(29) % Si on
T1(Al) and 27.4(49) % Al on T2(Si).

The final refinement converged at Ryps = 3.33 %, which
is slightly better than a refinement with a mixed occupa-
tion only on T2 (with 11.7 % Al), with Rgps =3.46%. A
refinement carried out with the structure model provided
by Fischer et al. (2015) led to negative isotropic displace-
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ment parameters of the atoms T*1 / T*2 and O41/042, with
Robs = 6.21 %. We also applied the new model with im-
proved restrictions on the Al / Si distribution in a refinement
versus the X-ray single-crystal diffraction data set of Fischer
et al. (2015) using the published composition of x = 0.12.
This refinement resulted in R1 =5.77 %, which is a slight
improvement compared to the published R1 value of 5.9 %.
This demonstrates that the principles of the improved struc-
ture model can be applied to mullite-2¢ with other composi-
tions as well.

Due to the structural similarities of mullite-2¢, silliman-
ite and mullite, their X-ray powder diffractograms are also
very similar. Accordingly, it is difficult to distinguish the
three phases in a powder—diffraction pattern. Figure 6 shows
the calculated powder diagrams for Cu K« radiation, and a
detailed view reveals some significant differences. The 011
reflection of mullite-2¢ exhibits an intensity of only about
20 % of the corresponding 101 reflection of sillimanite, and
these do not appear in the mullite pattern (Fig. 6b). Further-
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Figure 6. Comparison of the calculated powder XRD patterns (CuK «) for sillimanite, mullite-2¢ and mullite. (a) Simulated powder diffrac-
tograms from 10 to 80°26. (b) Powder patterns from 18.5 to 24.5°26. (c) Details in the powder diffraction patterns from 45 to 51.5°26. The

231 peak of mullite-2¢ barely appears.

more, the 111 reflection is clearly visible for mullite-2c, yet
it has an intensity of ~0 in the sillimanite diffractogram,
even though it is allowed by the reflection conditions of
space group Pbnm. Figure 6¢ shows that the 231 reflection
barely appears in the mullite-2¢ diffraction pattern. A com-
parison of selected X-ray lines (those shown in Fig. 6b and
¢) for sillimanite, mullite-2¢ and mullite are presented in Ta-
ble 7a. The strongest X-ray lines calculated for these mineral
phases are listed in Table 7b. Intensities and the correspond-
ing d spacings of a simulated powder pattern of mullite-2¢
are listed in Table S2 of the Supplement.

Eur. J. Mineral., 32, 235-249, 2020

4.2 Chemical composition and lattice parameters

As shown in Table 2, the EMPA analyses yielded a broad
variance in the chemical composition and thus indicate a
great heterogeneity of the crystal. The average composition
results in x = 0.22(8), a value that is intermediate between
sillimanite (x =0) and 3/2 mullite (x = 0.25) yet much
closer to the latter. As mentioned above, the occupancies in
the crystal-structure model were adapted to the EMPA results
with an x value of 0.21. The slightly differing x values arise
from the fact that the mineral formula derived from micro-
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Table 7. (a) Comparison of selected X-ray powder diffraction lines of sillimanite, mullite-2¢ and mullite calculated for Cu K « radiation (d
in A). (b) Comparison of the strongest calculated X-ray powder diffraction lines of sillimanite, mullite-2¢ and mullite for Cu K« radiation

(d in A).

Sillimanite 3 \ Mullite-2¢ \ Mullite ®
Tealc deatc h k l ‘ Lealc dealc h k l ‘ Tealc deatc h k l
(a)
32 4570 1 0 1 07 4632 0 1 1 -
0 3926 1 1 1 03 3947 1 1 1 -
1.5 3837 0 2 0 05 382 0 2 0 02 380 0 2 0
8.5 3743 2 0 O 50 3772 2 0 O 35 3777 2 0 O
22 1983 2 3 1 0 193 2 3 1 0 1712 2 3 1
0.9 1963 2 2 2 1.5 1974 2 2 2 12 1973 2 2 1
0.8 1919 0 4 0 1.2 1926 0 4 0 .1 1925 0 4 O
9.6 1871 4 0 O 69 186 4 0 O 70 1889 4 0 O
8.9 1833 3 1 2| 113 1844 3 1 2| 109 1844 3 1 1
1.5 1818 4 1 0 1.5 1832 4 1 0 14 1834 4 1 0
0.6 1810 1 1 3 0 1819 1 1 3 -
34 1786 3 3 0 20 1797 3 3 0 1.7 1798 3 3 0
(b)
21 5358 1 1 O 56 5392 1 1 O 50 5392 1 1 O
79 3415 1 2 0 65 3429 1 2 0 66 3430 1 2 0
100 3364 2 1 O 100 3392 2 1 O 100 3391 2 1 O
18 288 0 0 2 18 2891 0 0 2 18 2894 0 0 1
29 269 2 2 0 44 269% 2 2 0 41 269 2 2 0
50 2540 1 1 2 52 2548 1 1 2 55 2550 1 1 1
10 2421 1 3 0 16 2429 1 3 0 16 2430 1 3 O
9 2285 2 0 2 19 229 2 0 2 20 2270 2 0 1
73 2204 1 2 2 61 2210 1 2 2 64 2212 1 2 1
17 2112 2 3 0 22 2122 2 3 0 20 2123 2 3 0
10 1871 4 0 O 7 180 4 0 O 7 189 4 0 0
9 1833 3 1 2 11 1844 3 1 2 11 1844 3 1 1
10 1707 2 4 0 7 1714 2 4 0 8 1715 2 4 0
8 1694 3 2 2 9 1703 3 2 2 9 1703 3 2 1
15 1682 4 2 0 13 169% 4 2 0 14 169% 4 2 0
18 1598 0 4 2 18 1601 0 4 2 19 1603 0 4 1
9 157 4 0 2 7 1582 4 0 2 8 1582 4 0 1
45 1.519 3 3 2 45 1526 3 3 2 48 1.527 3 3 1
5 1453 4 2 2 9 1463 4 2 2 9 1463 4 2 1
19 1443 0 0 4 22 1445 0 0 4 23 1447 0 0 2
7 1395 5 2 0 7 1407 5 2 0 8§ 1406 5 2 0
5 1340 4 4 0 5 1348 4 4 0 5 1348 4 4 0
13 1333 1 5 2 14 1337 1 5 2 15 1338 1 5 1
7 1329 1 2 4 5 1332 1 2 4 5 1333 1 2 2
8 1326 2 1 4 7 1330 2 1 4 8 1331 2 1 2
15 1274 2 5 2 15 1278 2 5 2 16 1279 2 5 1
4 1270 2 2 4 6 1274 2 2 4 6 1275 2 2 2
12 1256 5 2 2 13 1265 5 2 2 15 1265 5 2 1

4 Calculated from the crystal-structure model of Burnham (1963). b Calculated from specimen MEI from Lenz et

al. (2019).
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probe analyses contains Mg. Since Mg is not included in the
structure model and the calculation of the formula is based on
a normalisation of Al, Si and Mg, the x values are not exactly
identical. Nevertheless, a refinement of the site occupation
factor of atom O41 as a free parameter, together with con-
straints for the related atoms according to the relations from
Table 5 in terms of x, yielded a chemical composition with
x = 0.208(3), which is very close to the EMPA-derived value
of 0.22 and to the preset value of 0.21 in the structure model.
Although the crystal investigated by Fischer et al. (2015) and
the one studied here are from the same locality, they have sig-
nificantly different chemical compositions. The former has a
composition of x =0.02 and is thus very close to silliman-
ite. The composition of the present crystal is not far from
3/2 mullite. Even though only two examples of mullite-2¢
are known so far, this may indicate a broad compositional
range of this polytype with 0.02 < x < 0.22(8). Fischer et
al. (2015) discussed that such elevated silicon concentrations
derived from EMPA may not reflect the pure composition of
the crystal but may arise from a possible segregation of amor-
phous SiO, nanoparticles within the matrix of the crystal.
So, maybe, its true composition is close to x = 0.12, which
resulted from the crystal-structure refinement. Even in this
case, however, the compositional range of mullite-2¢ would
still be fairly broad. Besides that, EMPA has shown how vari-
able the chemical composition can be even within the same
small crystal. Hence, it is not surprising to find this relatively
wide range of chemical compositions across different crys-
tals. Aramaki (1961), Cameron and Ashworth (1972), and
Cameron (1976a, b, 1977b) also reported minerals with com-
positions between sillimanite and mullite, but, unfortunately,
they did not present any structural data. Thus, it is not clear
whether their samples may be of the mullite-2¢ type or not.

Figure 7 shows the mullite-2c¢ lattice parameters from the
single-crystal refinements plotted against the Al,O3 concen-
tration (FepOs3 assigned to AlpO3) in comparison with the
lattice parameter trend lines of synthetic mullite from Fis-
cher et al. (1994). We found lattice parameters a and b for
our sample (red crosses) to be only slightly larger and thus in
reasonable agreement with the curves, whereas c is strongly
increased. This increase is presumably caused by the incor-
poration of the foreign cations: Agrell and Smith (1960) ob-
served an increase in ¢ and of the cell volume with increasing
amounts of Fe and Ti for iron- and titanium-bearing natural
mullites and sillimanites. In our case AI** in the octahedral
chains is most likely partially replaced by Fe3+.

The refractive indices of the mullite-2¢ crystal are higher,
and its birefringence of 0.012 is a bit lower compared to those
of natural mullites (see Lenz et al., 2019, and the references
therein). As shown by Lenz et al. (2019), the incorporation of
foreign cations like Mg, Ti and, above all, Fe has a significant
impact on the refractive indices. Even small amounts of such
cations increase refractive indices noticeably. The iron con-
centration in the mullite-2c¢ crystal investigated here is much
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Figure 7. Lattice parameters plotted versus Al,O3 concentration of
the mullite compositional series Aly[Aly 2, Sip_2,1010—y, modi-
fied plot after Fischer et al. (1996). The left ordinate refers to lattice
parameters a and b, and the right one refers to c. Red crosses dis-
play lattice parameters of mullite-2¢ for the chemical composition
of the EMPA. Red and green dots represent lattice parameters from
Fischer et al. (2015) for a composition derived from EMPA (red)
and single-crystal-structure refinement (green), respectively. Grey
crosses show lattice parameters of sillimanite (Burnham, 1963).
Fe, O3 is assigned to the Al O3 content. The horizontal red bar rep-
resents the standard deviation of the microprobe composition. For
comparison with mullite the ¢ parameter of mullite-2¢ and silliman-
ite is halved.

higher compared to natural mullites from the literature. This
is most likely the reason for the elevated refractive indices.

4.3 Formation and occurrence

Referring to the partial ordering of Si and Al at the tetra-
hedral sites, mullite-2¢ can be considered to be a highly
ordered mullite. This raises the following question: which
mechanism might cause such an ordering? It is known that
sillimanite transforms into mullite under high temperature
and ambient pressure, accompanied by Si/ Al disordering
(see, e.g. Holdaway, 1971; Greenwood, 1972; Guse et al.,
1979; Rahman et al., 2001; Igami et al., 2019). Igami et
al. (2017) showed that mullitisation starts at temperatures
above ~ 1200°C. Rahman et al. (2001) demonstrated that
a complete transformation from sillimanite to 3/2 mullite
takes place after heat treatment for 24 h at 1600 °C together
with an exsolution of amorphous SiO,. Hariya et al. (1969)
have synthesised mullite-type phases showing unit-cell di-
mensions between sillimanite and 3 /2 mullite, applying high
temperatures (1300 and 1500 °C) and high pressures up to
20 kbar. Holland and Carpenter (1986) carried out anneal-
ing experiments on sillimanite at high temperatures and high
pressures (1300-1700°C and 18-20kbar). They produced
phases slightly enriched in Al,O3, showing diffraction pat-
terns with / = odd reflections, which presumably might indi-
cate Si/ Al ordering similar to our crystal. However, at tem-
peratures > 1650 °C the / = odd reflections become weaker,
and thus the Si / Al distribution potentially becomes increas-
ingly disordered. Beger et al. (1970) performed similar an-
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nealing experiments at 1500 °C under even higher pressures
up to 24 kbar. They did not observe any change of the chem-
ical composition but rather a change in the symmetry and
concluded that there was disordering of the Si and Al sites.
Recently, Igami et al. (2019) performed several annealing ex-
periments on sillimanite under high temperatures at ambient
conditions as well as high pressures. Synchrotron X-ray pow-
der diffraction revealed that the run at 1500 °C and 10kbar
yielded two phases: sillimanite and a newly formed Si-rich
mullite. Moreover, they could show that sillimanite became
partially disordered. It may be deduced that a transformation
of sillimanite or mullite to a mostly ordered mullite might
occur if high temperatures and pressures are applied. More-
over, it might be possible that upper and lower limits for pres-
sure and temperature conditions exist for the formation of
mullite-2c. However, it is rather unlikely that a mineral found
on a basement xenolith from Ettringer Bellerberg has expe-
rienced pressures of >20 kbar, but Aramaki and Roy (1962)
have synthesised mullites with intermediate lattice parame-
ters together with small amounts of corundum at 727(10) °C
and 2.9 kbar from a gel mixture with 3/2 mullite composi-
tion (60 mol % Al,O3 and 40 mol % SiO»). Such hydrother-
mal formation conditions appear to be more conceivable for
minerals originating from volcanic rocks.

Descriptions of natural aluminium silicates with a com-
position between sillimanite and 3/2 mullite can also be
found in the literature. Aramaki (1961) and Cameron and
Ashworth (1972) described iron- and titanium-bearing silli-
manites from the Asama volcano, Japan. Cameron and Ash-
worth (1972) and Cameron (1976a, 1977a) did observe weak
but sharp sillimanite-type superstructure reflections in single-
crystal electron diffraction patterns of natural mullites, which
possibly arose from a Si / Al ordering. Cameron (1977a) fur-
ther discusses that Fe>™ may stabilise the Si—Al ordering
if Ti is absent. All crystals investigated in his work with
sillimanite-type superstructures have a Fe/(Fe + Ti) ratio of
0.7-1.0. This is in agreement with the crystal studied here,
having a ratio of 0.9. Although no detailed structural analy-
ses were carried out on those samples, we assume that such
specimens could correspond to mullite-2c.

5 Conclusions

Mullite-2¢ samples apparently exhibit a broad range of
chemical compositions. The crystal structure shows features
of sillimanite as well as mullite, but it clearly differs from
both. The largely ordered Si / Al distribution causes a stack-
ing of structurally similar layers in the (001) plane, with a
2-fold periodicity and thus a doubling of lattice parameter
c; however this stacking has an offset of 1/2¢ with respect
to neighboured tetrahedral chains — representing an impor-
tant difference to sillimanite. Due to the order—disorder rela-
tionship, this mineral represents a polytype of mullite and is
therefore correctly denoted as mullite-2¢. For future inves-
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tigations of mullite-type minerals and synthetic analogues
it must be carefully distinguished between mullite and its
(partially) ordered polytype mullite-2¢. It will be interest-
ing to learn more about the mullite-2¢ structure, e.g. whether
it can be described by randomly distributed oxygen vacan-
cies in an ordered matrix or if it consists of nanoscale mul-
lite domains. Knowing more of the formation conditions of
this mineral may open the way to a controlled synthesis
of mullite-type compounds with different compositions and
tetrahedral Si / Al ordering. The findings presented here on a
partially ordered mullite might usher in a new era of mul-
lite in material science. So far, all research was restricted
to the compositional series of Alo[Aly42xSio—24]O10—x With
2/1 and 3/2 mullites as main members. In this context it
will be interesting to learn how the properties of mullite-
2¢, such as the thermal behaviour (thermal expansion, heat
capacity, thermal conductivity), the thermo-mechanical be-
haviour (strength, compressibility, elasticity) and other prop-
erties, like electrical conductivity and the optical behaviour,
differ from those of “normal” 3/2 (3A1,03+2Si03) and 2/ 1
mullite (2A1,03-Si0,) and whether the application of mul-
lite ceramics can be extended by using mullite-2c.

It will be a challenge to try synthesising mullite-2¢ phases
with hitherto unknown properties in ceramic materials. Some
of the past work of mineralogists, describing mullites in the
“miscibility gap”, and material scientists, characterising the
transformation of sillimanite under high pressure, might be
reevaluated to investigate if the specimens described in their
work might have been mullite-2¢ instead of normal mullites.
Further work is in progress to study mullite-2¢ by spectro-
scopic methods, DFT (density functional theory) calculations
and high-temperature X-ray diffraction.

Data availability. The single-crystal X-ray diffraction data set
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