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Four mac ro scop i cally vis i ble B–E (rim) zones, within a large nat u ral fer ric grossular gar net of Grs58–64Adr36–42Sps2 com po si -
tion, are de scribed by means of Rietveld re fine ments of the crys tal struc tures in a se ries of six space groups, fol lowed by
com par a tive anal y sis of the R-val ues, site oc cu pancy fac tors, and bond lengths and an gles. The gar net crys tal lized in the
rhombohedral R63c space group. Var i ous poly he dral dis tor tions and struc tural or der-dis or der vari a tions be tween the zones
stud ied are also de scribed and dis cussed. The rhombohedral sym me try of the fer ric grossular gar net ana lysed can be re -
garded as pri mary, re sid ual strain be ing a sec ond ary cause for its slight op ti cal ani so tropy.
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INTRODUCTION

Gar nets are among the most widely oc cur ring min er als on
Earth. They are an im por tant group of rock-form ing min er als
that are sta ble over a wide range of tem per a tures (up to
2000°C), pres sures (up to ~25 GPa), and chem i cal com po si -
tion. Ac cord ing to the In ter na tional Min er al og i cal As so ci a tion
(IMA) no men cla ture, the gar net supergroup in cludes all min er -
als isostructural with gar net re gard less of what el e ments oc -
cupy the four atomic sites, i.e., the supergroup in cludes sev eral
chem i cal classes. The gen eral for mula for the gar net
supergroup min er als is {X3}[Y2](Z3)j12, where X, Y and Z re fer
to dodecahedral, oc ta he dral, and tet ra he dral sites, re spec -
tively, and j is O, OH, or F. Most gar nets are cu bic, of space
group Ia63d (no. 230), but two OH-bear ing spe cies
(henritermierite and holtstamite) have tetragonal sym me try,
space group, I41/acd (no. 142), and their X, Z, and j sites are
split into more sym met ri cally unique atomic po si tions. The to tal
charge at the Z site and sym me try are cri te ria for dis tin guish ing
groups, whereas the dom i nant-con stit u ent and dom i nant-va -
lency rules are crit i cal in iden ti fy ing spe cies. Twenty-nine spe -
cies be long to one of five groups: the tetragonal henritermierite
group and the iso met ric bitikleite, schorlomite, gar net, and

berzeliite groups with a to tal charge at Z of 8 (sil i cate), 9 (ox ide), 
10 (sil i cate), 12 (sil i cate), and 15 (vanadate, ar se nate), re spec -
tively (Grew et al., 2013).

Spe cies of the grossular-an dra dite {Ca3}[Al,Fe3+]2(Si3)O12

solid-so lu tion bi nary se ries, oc cur ring in a va ri ety of geo log i cal
en vi ron ments, are known to ap pear in the form of zoned crys -
tals (Deer et al., 2013; Tanèiæ et al., 2012a and ref er ences
therein). A sub stan tial num ber of pre vi ously-ob served
grossular-an dra dite gar nets ex hibit op ti cal ani so tropy and
non-cu bic low sym me try in var i ous space groups, such as: I61
(Takéuchi et al., 1982; Allen and Buseck, 1988; Kingma and
Downs, 1989; Frank-Kamenetskaya et al., 2007; Kobayashi et
al., 2013; and Nakamura et al., 2016); Fddd (Takéuchi et al.,
1982; Gali, 1984; Frank-Kamenetskaya et al., 2007; Badar et
al., 2016); Fddd or C2/c (Hirai and Nakazawa, 1986) and R63c
or Fddd (Tanèiæ et al., 2020).

To the best of our knowl edge, only three op ti cally
anisotropic and os cil la tory zoned grossular-an dra dite gar net
sam ples from Ser bia have been char ac ter ized in more or less
de tail by Tanèiæ et al. (2012a, 2020), Sreækoviæ-Batoæanin et al.
(2014) and Kostiæ et al. (2021), i.e. from skarns of Kopaonik Mt., 
Rogozna Mt. and Rudnik Mt., re spec tively.

The mac ro scop i cally-zoned gar net from Meka Presedla
(Kopaonik Mt., Ser bia) stud ied in this pa per was pre vi ously
char ac ter ized by Tanèiæ et al. (2012a). It is slightly anisotropic
through out, with out the pres ence of iso tro pic ar eas. Based on
elec tron microprobe anal y sis (EMPA) me dian chem i cal com po -
si tions, con sid er able in versely re lated vari a tion is ob served
only by the Al3+–Fe3+ sub sti tu tions in the oc ta he dral site, and a
Grs58–64Adr36–41Sps2 com po si tion was de ter mined [min eral
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name sym bols such as Adr, Grs and Sps re fer to an dra dite,
grossular, and spessartine, re spec tively (Warr, 2021). Such
com po si tion there fore de fines this gar net more spe cif i cally as
fer ric grossular]. FT–IR and Raman bands are con sis tent with
the chem i cal com po si tion. All of the zones should be con sid -
ered as an hy drous, formed un der con di tions of mis ci bil ity and
with out gaps. They rep re sent solid so lu tions, rather than mix -
tures. For ma tion tem per a tures from ~600 to 720°C, and pres -
sures of ~2–3 kbars, are de rived. Among five pos si ble causes
for the slightly op ti cal ani so tropy, three were re jected, be cause:
(1) the crys tal is mi cro scop i cally untwinned; (2) no rare earth el -
e ments (REE) were de tected; and (3) there was no dis tri bu tion
of OH– groups due to hy dro-gar net sub sti tu tion.

The fer ric grossular core (zone A) with Grs64±1Adr36±1Sps2

com po si tion (Tanèiæ et al., 2012a) was fur ther crys tal lo graphi -
cally stud ied by Tanèiæ et al. (2020). The pro ce dure ap plied in -
cluded de tailed anal y sis of the pow der dif frac tion pat terns, and
Rietveld re fine ments of the crys tal struc tures in a se ries of 18
space groups and two mix tures, fol lowed by the com par a tive
anal y sis of the R-val ues, site oc cu pancy fac tors (here in af ter
sof’s), and bond lengths and an gles. It was shown to be not cu -
bic, nei ther as mono phase, nor as mul ti ple phases in a mix ture. 
Struc tural dissymmetrization oc curred, and it crys tal lized in dis -
or dered rhombohedral R63c or orthorhombic Fddd space
groups, the first one be ing more prob a ble. Be sides es tab lish ing
lower sym me try (5), which could be treated as pri mary cause,
re sid ual strain (4) was also not ex cluded as a pos si ble sec ond -
ary cause for its slight op ti cal ani so tropy.

In the pres ent study, the four re main ing, B–E, zones of the
Grs58–64Adr36–41Sps2 fer ric grossular (Tanèiæ et al., 2012a) with
Grs62±1Adr38±1Sps2 (B), Grs59±2Adr41±2Sps2 (C), Grs58±2Adr42±2

Sps2 (D) and Grs58±1Adr42±1Sps2 (E, rim) com po si tions, were
ana lysed. Our pri mary goal was to per form an X-ray pow der dif -
frac tion (XRPD) study of the crys tal struc ture by the Rietveld
method in the R63c and Fddd space groups, i.e. to check what
could be the true space group of its crys tal li za tion be tween
these two. These re sults were com pared with those for the
Ia63d, R63, C2/c and I61 space groups. All of the re sults ob -
tained were also fur ther com pared with those for zone A

(Tanèiæ et al., 2020). For the space group def i ni tion it was
mainly the cho sen dis tances, sof’s and lower com par a tive
R-val ues which were mostly, as ar gued in our pre vi ous stud ies,
the de ci sive fac tors not only in vast ma jor ity of the low-sym me -
try grossular-an dra dite gar nets (Tanèiæ et al., 2020), but also in
other char ac ter is tic nat u ral min eral solid so lu tions with
Al3+–Fe3+ sub sti tu tions over the oc ta he dral sites (Tanèiæ et al.,
2012b). The XRPD method was used in or der to avoid any kind
of “Umweganregung” and/or “Aufhellung” (Rossmanith and
Armbruster, 1995).

MATERIALS AND METHODS

As de scribed by Tanèiæ et al. (2012a), the mac ro scop i -
cally-zoned fer ric grossular gar net in ves ti gated from the Meka
Presedla lo cal ity (Kopaonik Mt., Ser bia) was ini tially a spher i cal
mega-crys tal with a di am e ter of ~8 cm. It was cut into par al lel
slices ~0.5 cm thick. The larg est slice, rep re sent ing the cen tral
part, is shown in Fig ure 1. In this figure, the mac ro scop i cally-vis -
i ble, dif fer ent zones marked with solid lines and A–E signs are
par al lel to the rhombic dodecahedron (110), with a char ac ter is -
tic an gle of 120°. Marked zones were care fully cut down, and
then pow dered and ho mog e nized un der al co hol in an ag ate
mor tar for sev eral hours, in or der to en sure good sta tis ti cal dis -
tri bu tion of the grains.

The sam ples from the B–E (rim) zones were taken in re flec -
tion mode in a bot tom-loaded alu mi num car rier. Dif frac tion data
were col lected on a Phillips PW1710 diffractometer equipped
with a graph ite mono chro ma tor (Cu Ka1, l = 1.540562 �; Cu
Ka2, l = 1.544390 �) and a Xe-filled pro por tional coun ter, at
room tem per a ture (23°C). Di ver gence and re ceiv ing slits were
fixed to 1° and 0.1 mm, re spec tively, and the gen er a tor was set
up at 40 kV and 30 mA. The diffractometer align ment was prop -
erly checked us ing a ref er ence ma te rial of pow dered crys tal line
sil i con, ac cord ing to the man u fac turer’s user man ual. Data
were col lected in scan-step mode, with 0.02° 2q step, and be -
tween 4° and 135° 2q and 12.9s step–1 for col lect ing data for
Rietveld struc ture re fine ments.
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Fig . 1. The mac ro scop i cally-zoned large fer ric grossular crys tal from the Meka Presedla
lo cal ity stud ied (Kopaonik Mt., Ser bia)

Note that the mac ro scop i cally-vis i ble dif fer ent zones are of the rhombic dodecahedron (110) shape,
with a char ac ter is tic 120o an gle (mod i fied from Tanèiæ et al., 2012a)



RESULTS AND DISCUSSION

XRPD PATTERNS ANALYSIS

Check ing what could be the true space group of the fer ric
grossular gar net stud ied started with the com par i son and close
in spec tion of the pres ence and na ture of the re flec tions with
Miller’s in di ces 12 2 2 and 888 in the A–E zones. These clearly
have dif frac tion peaks of dif fer ent in ten si ties and with more or
less vis i ble dou blets and/or ex tra-broad en ing (Fig. 2B, C). On
the other hand, other dif frac tion peaks lack vis i ble dou blets,
such as the stron gest 420 re flec tion (Fig. 2A), for ex am ple. Ac -
cord ing to the pre vi ous ob ser va tions by Tanèiæ et al. (2020), this 
seems to be of con sid er able im por tance, be cause it in di cates
that the gar net stud ied did not crys tal lize in the cu bic sys tem at
all; nei ther as mono, nor as mul ti ple phases as a mix ture, be -
cause in this case the ob served in ten si ties (Yobs) do not match
with the cal cu lated Bragg’s po si tions (Ycalc) and vice versa.
Also, among 18 space groups and two mix tures stud ied it was
more spe cif i cally dem on strated that it can not crys tal lize in the
cu bic Ia63d, I643d, I4132, P4132, Ia63 and I213; tetragonal
I41/acd and I41/a; and orthorhombic Ibca and Pbca space
groups; or as cu bic Ia63d & Ia63d and P4132 & Ia63d mix tures.
The re main ing eight pos si bil i ties were among the rhombohedral 
R63c and R63; orthorhombic Fddd; monoclinic I2/a, I2/b, I2/c
and C2/c; and triclinic I61 space groups. Geo met ri cal–math e -
mat i cal cal cu la tions could ini tially in di cate only the fol low ing six
so lu tions: R63c, R63, Fddd, I2/a, I2/c and C2/c space groups,
in very close agree ment with pre vi ous ob ser va tions. How ever,
be cause it was shown by Rietveld crys tal struc ture re fine ments
that there were no sig nif i cant dif fer ences be tween Al sof’s and
their cor re spond ing Y–O dis tances over the oc ta he dral Y sites,
the R63, I2/a, I2/b, I2/c, C2/c and I61 space groups were also
ex cluded as pos si bil i ties, leav ing only the R63c and Fddd
space groups (Tanèiæ et al., 2020).

CRYSTAL STRUCTURE REFINEMENTS

Two types of crys tal struc ture were de ter mined us ing the
Rietveld pro file method and Fullprof pro gram (Ro dri -
guez-Carvajal, 1990): (1) zones B–D were re fined as fer ric
grossular monophases; and (2) zone E was re fined as a mix ture 
of two phases, i.e. fer ric grossular and scapolite, be cause in this 
zone scapolite is most abun dant (Tanèiæ et al., 2012a). Crys tal
struc ture re fine ments of the fer ric grossular gar net were per -
formed fol low ing the pro ce dure de scribed by Tanèiæ et al.
(2020), in or der to achieve all the nec es sary con di tions for data
com par i son be tween the A–E zones. It started from the cu bic
Ia63d space group, which was nom i nally as signed for gar net
group crys tal li za tion (Grew et al., 2013). The pseudo-Voigt
peak shape func tion was as sumed. In the last cy cle of the re -
fine ments, 117 pa ram e ters were var ied: 100 pa ram e ters for the 
back ground de scrip tion, 11 pro file pa ram e ters (one scale fac -
tor, one Eta (p-v) pa ram e ter, one over all tem per a ture pa ram e -
ter, three pa ram e ters for the de scrip tion of the halfwidths, one
pa ram e ter for pre ferred ori en ta tion, two asym me try pa ram e -
ters, one mix ing pa ram e ter and one zero point), one pa ram e ter
for the a0 unit cell di men sion, and five pa ram e ters for the three
free ox y gen atom co or di nates, and two sof’s at the
dodecahedral and oc ta he dral sites. As is well known, sym me try 
low er ing from the Ia63d space group to the other five space
groups stud ied in creases the num ber of ions in spe cial and gen -
eral po si tions, and the pa ram e ters of their atom co or di nates,
unit cell di men sions and sof’s. For zone E, an ad di tional 23 pa -
ram e ters were var ied for scapolite in the I4/m space group

(Sherriff et al., 2000): one scale fac tor, one mix ing pa ram e ter,
two lat tice con stant pa ram e ters, atomic pa ram e ters for two free
co or di nates of the Ca2+/Na+ cat ions, five free co or di nates of the
Si4+/Al3+ cat ions, ten free co or di nates of the ox y gen ions, and
two sof’s for the Ca2+/Na+ and Cl–/C2– po si tions.
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Fig. 2. Com par a tive pow der dif frac tion pat terns of the A–E
zones for the three dif fer ent an gle re gions and with re flec tions
marked with hkl’s be long ing to the Ia63d space group: A – 420;
B – 12 2 2; C – 888

Marks: a-zone A; b-zone B; c-zone C; d-zone D; e-zone E



Crys tal struc ture stud ies were per formed with out any con -
straints in the Ia63d, R63c, R63, Fddd, C2/c and I61 space
groups (Ta ble 1 and Ap pen dix 1). Namely, as was shown by
Tanèiæ et al. (2020), two of these (R63c and Fddd) are of spe -
cial in ter est, whereas other four space group re fine ments were
made in this pa per mostly for com par i son, ad di tional check ing
and other nec es sary data col lect ing. Also, among these space
groups, five of them are very sig nif i cant be cause of the pos si bil -
ity of the T2g route, i.e. the phase tran si tion from the Ia63d to the 
R63c, Fddd, C2/c and I61 space groups (Hatch and Griffen,
1989), which is con sis tent with the chem i cal com po si tion of the
fer ric grossular gar net stud ied (Tanèiæ et al., 2012a, 2020). For
the R63c and Fddd space groups, struc ture stud ies with ap -
plied con straints were also per formed (Ap pen dix 2), which were 
ap pro pri ate to the ob served chem i cal com po si tions of the
zones (Tanèiæ et al., 2012a), and cal cu lated from the data given 
by Novak and Gibbs (1971). All an gles were treated with out
con straints. Stan dard de vi a tion val ues were mul ti plied with
SCOR fac tors (Berar and Lelann, 1991).

Unit cell di men sions, cal cu lated Ca and Al sof’s, and RB and 
RF re li abil ity fac tors for the six space groups stud ied are listed in 
Ap pen dix 1. At the first sight, it is ob vi ous that the zones stud ied 
more or less dif fer from each other. Namely, unit cell di men -

sions and vol umes (V0), which were in our pre vi ous stud ies
were al ready shown as use ful tools for ap prox i mate es ti ma tion
of the Al–Fe3+ sub sti tu tions in the oc ta he dral site (Tanèiæ et al.,
2012b; Cvetkoviæ and Tanèiæ, 2019), mostly in crease from zone 
A (core) to zones C and/or D, and then de crease in zones D
and/or E (rim). For ex am ple, in the Ia63d space group there
were cal cu lated Al sof’s (Alcalc; from 59 to 66 at.%) on the ba sis
of the de ter mined V0, and ac cord ing to the start ing data for Grs
and Adr by Novak and Gibbs (1971). These are in con cor dance
with their chem i cal com po si tions and with the Al–Fe3+ sub sti tu -
tions in the oc ta he dral site. Namely, the Al3+ cat ion con tent de -
creases from zone A to D, with a dif fer ence of ~6 at. %, and it
slightly in creases in zone E (Tanèiæ et al., 2012a). How ever, in
most of the space groups stud ied, cal cu lated Al (and Ca, as
well) sof’s are more or less in con sis tent with the ones ex pected
(Ap pen dix 2), and they are most well ex pressed in zones A and
C. Dif fer ences be tween A and C by com par i son with the other
zones are also vis i ble from vari a tions in the cu bic a0 axis (Ap -
pen dix 1) by the Raman shift of band VII de tected (Tanèiæ et al.,
2012a), shown in Ap pen dix 3.

In the triclinic I61 space group, b0 an gles of 90.081(9)°,
90.11(1)° and 90.12(5)°, in the A, D and E zones, re spec tively;
and g0 an gles of 89.89(1)° and 89.922(4)°, in the B and C zones, 
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Zone A (core)1 B C D E (rim)

SCOR 2.1962 2.3374 1.8919 1.8017 1.6553

Over all scale f. (´10–7) 52(3)* 80(4) 66(3) 170(2) 29(2)

Eta (p-v) or m(p-vii) 0.32(7) 0.29(9) 0.09(6) 0.27(7) 0.12(8)

Over all temp. fac tor 0.1(1) 0.3(1) 0.34(8) 0.7(1) 0.40(9)

Halfwidth pa ram e ters

U 0.029(6) 0.06(1) 0.000(5) –0.04(1) 0.013(5)

V –0.007(8) –0.04(1) 0.024(7) 0.02(1) –0.015(8)

W 0.012(2) 0.026(4) 0.015(2) 0.014(4) 0.030(3)

Pre ferred ori en ta tion 0.72(5) 0.31(6) 0.43(4) –1.0(1) 0.35(4)

Asym me try pa ram e -
ters

As 1 0.05(5) 0.18(4) 0.05(4) 0.08(5) 0.05(4)

As 2 0.051(7) 0.067(7) 0.049(6) 0.044(6) 0.039(5)

X pa ram e ter 0.004(1) 0.003(2) 0.007(1) 0.003(1) 0.007(4)

Zero-point 0.013(6) 0.032(7) –0.003(6) 0.018(9) –0.042(6)

a0 (�) 16.852(1) 16.861(1) 16.8824(9) 16.873(2) 16.8615(9)

c0 (�) 10.3252(9) 10.341(1) 10.3308(8) 10.338(1) 10.3386(7)

V0 (�
3) 2539.4(3) 2547.8(5) 2549.9(3) 2548.7(5) 2545.6(2)

N-P+C 6417 6417 6417 6417 6394

Rp 14.4 14.1 12.0 13.3 12.8

Rwp 19.3 19.2 16.3 18.5 17.5

Rexp 11.48 11.41 11.63 14.08 14.04

Con ven tional Rp 22.0 21.9 18.8 21.5 24.2

Con ven tional Rwp 25.1 25.2 21.4 25.0 26.5

Con ven tional Rexp 14.95 14.98 15.28 19.00 21.20

Chi2 2.83 2.83 1.97 1.73 1.56

Chi2 (Bragg contr.) 3.25 3.16 2.21 1.94 1.64

DW-stat. 0.9079 0.8863 1.2388 1.3483 1.4249

DW-exp. 1.9651 1.9651 1.9651 1.9651 1.9724

GoF 1.6 1.7 1.4 1.3 1.2

RB 8.17 8.64 6.07 6.78 6.02

RF 6.80 7.42 6.31 6.94 6.24

* – the num bers in pa ren the ses are the es ti mated stan dard de vi a tions mul ti plied with SCOR and re fer
to the last sig nif i cant num ber; 1 – Tanèiæ et al. (2020)

T a  b l e  1

Pro file and struc tural pa ram e ters, unit cell di men sions, and re li abil ity fac tors for the R63c

space group with out con straints



re spec tively, also clearly re veal vi o la tion of the cu bic sym me try
(Ap pen dix 1). There fore, dif fer ences be tween these an gles and 
90° are con sid er able (from ~0.08° in the A and C zones, to
~0.12° in the B, D and E zones), and in crease in the fol low ing
or der: C<A<B=D<E. Av er age <a0> crys tal lo graphic unit cell pa -
ram e ters are mostly sim i lar to the a0 de ter mined in the Ia63d
space group. Also, among three crys tal lo graphic unit cell pa -
ram e ters in this space group, two of them are mainly quite sim i -
lar, whereas the third is sig nif i cantly dif fer ent, strongly in di cat ing 
the rhombohedral crys tal sys tem. The same ob ser va tions may
be like wise no tice able in the Fddd and C2/c space groups, af ter
ad e quate trans for ma tion of their c0 and a0 crys tal lo graphic
axes, re spec tively.

Fur ther more, all of the rhombohedral dis tor tion an gles (a)
cal cu lated de part sig nif i cantly by more than 0.004° from 60°, i.e. 
from 0.024° in the A and D zones, to 0.068° in the B zone in the
R63c space group; and from 0.026° in the A and D zones, to
0.054° in the B zone in the R63 space group (Ap pen dix 1),
which shows that the fer ric grossular gar net stud ied is not cu bic
(Ishizawa and Inagaki, 2008).

Fi nally, be cause there are no sig nif i cant dif fer ences be -
tween Al sof’s over the 4, 4 and 8 oc ta he dral Y sites, which are
the re quired con di tions in the R63, C2/c and I61 space groups,
re spec tively (Ap pen dix 1), it was shown that these pos si bil i ties
were pre vi ously jus ti fi ably ex cluded (Tanèiæ et al., 2020). Sim i -
larly, it is well known that if the sin gle oc ta he dral Y site in the
Ia63d space group is split into two dif fer ently oc cu pied sites Y1
and Y2, the sym me try re duces to the orthorhombic Fddd or
rhombohedral R63c space groups, which are of most sig nif i -
cance in our case. How ever, here it can be seen that there are

two iden ti cal Al sof’s over the oc ta he dral Y sites al ready in the
zone B for the Fddd space group, which could also rea son ably
in di cate that fer ric grossular gar net stud ied can not crys tal lize in
this space group. Ac cord ingly, the re sults ob tained for this
space group will not be pro vided in de tail, but only those which
were nec es sary for re quired ad di tional anal y sis and ad e quate
data com par i son with the R63c space group.

For the R63c space group, the fi nal Rietveld plots are
shown in Fig ures 3–6; while pro file and struc tural pa ram e ters,
unit cell di men sions, re li abil ity fac tors, atom pa ram e ters, cal cu -
lated sof’s of Ca and Al, and se lected dis tances and an gles, are
shown in Ta ble 1 and Ap pen di ces 4–7.

By com par i son of the Rietveld plots (Fig ures 3–6), it could
be seen that, gen er ally, most of the in ten si ties de crease from
zones A–C to zones D–E, i.e. from core to rim. An other char ac -
ter is tic is that some peak in ten si ties dif fer for zones A (Tanèiæ et 
al., 2020) and C in com par i son with zones B, D and E, es pe -
cially in the area of the ~87–107° 2q an gle range (see also Fig -
ure 2). The mag ni fied an gle area in Fig ures 3–6 is fur ther an a -
lyzed to the num ber of cal cu lated Bragg’s po si tions (Ycalc) and
dif fer ences be tween start ing and end ing cor re spond ing Ycalc’s

(DYcalc), and shown in Ap pen dix 8. Namely, Tanèiæ et al. (2020)
dem on strated that in zone A there is the si mul ta neous ex is -
tence of dif frac tion peaks which in clude more or less clearly vis -
i ble dou blets and/or ex tra-broad en ing, whereas some oth ers
are with out dou blets. Al though the R63c and Fddd space
groups have at least two cal cu lated Bragg’s po si tions for each
dif frac tion peak in these se lected ar eas, it is ob vi ous that dif -
frac tion peaks with out dou blets have sig nif i cantly smaller dif fer -
ences (DYcalc) be tween start ing and end ing cor re spond ing Ycalc,
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Fig. 3. Fi nal Rietveld plot for the R63c space group of zone B

The area of ~86–129° 2q an gle range is mag ni fied for a better view. The com puter pro gram plotCIF was used 
(http://publcif.iucr.org/ser vices/tools/pdcifplot.php). Ob served in ten si ties (Yobs) are shown in blue, cal cu -
lated in ten si ties (Ycalc) are shown in red, and dif fer ences be tween ob served and cal cu lated in ten si ties
(Yobs-Ycalc) were pre sented with black colour, whereas re flec tion (Bragg) po si tions were pre sented with green 
ver ti cal bars
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Fig. 4. Fi nal Rietveld plot for the R63c space group of zone C

Symbols are the same as in Fig ure 3

Fig. 5. Fi nal Rietveld plot for the R63c space group of the zone D

Symbols are the same as in Fig ure 3



i.e. they are mostly within a nar rower area than those with dou -
blets in each of the zones stud ied. The clear est ex am ple of
such a case is where one sin gle dif frac tion peak (12 2 0) is in
close vi cin ity to and be tween two pro nouncedly dif frac tion dou -
blets (884 & 12 2 2).

With re fine ment of the struc ture in zone E it was also es tab -
lished that the quan ti ta tive con tents of fer ric grossular is 92(5)% 

and of scapolite 7.8(7)%, con sis tent with the pre vi ous mi cro -
scopic es ti ma tion of ~5–6 % (Tanèiæ et al., 2012a). The
scapolite has the fol low ing unit cell di men sions: a0 = 12.130(2)
�, c0 = 7.568(1) �, and V0 = 1113.5(3) �3. The ra tios of Ca : Na
= 77(1) : 23(1) and Cl : C = 99(2) : 1(2) cor re spond to about 77% 
of the meionite com po si tion. Struc ture re fine ment with ap plied
con straints shows al most iden ti cal re sults: the quan ti ta tive con -
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Fig. 6. Fi nal Rietveld plot for the R63c space group of zone E

Symbols are the same as in Fig ure 3. First and sec ond rows with green ver ti cal bars rep re sent mi nor
scapolite and ma jor fer ric grossular phases, re spec tively

Fig. 7. Vari a tions in Fe3+ and Al3+ over the oc ta he dral sites in Ia63d (marked with black filled sym bols), R63c

(marked with col oured filled sym bols and full lines) and Fddd (marked with col oured empty sym bols and dot ted
lines) space groups, by av er age: a) <Y–O>; and b) <O–O> dis tances with out con straints

Lin ear Grs-Adr joins (Novak and Gibbs, 1971) were also plot ted for com par i son



tent of fer ric grossular is 92(4)% and of scapolite 7.5(6)%; unit
cell di men sions are a0 = 12.130(2) �, c0 = 7.568(1) �, and V0 =
1113.7(3) �3; and ra tios are Ca : Na = 78(1) : 22(1) and Cl : C =
98(2) : 2(2). In or der to ad di tion ally check these com po si tions,
the equa tion given by Wehrenberg (1971) was used. Namely,
tak ing into ac count the pre vi ously de ter mined char ac ter is tic
FT–IR band of 609 cm–1 of scapolite (Tanèiæ et al., 2012a), ~71
% of the meionite com po nent was cal cu lated, which cor re lates
rel a tively well with the struc ture re fine ment.

The most im por tant data for com par i son be tween the R63c
and Fddd space groups is given in Ap pen dix 9. Tak ing into ac -
count all of the stud ied zones in the Fddd space group with out
con straints, it can be seen that the dif fer ences be tween Al sof’s
(here in af ter DAl’s) are in sig nif i cant, i.e. from 0 to 4 at.% (av er -
age 2.8 at.%), and with their es ti mated stan dard de vi a tions
(here in af ter esd’s) which ex ceed these val ues. On the other
hand, DAl’s over the oc ta he dral Y sites in the R63c space group 
are much higher, i.e. from 6 to 20 at.% (av er age 12.4 at.%), and 
with mostly smaller esd’s. These DAl’s are also pro por tional to
the DYcalc val ues (Ap pen dix 8). Dif fer ences of the av er age oc ta -
he dral <Y-O> and   dis tances are in very good agree ment be -
tween each other and mostly pro por tional to the Fe3+ and Al3+

con tents (Fig. 7) and DAl’s. These dis tances are: for <Y-O>
from 0.05 to 0.14 � (av er age 0.09(2) �) and from 0.02 to 0.04 �
(av er age 0.03(3) �), and for   from 0.06 to 0.19 � (av er age
0.12(3) �) and from 0.02 to 0.06 � (av er age 0.04(4) �) for the
R63c and Fddd space groups, re spec tively. Fur ther, cal cu lated
de grees of or der ing (m) and intersite dis tri bu tion co ef fi cients
(K1–2) are also con cor dant with each other and pro por tional to
the other pre vi ously de ter mined pa ram e ters. These pa ram e -
ters are: for m from 0.037 to 0.192 (av er age 0.104) and from 0
to 0.032 (av er age 0.020), and for K1–2 from 1.294 to 2.253 (av -
er age 1.765) and from 1 to 1.312 (av er age 1.156) for the R63c
and Fddd space groups, re spec tively. Vari a tions in the DAl, m
and K1–2 do not cor re late well with the com po si tions of the
zones stud ied for the Fddd space group, in con cor dance with
the ob ser va tions by Shtukenberg et al. (2005). How ever, it is in -
ter est ing that such vari a tions are mostly pro por tional (ex cept for 
zone D) for the R63c space group (Ap pen dix 10). Fi nally, the RB

and RF fac tors are mostly smaller in R63c than for the Fddd
space group (Ap pen dix 1). There fore, all of the re sults given
rea son ably in di cate that fer ric grossular gar net stud ied crys tal -
lized in the rhombohedral R63c space group (Fig. 8), sup port -
ing our pre vi ous re sults (Tanèiæ et al., 2020).

POLYHEDRAL DISTORTIONS AND STRUCTURAL DISORDERING
BETWEEN THE ZONES STUDIED

Av er age de ter mined se lected dis tances with out con straints
(Ap pen dix 6) were an a lyzed and com pared with the ex pected
ones, i.e. ac cord ing to their chem i cal com po si tions (Ap pen -
dix 2). It can be seen as fol lows: (1) <Si–O> dis tances are
shorter in zones A and C, lon ger in zone B, and ad e quate in
zones D and E; (2) <Y–O> dis tances are lon ger in zones A, C
and E, and ad e quate in zones B and D; and (3) <X–O> dis -
tances are shorter only in zone B, and ad e quate in all of the
other zones.

Also, as shown by Tanèiæ et al. (2012b), the shift of the cat -
ion and ox y gen sites could be of spe cial in ter est. For ex am ple,
ox y gen O4 is very sig nif i cant in our case, be cause it is com mon
to the Si tet ra he dron, Y1 octahedron and X2 dodecahedron.
From Ap pen dix 11 it can be seen that the Si–Y1 and Si–X2 dis -
tances de ter mined mostly in crease from zone A to zone D, and
then de crease in zone E. This is in a very good agree ment with
the chem i cal com po si tions of the zones, be cause they fol low
the Al-Fe3+ sub sti tu tions at the oc ta he dral site (Tanèiæ et al.,
2012a). On the other hand, Y1–X2 dis tances are in dis agree -
ment with pre vi ous ob ser va tions, be cause they de crease as
A>C>E>D>B. Also, from Ap pen dix 6 it can be seen that the ox -
y gen O4 site is most shifted to wards Si and away from Y1 and
X2 sites in zones A and C. Namely, <Si–O4> dis tances in -
crease as C<A<E<B<D, whereas <Y1–O4> and <X2–O4> dis -
tances mostly de crease in the op po site di rec tion, i.e. as
C>A>E>B=D and C>A>E>D>B, re spec tively.

There fore, the larg est de vi a tions were de ter mined in the A
and C zones, which also have the high est dec li na tions from the
Grs-Adr joins (Fig. 7). As ar gued by Tanèiæ et al. (2020), such
dis crep an cies oc curred be tween the de ter mined and ex pected
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Fig . 8. Poly he dral crys tal struc ture of the fer ric grossular gar net stud ied in the
rhombohedral R63c space group viewed down the c-axis

Sym bols: Ca1 and Ca2 do deca he dra – light blue; Al1-Fe1 and Al2-Fe2 octahedra –
green; Si–O tet ra he dra – dark blue; ox y gen an ions – red



dis tances, and also Al and Ca sof’s, and should be treated as a
con se quence of a non-cu bic space group of crys tal li za tion,
poly he dral dis tor tions and/or crys tal dis or der ing, be cause the
<D–O> dis tances de ter mined are within the ex pected ones in
all of the zones stud ied. That be ing true, these dis tances be -
come more ad e quate af ter con straints are ap plied and they re -
turn to the more “reg u lar” po si tions (Ap pen di ces 2, 6 and 12).
On the other hand, all of the av er age de ter mined se lected
<O–Si–O>, <O–Y–O> and <O–X–O> an gles (with and with out
con straints) are al most the same through out the zones, and
con sis tent with the ex pected ones (Ap pen dix 7).

Be cause of the pre vi ously ob served dis crep an cies, which
de vi ate from the ex pected ones, es pe cially in zones A and C,
poly he dral vol umes, qua dratic elon ga tions and an gle vari ances 
in the tet ra he dron and two octahedra (Rob in son et al., 1971),
were cal cu lated and are given in Ap pen dix 13. From the re sults, 
the dis crep an cies are gen er ally more ex plicit with out than those 
with con straints, as ex pected. Also, octahedron-1 is mostly
more dis torted than octahedron-2, ex cept for zone B. Poly he -
dral vol umes of the tet ra he dron and two octahedra are in con -
cor dance with the av er age <Si–O>, <O–O> tet, <Y–O> and
<O–O> oct dis tances through out the zones (Ap pen dix 6). Other
re sults ob tained also strongly in di cate that dis tor tions of the tet -
ra he dron and octahedra in deed oc curred to vary ing de grees,
and in flu enced the de vi a tions within the crys tal struc ture.
Namely, qua dratic elon ga tions and an gle vari ances in the tet ra -
he dron de crease in the fol low ing or der among the zones:
C>A>D>B>E; whereas, in octahedron-1, they de crease as
C>A>D>E>B. Such or ders are in versely pro por tional to the dif -
fer ences de ter mined be tween b0 (or g0) and 90° in the I61 space 
group (Ap pen dix 1). In this way, it is dem on strated that the A
and C zones can be treated as dis or dered, whereas B, D and E
may be treated as more or less or dered. Such vari a tions be -
tween the zones could be fur ther pre sented as two dif fer ent hy -
po thet i cal mod els, i.e. as (pseudo)cy cli cal of an os cil la tory na -
ture, or even as some kind of (pseudo)ro ta tional or spi ral (Ap -
pen dix 14; see also Milke, 2004).

No ta bly, the R-val ues ob tained are ob vi ously not in con cor -
dance with the or der-dis or der vari a tions de ter mined, be cause
their high est val ues are in the A, B and D, and low est in the C
and E zones (Ta ble 1, Ap pen di ces 1 and 4). To ex plain this, fur -
ther ex per i ments are nec es sary, which is be yond the scope of
this pa per. Like wise, it is ob vi ous that such or der-dis or der vari a -
tions are not caused by the chem i cal com po si tions of the zones
and Al3+–Fe3+ sub sti tu tions at the oc ta he dral sites, but most
prob a bly to the for ma tion con di tions, which will be fur ther an a -
lysed here.

As pre vi ously shown by Tanèiæ et al. (2020), there are only
two fer ric grossular sam ples found in the avail able lit er a ture,
which have very sim i lar chem i cal com po si tions to our sam ple.
These are Grs60Adr38–Grs67Adr33 from Dia man tina, Brazil (cu -
bic Ia63d space group, Resende and Fernandes, 2005), and
Grs67Adr33 from Munam, North Ko rea (triclinic I61 space group,
Takéuchi et al., 1982). How ever, these three fer ric grossular
gar nets are ob vi ously struc tur ally very dif fer ent be tween each
other, as all of them crys tal lize not only in dif fer ent space
groups, but also in dif fer ent crys tal lo graphic sys tems. The dec li -
na tions be tween the Dia man tina, Meka Presedla and Munam
spec i mens are also vis i ble by com par i son of their <Si–O>,
<Y–O>, <X–O> and <D–O> dis tances, shown in Ta ble 2 and
Fig ure 9. From these re sults, the Dia man tina and Meka
Presedla spec i mens seem more dis or dered than that from
Munam. This is not sur pris ing, as sym me try in crease, whereas
or der ing and bi refrin gence de crease, with tem per a ture in -
crease (Allen and Busseck, 1988). The Meka Presedla and
Munam spec i mens are from skarns, whereas for Dia man tina
the gar net‘s or i gin was not stated by Resende and Fernandes
(2005); this lim ited our op por tu ni ties for some ad di tional com -
par i sons be tween them.

Fi nally, if we con sider that heat ing of Grs up to 750°C
causes the av er age <X–O> and <Al–O> dis tances to in crease
(Meagher, 1975), and im ple ment this pos si bil ity to the de ter -
mined av er age <X2–O4> and <Y1–O4> dis tances (Ap pen -
dix 6), then we can con clude that zones C and A were formed at 
higher tem per a tures than zones E, B and D. These two zones
are closer to the cu bic re gion of crys tal li za tion, and con se -
quently with the low est dif fer ences be tween b0 (or g0) and 90°.
Such tem per a ture vari a tions be tween the zones may also be
in ferred as cy cli cal or os cil la tory (see Ap pen dix 14A).

How ever, if the zones C and A were formed at higher tem -
per a tures, be side of the poly he dral dis tor tions and or der-dis or -
der vari a tions al ready es tab lished, the hy po thet i cal pos si bil ity
that some part of the ther mally gen er ated va can cies re placed
Si in the tet ra he dron can not be ex cluded. Namely, the lack of
bo ron (Tanèiæ et al., 2012a), and shorter <Si–O> and <O–O> tet

dis tances, and smaller poly he dral vol umes in the tet ra he dron
(even with ap plied con straints), could rea son ably in di cate such
a pos si bil ity. Sim i larly, some part of Al3+ or Fe3+ could re place Si 
in the tet ra he dron at zone B, be cause of the lon ger <Si–O> and
 tet dis tances, and larger poly he dral vol umes in the tet ra he dron
(Ta ble 2 and Ap pen di ces 2, 6 and 13), which were not pre vi -
ously es tab lished with the EMPA mea sure ments and cal cu la -
tions ap plied (Tanèiæ et al., 2012a).
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Space group <Si–O> <Y–O> Al sof <X–O> Ca sof <D–O> <r{x}>/<r[y]>

Dia man tina Ia63d 1.642(2) 1.970(2) 66.9(8) 2.410(2)a 100 2.108(2)a n. c.

Meka
Presedla R63c

A 1.637(6) 1.964(4) 64(2) 2.416(5) 98 2.108(5) 1.942

B 1.658(6) 1.960(4) 61(6) 2.405(5) 98 2.107(5) 1.938

C 1.631(6) 1.975(4) 60(3) 2.417(5) 98 2.110(5) 1.927

D 1.644(6) 1.973(4) 58(2) 2.414(5) 98 2.111(5) 1.921

E 1.643(6) 1.971(4) 58(6) 2.412(5) 98 2.110(5) 1.923

Munam I61 1.647(5)a 1.959(5)a 67 2.413(5)a 97 2.108(5)a 1.948

Dis tances are given in �; Al and Ca sof’s in at.%; <D–O> = {<Si–O> + <Y–O> + 2 × <X–O>}/4; a – Tanèiæ et al. (2020); n. c. – 
not cal cu lated

T a  b l e  2

Com par i son of the Dia man tina, Meka Presedla and Munam fer ric grossular gar net spec i mens



CONCLUSIONS

Al though Rietveld crys tal struc ture re fine ment has some
dis ad van tages in com par i son with sin gle-crys tal X-ray dif frac -
tion (SCXRD) and other meth ods, the re sults de scribed here
and by Tanèiæ et al. (2020) in di cate that there is suf fi cient re li -
able ev i dence show ing that the fer ric grossular gar net crys tal -
lized in the rhombohedral R63c space group. How ever, one
could rea son ably ask if this is pos si ble. To the best of our
knowl edge, there is no pub lished phys i cal or other re li able ev i -
dence for grossular-an dra dite gar net that crys tal lizes in the
rhombohedral crys tal struc ture. Fur ther more, there is no such
ev i dence for any of the nat u ral gar net sub group mem ber (Grew
et al., 2013).

On the other hand, much ev i dence sup ports a
rhombohedral crys tal struc ture for this fer ric grossular gar net,
such as:

1. nikmelnikovite (Ca12Fe2+Fe3+
3Al3(SiO4)6(OH)20), is the

first IMA-ap proved mem ber of the gar net supergroup
which crys tal lizes in the rhombohedral R63 space group 
(Krivovichev et al., 2021);

2. there are some al ready known syn thetic gar nets which
crys tal lize in the rhombohedral R63c and R63 space
groups, such as Ho3Fe5O12 (Guillot et al., 1984),
Y3Fe5O12 (Rodiæ et al., 1999) and R3Fe5O12 with R = Y,
Eu and Dy (Vandormael et al., 2001);

3. R63c is a sub group of the Ia63d space group;
4. R63c is one of the pos si bil i ties of the T2g route, i.e. a

phase tran si tion from Ia63d to the R63c, Fddd, C2/c
and I61 space groups (Hatch and Griffen, 1989), which

is con sis tent to the chem i cal com po si tion of the fer ric
grossular gar net stud ied (Tanèiæ et al., 2012a, 2020);

5. only the rhombohedral R63c and R63 space groups
sat is fied both pos si ble geo met ri cal-math e mat i cal con di -
tions, i.e. fol low ing trans for ma tions of the cu bic sym me -
try axis: (a) a0rhomb = a0cubic × v3 / 2 = ~ 10.32 � and (b)
c0rhomb = a0cubic × v2 = ~ 16.86 � (Tanèiæ et al., 2020);

6. among three de ter mined or cal cu lated crys tal lo graphic
axes, two are quite sim i lar, whereas the third is sig nif i -
cantly dif fer ent, in di cat ing the rhombohedral crys tal sys -
tem (Ap pen dix 1);

7. ob served de par tures of the cal cu lated rhombohedral
dis tor tion an gles a from 60° (Ap pen dix 1);

8. the de gree of or der ing (m) and intersite dis tri bu tion co ef -
fi cient (K1-2) de ter mined for the Fddd space group (Ap -
pen dix 9) are the low est among all those de ter mined for
the Fddd and I61 space groups (Shtukenberg et al.,
2005);

9. dif fer ences in sof’s de crease with an in crease in tem per -
a ture (Shtukenberg et al., 2005). Ac cord ingly, the crys -
tal li za tion tem per a ture of the fer ric grossular gar net
stud ied should be higher than re quired for the Fddd
space group, be cause of their in sig nif i cant DAl’s;

10. it is well known that sym me try in creases with in creas ing
tem per a ture, and the pre ferred crys tal struc ture sym me -
try is gov erned by the crys tal li za tion tem per a ture;

11. Milke (2004) sug gests that an or der ing pro cess which
re lates to the bi refrin gence in in ter me di ate and Grs-rich
grossular-andradites seems to be largely con trolled by
the growth tem per a ture, whereas chem i cal com po si -
tion, growth me dium, and pres sure are only mi nor fac -
tors. He ob tained a tem per a ture of 730°C be tween
birefringent and iso tro pic Grs76–99Adr1–24 sam ples. Also,
Hariya and Kimura (1978) found a tran si tion from
anisotropic to iso tro pic Grs50Adr50 grossular-an dra dite
at tem per a tures slightly be low 700°C, with a ten dency to 
lower tem per a tures at higher pres sure. Ac cord ing to
Shtukenberg et al. (2005), the trans for ma tion from the
orthorhombic to the triclinic crys tal struc ture oc curs in
the range 150–350°C. Crys tal li za tion at el e vated tem -
per a tures leads to a more sym met ric orthorhombic crys -
tal struc ture. There fore, it can be con cluded that a
rhombohedral crys tal struc ture could be pos si ble in the
tem per a ture range some where be tween the
orthorhombic and cu bic sys tems. Pre vi ously ob tained
for ma tion tem per a tures be tween ~600 and 720°C
(Tanèiæ et al., 2012a) of the Grs58–64Adr36–41Sps2 fer ric
grossular gar net stud ied in this pa per, just be low those
re quired for cu bic sym me try, could suf fi ciently sat isfy
such a con di tion.

Be sides the rhombohedral sym me try de ter mined, which
could be treated as a pri mary cause for its slight op ti cal ani so -
tropy, re sid ual strain may be also treated as the sec ond pos si -
ble cause, due to the chem i cal, struc tural, or der-dis or der and
for ma tion dif fer ences rec og nized be tween the zones.
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ory of our dear friend and col league, Dr. Predrag Vuliæ
†(1973–2020), Pro fes sor at the Lab o ra tory of Crys tal log ra phy,
Fac ulty of Min ing and Ge ol ogy, Uni ver sity of Bel grade. This re -
search did not re ceive any spe cific grant from fund ing agen cies
in pub lic, com mer cial or not-for-profit sec tors.
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Fig. 9. Com par i son of Fe3+ and Al3+ vari a tions over the oc ta he -
dral sites by the oc ta he dral av er age <Y–O> dis tances for the
Meka Presedla rhombohedral R63c space group (green), Dia -
man tina cu bic Ia63d space group (blue), and Munam triclinic
I61 space group (red) fer ric grossular gar nets

The lin ear Grs-Adr join (Novak and Gibbs, 1971) was also plot ted
for com par i son
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APPENDIX 1 
 

Unit cell dimensions, calculated Ca and Al sof’s (in at.%), and RB and RF reliability factors  
(in %) for the studied six space groups without constraints 

 

Space g.  A (core)1 B C D E (rim) 

Ia‾3d 

SCOR 2.3375 2.4607 2.0808 2.0659 1.7162 
a0 (Å) 11.9188(6)* 11.9320(8) 11.9342(5) 11.9342(8) 11.9287(6) 
V0 (Å3) 1693.2(1) 1698.8(2) 1699.7(1) 1699.7(2) 1697.4(1) 

a0 × √3/2 (Å) 10.3220 10.3334 10.3353 10.3353 10.3306 
a0 × √2 (Å) 16.8557 16.8744 16.8775 16.8775 16.8697 

Ca 78(5) 96(1) 79(1) 98(4) 97(4) 
Al 84(1) 65(1) 70(1) 59(1) 58(1) 

Alcalc 66 60 59 59 61 
RB 9.23 8.87 6.57 7.98 6.82 
RF 7.69 7.20 6.51 6.89 5.83 

R‾3c 

SCOR 2.1962 2.3374 1.8919 1.8017 1.6553 
a0 (Å) 16.852(1) 16.861(1) 16.8824(9) 16.873(2) 16.8615(9) 
c0 (Å) 10.3252(9) 10.341(1) 10.3308(8) 10.338(1) 10.3386(7) 
V0 (Å3) 2539.4(3) 2547.8(5) 2549.9(3) 2548.7(5) 2545.6(2) 

4 × c0/a0 2.45080 2.45324 2.44771 2.45078 2.45259 
α (o) 59.976 59.932 60.032 59.976 59.944 
Ca1 100(4) 94(6) 100(4) 102(2) 98(4) 
Ca2 80(20) 96(4) 78(12) 96(2) 96(14) 

<Ca> 90(12) 95(5) 89(8) 99(2) 97(9) 
Al1 78(12) 54(18) 54(12) 66(6) 42(12) 
Al2 84(4) 68(6) 70(4) 60(2) 62(4) 

<Al> 81(8) 61(12) 62(8) 63(4) 52(8) 
RB 8.17 8.64 6.07 6.78 6.02 
RF 6.80 7.42 6.31 6.94 6.24 

R‾3 

SCOR 2.1321 2.2775 1.8849 1.7886 1.6468 
a0 (Å) 16.852(1) 16.867(1) 16.8713(8) 16.872(2) 16.874(1) 
c0 (Å) 10.3255(8) 10.341(1) 10.3416(7) 10.338(1) 10.326(1) 
V0 (Å3) 2539.4(3) 2547.7(4) 2549.2(2) 2548.7(5) 2546.4(2) 

4 × c0/a0 2.45087 2.45236 2.45188 2.45092 2.44779 
α (o) 59.974 59.946 59.956 59.974 60.030 
Ca1 110(20) 94(7) 110(20) 100(20) 110(20) 
Ca2 70(20) 96(5) 80(20) 96(3) 100(20) 

<Ca> 90(20) 95(6) 95(20) 98(12) 105(20) 
Al1 78(36) 60(36) 54(24) 60(42) 42(36) 
Al2 78(36) 48(36) 66(36) 66(36) 60(36) 
Al3 80(20) 70(14) 66(16) 58(18) 58(18) 
Al4 80(20) 70(14) 72(14) 66(18) 72(16) 

<Al> 79(28) 62(25) 64(22) 62(28) 58(26) 
RB 7.69 8.48 6.23 6.75 6.12 
RF 6.58 7.69 6.64 7.11 5.77 

Fddd 

SCOR 2.2850 2.3749 1.8482 1.8893 1.6218 
a0 (Å) 16.874(1) 16.895(2) 16.895(1) 16.861(2) 16.892(1) 
b0 (Å) 16.849(1) 16.863(2) 16.873(1) 16.8919(9) 16.860(1) 
c0 (Å) 11.9137(7) 11.927(1) 11.9292(7) 11.922(1) 11.9253(7) 
V0 (Å3) 3387.2(4) 3398.1(7) 3400.7(4) 3395.6(5) 3396.4(4) 

c0 × √2 (Å) 16.8485 16.867 16.8704 16.860 16.8649 
Ca1 88(8) 96(8) 92(8) 92(8) 112(8) 
Ca2 104(12) 88(8) 84(8) 104(4) 108(8) 
Ca3 109(3) 98(3) 113(2) 98(2) 95(2) 

<Ca> 100(8) 94(6) 96(6) 98(5) 105(6) 
Al1 80(8) 66(10) 66(8) 66(6) 64(8) 
Al2 84(8) 66(10) 68(8) 62(4) 60(8) 

<Al> 82(8) 66(10) 67(8) 64(5) 62(8) 
RB 8.63 8.72 5.80 7.67 6.30 
RF 7.39 7.65 6.06 7.54 6.22 

C2/c 

SCOR 2.1433 2.0216 1.7629 1.7536 1.6051 
a0 (Å) 16.861(2) 16.894(4) 16.8923(5) 16.900(2) 16.888(1) 
b0 (Å) 11.9205(6) 11.951(2) 11.9329(4) 11.924(3) 11.922(2) 
c0 (Å) 11.910(1) 11.943(3) 11.9432(4) 11.945(3) 11.943(2) 
β0 (o) 134.97(1) 135.08(1) 134.079(1) 135.084(5) 135.071(4) 

V0 (Å3) 1693.5(3) 1702.9(7) 1699.9(1) 1700.1(6) 1698.2(4) 
a0 / √2 (Å) 11.922 11.946 11.945 11.950 11.942 

Ca1 106(14) 96(10) 108(10) 92(10) 86(14) 



Ca2 98(10) 94(8) 112(12) 92(10) 92(16) 
Ca3 97(6) 102(7) 110(9) 104(7) 93(9) 
Ca4 108(7) 85(5) 86(3) 101(3) 100(3) 

<Ca> 102(9) 94(8) 106(8) 97(8) 93(10) 
Al1 100(20) 58(14) 60(20) 60(20) 60(20) 
Al2 98(18) 56(16) 60(20) 72(18) 80(20) 
Al3 120(20) 80(14) 60(20) 60(20) 60(20) 
Al4 100(20) 86(18) 60(20) 60(20) 60(20) 

<Al> 104(20) 70(16) 60(20) 63(20) 65(20) 
RB 7.54 7.30 6.73 6.25 5.33 
RF 6.48 6.95 8.38 7.03 5.53 

I‾1 

SCOR 2.7890 3.0879 2.2768 2.3167 1.7755 
a0 (Å) 11.927(2) 11.926(3) 11.9467(8) 11.941(2) 11.931(1) 
b0 (Å) 11.910(2) 11.945(2) 11.931(1) 11.925(2) 11.9260(9) 
c0 (Å) 11.920(1) 11.929(2) 11.9303(8) 11.928(2) 11.940(1) 

<a0 (Å)> 11.919(2) 11.933(2) 11.9360(9) 11.931(2) 11.932(1) 
α0 (o) 90.01(2) 89.96(1) 90.060(4) 89.98(1) 89.96(7) 
β0 (o) 90.081(9) 90.04(1) 90.007(5) 90.11(1) 90.12(5) 
γ0 (o) 89.98(2) 89.89(1) 89.922(4) 89.94(1) 90.03(6) 

V0 (Å3) 1693.4(4) 1699.3(5) 1700.5(2) 1698.5(4) 1698.9(3) 
β0 – 90 (o) 0.081(9) -0.11(1)# -0.078(4)# 0.11(1) 0.12(5) 

Ca1 120(50) 100(50) 110(20) 110(20) 100(20) 
Ca2 100(30) 100(30) 110(30) 80(20) 100(20) 
Ca3 90(20) 90(30) 90(20) 90(20) 80(10) 
Ca4 110(50) 100(40) 110(20) 100(20) 90(20) 
Ca5 110(20) 100(40) 110(30) 100(20) 100(20) 
Ca6 100(30) 90(30) 90(20) 100(20) 90(20) 

<Ca> 105(33) 97(37) 103(23) 97(20) 93(18) 
Al1 80(100) 80(100) 80(100) 60(60) 40(60) 
Al2 80(80) 60(80) 80(80) 80(80) 60(80) 
Al3 80(100) 60(80) 80(80) 80(80) 80(60) 
Al4 80(80) 60(100) 80(80) 80(80) 60(60) 
Al5 80(80) 80(80) 80(60) 80(60) 80(60) 
Al6 80(120) 60(80) 80(60) 80(60) 60(80) 
Al7 80(100) 60(120) 60(60) 40(80) 60(60) 
Al8 80(80) 60(120) 80(60) 60(60) 80(80) 

<Al> 80(92) 65(95) 78(72) 70(70) 65(68) 
RB 11.2 12.0 7.94 9.01 7.65 
RF 9.71 11.6 10.3 9.35 8.21 

 
Calculated 4 × c0/a0 parameters and distortion α angles for the rhombohedral R‾3c and R‾3 space groups, and specific 
geometry-mathematical transformations of the crystallographic axes within Ia‾3d, Fddd and C2/c space groups, are also 
presented; * – the numbers in parentheses are the estimated standard deviations multiplied with SCOR and refer to the last 
significant number; 1 – Tančić et al. (2020); # – γ0 – 90 [o]; for the triclinic I‾1 space group, instead of 100 parameters for the 
background description, it was used 6 Chebyschev’s polynomial parameters, and there were omitted 2θ region from 4° to 10° 



APPENDIX 2 

 

Applied constraints for the Ca and Al sof’s (in at.%) 

 and for the <Si–O>, <Y–O>, <X'–O> and <X''–O> distances (in Å) 

 

 A (core)1 B C D E (rim) 
Ca  98 98 98 98 98 
Al  64 62 59 58 58 

<Si–O> 1.644(5) 1.644(5) 1.644(5) 1.644(5) 1.644(5) 
<Y–O> 1.960(5) 1.962(5) 1.965(5) 1.966(5) 1.966(5) 
<X'–O> 2.336(5) 2.336(5) 2.337(5) 2.338(5) 2.338(5) 
<X''–O> 2.494(5) 2.494(5) 2.494(5) 2.494(5) 2.494(5) 
<D–O> 2.108(5) 2.109(5) 2.110(5) 2.110(5) 2.110(5) 

 
1 – Tančić et al. (2020); <D–O> = {<Si–O> + <Y–O> + <X'–O> + <X''–O>}/4 



APPENDIX 3 
 

Variations of the cubic a0 axis (Ia‾3d space group) by Raman shift of band 

 

 

VIITwo types of variations (ToV) are clearly visible: (I) proportional for zones B, D and E, and declination from it at zones A 
and C, and (II) inversely proportional for zones A, C and E, and declination from it at zones B and D 



APPENDIX 4 
 

Profile and structural parameters, unit cell dimensions  
and reliability factors for the R‾3c space group with constraints 

 

Zone A (core)1 B C D E (rim) 
SCOR 2.4445 2.5216 2.2050 1.9755 1.7076 
Overall scale f. (×10-7) 60(3)* 75(4) 70(3) 130(20) 41(1) 
Eta (p-v) or m(p-vii) 0.32(9) 0.32(9) 0.08(7) 0.28(8) 0.13(8) 
Overall temp. factor 0.3(1) 0.4(1) 0.50(8) 0.8(1) 0.51(8) 

Halfwidth 
parameters 

U 0.020(7) 0.06(1) -0.009(5) 0.03(1) 0.012(5) 
V 0.004(9) -0.03(1) 0.031(8) 0.03(1) -0.018(8) 
W 0.010(2) 0.026(4) 0.014(2) 0.013(4) 0.031(3) 

Preferred orientation 0.60(5) 0.36(5) 0.43(4) -0.68(7) 0.25(3) 
Asymmetry 
parameters 

As 1 0.03(6) 0.18(4) 0.07(5) 0.08(6) 0.04(4) 
As 2 0.048(8) 0.066(7) 0.053(7) 0.044(7) 0.038(6) 

X parameter 0.004(2) 0.002(2) 0.009(1) 0.003(2) 0.008(2) 
Zero-point 0.011(8) 0.032(8) -0.001(7) 0.02(1) -0.043(6) 
a0 (Å) 16.852(2) 16.867(2) 16.883(1) 16.873(2) 16.8611(9) 
c0 (Å) 10.326(1) 10.341(2) 10.3304(8) 10.338(2) 10.3399(7) 
V0 (Å3) 2539.6(4) 2547.7(5) 2549.9(3) 2548.9(6) 2545.8(3) 
N-P+C 6420 6420 6420 6420 6397 
Rp 15.2 14.5 12.8 14.0 13.1 
Rwp 20.4 19.6 17.3 19.0 17.7 
Rexp 11.48 11.42 11.63 14.09 14.04 
Conventional Rp 23.7 23.0 20.2 22.8 25.1 
Conventional Rwp 26.9 26.0 22.9 25.7 26.9 
Conventional Rexp 15.14 15.13 15.38 19.12 21.35 
Chi2 3.17 2.95 2.22 1.81 1.59 
Chi2 (Bragg contr.) 3.65 3.30 2.49 2.03 1.67 
DW-stat. 0.8168 0.8498 1.1015 1.2918 1.3967 
DW-exp. 1.9642 1.9642 1.9642 1.9642 1.9715 
GoF 1.8 1.7 1.5 1.3 1.2 
RB 10.1 9.84 7.46 8.07 6.92 
RF 8.17 8.15 6.38 7.41 6.94 

 

* – the numbers in parentheses are the estimated standard deviations multiplied with SCOR 
and refer to the last significant number; 1– Tančić et al. (2020) 



APPENDIX 5 
 

Atom parameters (in Å) and calculated Ca and Al sof’s (at.%) for the R‾3c space group 

 [without (a) and with (b) constraints] 

 

Zone A (core)1 B C D E (rim) 
 a b a b a b a b a b 

Ca1 
x 0.625(1)* 0.6239(6) 0.625(2) 0.6248(6) 0.628(1) 0.6258(5) 0.623(1) 0.6237(4) 0.620(1) 0.6239(4) 
y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
z 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 

Ca2 
x 0.129(1) 0.1274(6) 0.122(2) 0.1228(6) 0.127(1) 0.1236(6) 0.124(2) 0.1213(5) 0.127(2) 0.1235(5) 
y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
z 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 0.250 

Mn2 
x 0.129(1) n. c. n. c. n. c. 0.127(1) n. c. n. c. n. c. 0.127(2) n. c. 
y 0.000 n. c. n. c. n. c. 0.000 n. c. n. c. n. c. 0.000 n. c. 
z 0.250 n. c. n. c. n. c. 0.250 n. c. n. c. n. c. 0.250 n. c. 

Al1 
x 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
z 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Fe1 
x 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
z 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Al2 
x 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 
y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
z 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Fe2 
x 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 0.500 
y 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
z 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Si 
x 0.839(1) 0.8338(7) 0.837(2) 0.8328(7) 0.834(2) 0.8334(6) 0.829(2) 0.8316(6) 0.833(2) 0.8325(5) 
y 0.041(2) 0.0395(7) 0.046(2) 0.0427(7) 0.041(1) 0.0427(6) 0.045(2) 0.0437(5) 0.043(2) 0.0418(5) 
z 0.417(2) 0.4174(9) 0.416(3) 0.418(1) 0.418(2) 0.4183(8) 0.417(2) 0.4185(8) 0.416(2) 0.4180(7) 

O1 
x 0.204(3) 0.2051(8) 0.210(5) 0.2096(8) 0.205(2) 0.2087(7) 0.215(3) 0.2091(6) 0.211(4) 0.2077(5) 
y 0.412(3) 0.4069(7) 0.405(5) 0.4087(7) 0.414(2) 0.4088(6) 0.417(3) 0.4092(6) 0.410(4) 0.4078(5) 
z 0.495(3) 0.493(1) 0.484(5) 0.490(1) 0.491(3) 0.4920(9) 0.490(2) 0.4898(8) 0.495(3) 0.4923(7) 

O2 
x 0.721(3) 0.7278(6) 0.729(4) 0.7268(7) 0.724(3) 0.7291(6) 0.721(3) 0.7274(5) 0.719(3) 0.7276(5) 
y 0.967(3) 0.9642(7) 0.965(4) 0.9633(7) 0.965(2) 0.9643(6) 0.960(3) 0.9643(5) 0.958(3) 0.9646(5) 
z 0.382(3) 0.379(1) 0.391(4) 0.380(1) 0.386(3) 0.3815(9) 0.370(2) 0.3773(8) 0.372(4) 0.3771(7) 

O3 
x 0.818(4) 0.8230(8) 0.821(5) 0.8226(8) 0.818(3) 0.8227(7) 0.826(4) 0.8236(6) 0.825(5) 0.8239(5) 
y 0.052(3) 0.0624(7) 0.061(5) 0.0610(7) 0.049(2) 0.0611(7) 0.067(4) 0.0610(6) 0.065(4) 0.0612(5) 
z 0.561(3) 0.5678(8) 0.580(5) 0.5730(9) 0.570(4) 0.5700(7) 0.565(2) 0.5726(7) 0.566(4) 0.5716(6) 

O4 
x 0.896(3) 0.9087(7) 0.905(4) 0.9077(7) 0.894(2) 0.9071(6) 0.907(3) 0.9056(6) 0.899(3) 0.9064(5) 
y 0.893(4) 0.9015(8) 0.898(5) 0.8998(6) 0.882(2) 0.8985(5) 0.895(3) 0.8977(5) 0.895(3) 0.8996(4) 
z 0.892(3) 0.8906(9) 0.891(5) 0.894(1) 0.895(3) 0.8945(9) 0.894(2) 0.8959(8) 0.890(4) 0.8938(7) 

Ca1 100(4) 98 94(6) 98 100(4) 98 102(2) 98 98(4) 98 
Ca2 80(20) 98 96(4) 98 78(12) 98 96(2) 98 96(14) 98 
<Ca> 90(12) 98 95(5) 98 89(8) 98 99(2) 98 97(9) 98 
Al1 78(12) 53(1) 54(18) 60(6) 54(12) 55(2) 66(6) 61(2) 42(12) 59(5) 
Al2 84(4) 74(2) 68(6) 62(6) 70(4) 64(4) 60(2) 54(2) 62(4) 56(6) 
<Al> 81(8) 64(2) 61(12) 61(6) 62(8) 60(3) 63(4) 58(2) 52(8) 58(6) 

 

* – the numbers in parentheses are the estimated standard deviations multiplied with SCOR and refer to the last significant number;  
1 – Tančić et al. (2020); n. c. – not calculated 

 



APPENDIX 6 
 

Selected distances (in Å) for the R‾3c space group [without (a) and with (b) constraints] 

 

Zone A (core)1 B C D E (rim) 
 a b a b a b a b a b 

Si–O(1) 1$ 1.55(3)* 1.645(6) 1.69(3) 1.659(6) 1.56(2) 1.636(6) 1.59(2) 1.638(6) 1.62(3) 1.643(6) 
Si–O(2) 1 1.77(2) 1.641(5) 1.67(2) 1.657(5) 1.69(2) 1.633(5) 1.74(3) 1.647(5) 1.79(3) 1.643(5) 
Si–O(3) 1 1.56(2) 1.632(6) 1.76(3) 1.658(6) 1.61(2) 1.625(5) 1.57(2) 1.637(5) 1.62(3) 1.643(6) 
Si–O(4) 1 1.43(4) 1.629(8) 1.60(4) 1.657(8) 1.35(3) 1.630(8) 1.68(4) 1.653(8) 1.57(5) 1.643(8) 
<Si–O> 1.58(3) 1.637(6) 1.68(3) 1.658(6) 1.55(2) 1.631(6) 1.64(3) 1.644(6) 1.65(4) 1.643(6) 
O(1)–O(2) 1 2.67(3) 2.700(5) 2.84(3) 2.783(5) 2.67(2) 2.743(5) 2.85(3) 2.751(5) 2.87(3) 2.730(5) 
O(1)–O(3) 1 2.65(2) 2.699(5) 2.96(3) 2.813(6) 2.78(2) 2.753(5) 2.70(2) 2.800(5) 2.67(3) 2.763(6) 
O(1)–O(4) 1 2.39(5) 2.554(8) 2.61(5) 2.547(7) 2.24(3) 2.520(7) 2.37(5) 2.521(7) 2.48(5) 2.546(7) 
O(2)–O(3) 1 2.41(3) 2.544(5) 2.52(3) 2.574(6) 2.43(2) 2.525(5) 2.69(3) 2.593(5) 2.69(4) 2.586(6) 
O(2)–O(4) 1 2.70(4) 2.761(7) 2.69(4) 2.757(7) 2.58(3) 2.713(7) 2.82(4) 2.722(7) 2.74(5) 2.735(7) 
O(3)–O(4) 1 2.56(4) 2.764(7) 2.82(5) 2.754(7) 2.48(3) 2.714(7) 2.67(4) 2.701(7) 2.69(6) 2.726(7) 
<O–O>tet 2.56(4) 2.670(6) 2.74(4) 2.705(6) 2.53(2) 2.661(6) 2.68(4) 2.681(6) 2.69(4) 2.681(6) 
Y(1)–O(4) 6 2.10(2) 1.961(3) 2.01(2) 1.963(3) 2.18(1) 1.974(3) 2.01(2) 1.981(3) 2.08(2) 1.972(3) 
O(4)–O(4) 6 3.08(3) 2.776(6) 2.88(3) 2.819(6) 3.27(2) 2.851(6) 2.91(3) 2.881(6) 3.01(4) 2.838(6) 
O(4)–O(4) 6 2.85(3) 2.770(6) 2.80(4) 2.734(6) 2.88(3) 2.731(6) 2.76(3) 2.720(6) 2.86(4) 2.740(6) 
<O–O> 2.96(3) 2.773(6) 2.84(4) 2.776(6) 3.08(2) 2.791(6) 2.84(3) 2.800(6) 2.94(4) 2.789(6) 
Y(2)–O(1) 2 2.02(2) 1.969(4) 1.88(2) 1.956(4) 2.01(2) 1.977(4) 2.04(2) 1.962(4) 2.02(2) 1.972(4) 
Y(2)–O(2) 2 2.02(3) 1.968(6) 2.01(3) 1.962(6) 2.01(3) 1.979(6) 1.89(4) 1.969(6) 1.88(4) 1.971(6) 
Y(2)–O(3) 2 2.11(2) 1.963(3) 1.91(2) 1.956(4) 2.11(2) 1.971(3) 1.94(2) 1.964(3) 1.95(3) 1.967(4) 
<Y(2)–O> 2.05(2) 1.967(4) 1.93(2) 1.958(5) 2.04(2) 1.976(4) 1.96(3) 1.965(4) 1.95(3) 1.970(5) 
<Y–O> 2.08(2) 1.964(4) 1.97(2) 1.960(4) 2.11(2) 1.975(4) 1.98(2) 1.973(4) 2.02(2) 1.971(4) 
O(1)–O(2) 2 2.90(4) 2.833(8) 2.68(5) 2.782(8) 2.90(4) 2.822(8) 2.84(5) 2.822(8) 2.76(5) 2.829(8) 
O(1)–O(2) 2 2.82(3) 2.733(7) 2.82(4) 2.759(7) 2.78(3) 2.773(7) 2.72(3) 2.736(7) 2.75(4) 2.747(7) 
O(1)–O(3) 2 2.86(3) 2.713(5) 2.74(3) 2.783(5) 2.95(2) 2.780(5) 2.83(3) 2.796(5) 2.76(4) 2.775(5) 
O(1)–O(3) 2 2.99(3) 2.846(5) 2.62(3) 2.749(6) 2.89(3) 2.804(5) 2.79(2) 2.757(5) 2.85(3) 2.796(6) 
O(2)–O(3) 2 3.01(4) 2.755(7) 2.74(5) 2.757(7) 2.97(4) 2.753(7) 2.72(5) 2.769(7) 2.74(6) 2.768(7) 
O(2)–O(3) 2 2.84(3) 2.804(7) 2.80(4) 2.783(7) 2.86(3) 2.833(7) 2.69(4) 2.793(7) 2.67(6) 2.802(7) 
<O–O> 2.90(3) 2.781(6) 2.73(4) 2.769(7) 2.89(3) 2.794(6) 2.76(4) 2.779(6) 2.76(5) 2.786(7) 
<O–O>oct 2.93(3) 2.777(6) 2.78(4) 2.772(6) 2.98(2) 2.792(6) 2.80(4) 2.790(6) 2.85(4) 2.788(6) 
X(1)–O(1) 2 2.59(2) 2.503(5) 2.46(3) 2.495(5) 2.67(2) 2.513(5) 2.51(3) 2.492(5) 2.41(3) 2.484(5) 
X(1)–O(2) 2 2.40(3) 2.500(6) 2.56(3) 2.496(6) 2.43(3) 2.510(6) 2.41(3) 2.492(6) 2.45(3) 2.487(6) 
X(1)–O(2) 2 2.25(2) 2.328(4) 2.23(2) 2.312(4) 2.24(2) 2.318(4) 2.37(1) 2.340(4) 2.34(3) 2.343(4) 
X(1)–O(3) 2 2.24(2) 2.332(4) 2.30(3) 2.319(4) 2.23(2) 2.321(4) 2.39(3) 2.336(4) 2.38(4) 2.339(4) 
<X(1)–O> 2.37(2) 2.416(5) 2.39(3) 2.406(5) 2.39(2) 2.416(4) 2.42(2) 2.415(5) 2.40(3) 2.413(5) 
O(1)–O(1) 1 2.94(3) 2.843(6) 2.93(4) 2.935(6) 3.04(3) 2.904(6) 3.12(3) 2.942(6) 2.89(4) 2.876(6) 
O(1)–O(2) 2 4.12(4) 4.169(8) 4.08(5) 4.105(8) 4.19(4) 4.158(8) 4.01(5) 4.119(8) 3.99(5) 4.129(8) 
O(1)–O(2) 2 2.90(3) 2.833(5) 2.68(3) 2.782(5) 2.90(2) 2.822(5) 2.84(3) 2.822(5) 2.76(3) 2.829(5) 
O(1)–O(2) 2 3.52(3) 3.474(6) 3.40(3) 3.466(6) 3.50(3) 3.436(6) 3.56(2) 3.503(6) 3.49(4) 3.487(6) 
O(1)–O(3) 2 2.90(5) 2.996(8) 2.90(6) 2.914(8) 2.84(4) 2.930(8) 2.96(5) 2.920(8) 2.95(7) 2.933(8) 
O(2)–O(2) 1 2.99(2) 2.856(6) 3.09(3) 2.904(6) 3.00(2) 2.911(6) 2.76(2) 2.831(6) 2.80(4) 2.824(6) 
O(2)–O(2) 2 2.67(5) 2.936(9) 2.89(5) 2.926(9) 2.77(4) 2.960(9) 2.92(5) 2.933(9) 2.89(5) 2.930(9) 
O(2)–O(3) 2 3.33(4) 3.432(8) 3.51(5) 3.472(8) 3.45(4) 3.470(8) 3.43(5) 3.464(8) 3.44(6) 3.458(8) 
O(2)–O(3) 2 2.84(3) 2.804(5) 2.80(3) 2.783(8) 2.86(3) 2.833(5) 2.69(3) 2.793(5) 2.67(4) 2.802(5) 
O(2)–O(3) 2 2.41(3) 2.544(5) 2.52(3) 2.574(7) 2.43(2) 2.525(5) 2.69(3) 2.593(5) 2.69(4) 2.586(7) 
<O–O> 3.07(4) 3.115(7) 3.09(4) 3.105(7) 3.11(3) 3.116(7) 3.12(4) 3.115(7) 3.08(5) 3.112(7) 
X(2)–O(1) 2 2.29(2) 2.334(4) 2.34(3) 2.317(5) 2.27(2) 2.324(5) 2.19(2) 2.330(5) 2.28(3) 2.340(5) 
X(2)–O(3) 2 2.48(2) 2.495(5) 2.46(3) 2.492(5) 2.40(2) 2.506(5) 2.57(2) 2.499(5) 2.52(3) 2.484(5) 
X(2)–O(4) 2 2.45(2) 2.337(5) 2.31(2) 2.317(5) 2.40(2) 2.326(5) 2.30(2) 2.329(5) 2.40(2) 2.338(5) 
X(2)–O(4) 2 2.53(2) 2.499(5) 2.47(2) 2.489(5) 2.65(2) 2.514(5) 2.54(2) 2.499(5) 2.49(2) 2.487(5) 
<X(2)–O> 2.44(2) 2.416(5) 2.40(2) 2.404(5) 2.43(2) 2.418(5) 2.40(2) 2.414(5) 2.42(2) 2.412(5) 
<X–O> 2.40(2) 2.416(5) 2.40(2) 2.405(5) 2.41(2) 2.417(5) 2.41(2) 2.414(5) 2.41(2) 2.412(5) 
O(1)–O(1) 1 4.09(3) 4.062(6) 3.86(4) 3.919(6) 4.06(3) 3.963(6) 3.77(3) 3.933(6) 3.92(4) 3.989(6) 
O(1)–O(3) 2 2.93(3) 2.846(5) 2.62(3) 2.749(6) 2.89(3) 2.804(5) 2.79(2) 2.757(5) 2.85(3) 2.796(6) 
O(1)–O(3) 2 2.90(3) 2.996(6) 2.90(4) 2.914(6) 2.84(3) 2.930(6) 2.96(4) 2.920(6) 2.95(5) 2.933(6) 
O(1)–O(4) 2 2.39(4) 2.554(7) 2.61(5) 2.547(7) 2.24(3) 2.520(7) 2.37(4) 2.521(7) 2.48(5) 2.546(7) 
O(1)–O(4) 2 3.29(3) 3.451(7) 3.42(4) 3.445(7) 3.29(3) 3.461(7) 3.38(4) 3.438(7) 3.36(4) 3.451(7) 
O(3)–O(3) 1 4.18(2) 4.180(5) 3.94(3) 4.071(6) 3.99(3) 4.126(5) 4.30(3) 4.078(5) 4.25(4) 4.099(6) 
O(3)–O(4) 2 2.83(5) 2.881(8) 2.88(5) 2.873(8) 2.90(4) 2.883(8) 2.90(5) 2.845(8) 2.78(7) 2.835(8) 
O(3)–O(4) 2 3.47(3) 3.474(6) 3.47(3) 3.445(6) 3.32(3) 3.444(6) 3.47(3) 3.438(5) 3.57(5) 3.450(6) 
O(4)–O(4) 2 3.08(3) 2.776(4) 2.88(4) 2.819(4) 3.27(2) 2.851(4) 2.91(4) 2.881(4) 3.01(4) 2.838(4) 
O(4)–O(4) 2 2.94(2) 2.911(6) 2.92(3) 2.983(6) 3.01(2) 2.996(6) 2.99(2) 3.026(6) 2.90(3) 2.980(6) 

<O–O> 3.11(3) 3.112(6) 3.07(4) 3.086(6) 3.09(3) 3.104(6) 3.09(3) 3.092(6) 3.11(4) 3.097(6) 
<O–O>dod 3.09(4) 3.114(6) 3.08(4) 3.096(6) 3.10(3) 3.110(6) 3.10(4) 3.104(6) 3.10(4) 3.104(6) 
<D–O> 2.12(2) 2.108(5) 2.11(2) 2.107(5) 2.12(2) 2.110(5) 2.11(2) 2.111(5) 2.12(2) 2.110(5) 

 
* – the numbers in parentheses are the estimated standard deviations multiplied with SCOR and refer to the last significant 
number; $ – frequency of occurrences; 1 – Tančić et al. (2020); <D–O> = {<Si–O> + <Y–O> + 2 × <X–O>}/4 



APPENDIX 7 
 

Selected angles (in 
o
) for the R‾3c space group [without (a) and with (b) constraints] 

 

Zone A (core)1 B C D E (rim) 
 a b a b a b a b a b 
O(1)–Si–O(2) 1$ 107(2)* 110.5(4)1 115(2) 114.2(4) 111(2) 114.1(4) 117(2) 113.8(4) 115(2) 112.4(4) 
O(1)–Si–O(3) 1 117(2) 110.9(4) 118(2) 116.0(5) 122(2) 115.2(4) 117(2) 117.5(4) 112(2) 114.5(5) 
O(1)–Si–O(4) 1 107(3) 102.5(5) 104(3) 100.4(5) 100(2) 101.0(5) 93(3) 100.0(5) 102(4) 101.6(5) 
O(2)–Si–O(3) 1 92(2) 102.0(4) 95(2) 101.9(4) 95(2) 101.6(4) 108(2) 104.3(4) 104(3) 103.9(4) 
O(2)–Si–O(4) 1 114(3) 115.2(5) 111(3) 112.6(5) 116(3) 112.5(5) 111(3) 111.1(5) 109(3) 112.7(3) 
O(3)–Si–O(4) 1 118(3) 115.9(5) 114(3) 112.3(5) 114(3) 113.0(5) 110(3) 110.3(5) 115(4) 112.2(5) 
<O–Si–O> 109(2) 109.5(4) 110(2) 109.6(5) 110(2) 109.6(4) 109(2) 109.5(4) 110(3) 109.6(4) 
O(4)–Y(1)–O(4) 6 94(2) 90.1(3) 92(2) 91.8(3) 97(1) 92.4(3) 93(2) 93.3(3) 93(2) 92.0(3) 
O(4)–Y(1)–O(4) 6 86(2) 89.9(3) 88(2) 88.2(3) 83(1) 87.6(3) 87(2) 86.7(3) 87(2) 88.0(3) 
<O–Y(1)–O> 90(2) 90.0(3) 90(2) 90.0(3) 90(1) 90.0(3) 90(2) 90.0(3) 90(2) 90.0(3) 
O(1)–Y(2)–O(2) 2 92(2) 92.0(4) 87(2) 90.5(4) 92(2) 91.0(4) 92(2) 91.4(2) 90(3) 91.7(4) 
O(1)–Y(2)–O(2) 2 88(2) 88.0(3) 93(2) 89.5(3) 88(2) 89.0(3) 88(2) 88.6(2) 90(2) 88.3(3) 
O(1)–Y(2)–O(3) 2 88(1) 87.3(3) 92(2) 90.7(3) 91(1) 89.5(3) 91(2) 88.2(1) 88(2) 89.6(3) 
O(1)–Y(2)–O(3) 2 92(1) 92.7(3) 88(2) 89.3(3) 89(1) 90.5(3) 89(1) 91.8(1) 92(2) 90.4(3) 
O(2)–Y(2)–O(3) 2 93(2) 89.0(4) 89(2) 89.5(4) 92(2) 88.4(4) 91(2) 89.5(4) 91(3) 89.3(4) 
O(2)–Y(2)–O(3) 2 87(2) 91.0(3) 91(2) 90.5(4) 88(2) 91.6(3) 89(2) 90.5(3) 89(3) 90.7(4) 
<O–Y(2)–O> 90(2) 90.0(3) 90(2) 90.0(4) 90(2) 90.0(3) 90(2) 90.0(2) 90(2) 90.0(4) 
<O–Y–O> 90(2) 90.0(3) 90(2) 90.0(4) 90(2) 90.0(3) 90(2) 90.0(2) 90(2) 90.0(4) 
O(1)–X(1)–O(1) 1 69(1) 69.2(2) 73(2) 72.0(3) 69(1) 70.6(2) 77(1) 72.4(3) 74(2) 70.8(3) 
O(1)–X(1)–O(2) 2 111(2) 112.8(3) 109(2) 110.7(3) 110(2) 111.8(3) 109(2) 111.5(3) 110(2) 112.3(3) 
O(1)–X(1)–O(2) 2 73(1) 71.7(2) 70(1) 70.6(2) 71.7(9) 71.4(2) 71(1) 71.4(2) 71(1) 71.7(2) 
O(1)–X(1)–O(2) 2 93(1) 91.9(3) 93(2) 92.2(3) 90(1) 90.6(3) 93(1) 92.9(3) 94(2) 92.5(3) 
O(1)–X(1)–O(3) 2 73(1) 76.5(3) 75(2) 74.4(3) 70(1) 74.5(3) 74(2) 74.4(3) 76(2) 74.9(3) 
O(2)–X(1)–O(2) 1 74(1) 69.7(2) 74(1) 71.2(2) 76(1) 70.9(2) 70(1) 69.2(2) 70(2) 69.2(2) 
O(2)–X(1)–O(2) 2 70(2) 74.8(3) 74(2) 74.9(3) 72(2) 75.5(3) 75(2) 74.7(3) 74(2) 74.6(3) 
O(2)–X(1)–O(3) 2 92(2) 90.4(3) 92(2) 92.2(3) 96(2) 91.7(3) 91(2) 91.7(3) 91(3) 91.5(3) 
O(2)–X(1)–O(3) 2 75(1) 70.8(2) 70(1) 70.5(3) 76(1) 71.7(2) 68(1) 70.6(2) 67(2) 70.9(2) 
O(2)–X(1)–O(3) 2 65(1) 66.2(2) 68(1) 67.5(2) 65.8(9) 66.0(2) 69(1) 67.4(2) 69(2) 67.1(2) 
<O–X(1)–O> 80(1) 80.5(3) 80(2) 80.5(3) 81(1) 80.4(3) 80(1) 80.6(3) 80(2) 80.6(3) 
O(1)–X(2)–O(1) 1 127(2) 121.0(3) 112(2) 115.5(3) 126(1) 117.0(3) 119(2) 115.1(3) 119(2) 117.0(3) 
O(1)–X(2)–O(3) 2 78(1) 72.1(2) 66(1) 69.6(2) 76(1) 70.9(2) 71(1) 69.5(2) 73(1) 70.8(2) 
O(1)–X(2)–O(3) 2 75(1) 76.6(2) 74(2) 74.5(3) 75(1) 74.6(2) 76(2) 74.3(2) 76(2) 74.8(3) 
O(1)–X(2)–O(4) 2 61(1) 66.3(3) 68(2) 66.7(3) 57(1) 65.6(3) 64(2) 65.5(3) 64(2) 66.0(3) 
O(1)–X(2)–O(4) 2 86(1) 91.1(3) 91(2) 91.5(3) 84(1) 91.3(3) 90(2) 90.7(3) 90(2) 91.2(3) 
O(3)–X(2)–O(3) 1 113(1) 113.8(2) 107(2) 109.6(3) 112(1) 110.8(2) 114(1) 109.4(2) 115(2) 111.2(3) 
O(3)–X(2)–O(4) 2 69(2) 70.5(3) 71(2) 70.5(3) 70(1) 70.1(3) 69(2) 69.4(3) 67(2) 69.5(3) 
O(3)–X(2)–O(4) 2 90(1) 91.9(2) 94(2) 91.4(2) 88(1) 90.8(2) 90(1) 90.8(2) 93(2) 91.3(2) 
O(4)–X(2)–O(4) 2 76(1) 70.0(2) 74(2) 71.7(2) 80.7(9) 72.0(2) 73(1) 73.2(2) 76(2) 72.0(2) 
O(4)–X(2)–O(4) 2 72(1) 73.9(2) 75(1) 76.6(2) 73.1(9) 76.4(2) 76(1) 77.5(2) 73(1) 76.2(2) 
<O–X(2)–O> 81(1) 81.1(2) 80(2) 80.6(3) 80(1) 80.6(2) 81(2) 80.4(2) 81(2) 80.7(3) 
<O–X–O> 80(1) 80.8(2) 80(2) 80.6(3) 80(1) 80.5(2) 80(2) 80.5(2) 80(2) 80.6(3) 
 

* – the numbers in parentheses are the estimated standard deviations multiplied with SCOR and refer to the last significant 
number; $ – frequency of occurrences; 1 – Tančić et al. (2020) 



APPENDIX 8 
 

Number (N
o) of calculated Bragg’s positions (Ycalc) and differences between starting  

and ending corresponding Ycalc’s (ΔYcalc, in °) 
 

hkl 10 4 0 (–) 10 4 2 (–) 8 8 0 (+) 8 8 4 (+) 12 2 0 (–) 12 2 2 (+) 8 8 8 (+) 
Zone No ΔYcalc No ΔYcalc No ΔYcalc No ΔYcalc No ΔYcalc No ΔYcalc No ΔYcalc 

A1 

6 

0.057 

4 

0.043 

2 

0.046 

4 

0.071 

2 

0.018 

7 

0.074 

2 

0.116 
B 0.118 0.088 0.094 0.143 0.036 0.152 0.234 
C 0.080 0.060 0.065 0.098 0.024 0.104 0.161 
D 0.058 0.043 0.046 0.071 0.018 0.075 0.116 
E 0.145 0.109 0.116 0.177 0.044 0.187 0.289 

 

1 – Tančić et al. (2020); all reflections are marked with hkl’s belonging to the Ia‾3d space group; the symbols 
 “+” and “–” denote the presence and the abscence of doublets, respectively 

 



APPENDIX 9 
 

Differences between Al sof’s (in at. %), and average <Y–O> and <O–O> distances (in Å) in 
octahedral sites and calculated degree of ordering (m) and intersite distribution coefficient  

(K1–2) for the R‾3c and Fddd space groups [without (a) and with (b) constraints] 
 

Zone A (core)1 B C D E (rim) 
 a b a b a b a b a b 

ΔAl R‾3c 6(8) 21(2) 14(12) 2(6) 16(8) 9(3) 6(4) 7(2) 20(8) 3(6) 
Fddd 4(8) 4(10) 0(10) 4(12) 2(8) 6(8) 4(5) 4(4) 4(8) 8(1) 

Δ<Y–O> R‾3c 0.05(2) 0.006(4) 0.08(2) 0.005(4) 0.14(2) 0.002(4) 0.05(2) 0.016(4) 0.13(2) 0.002(4) 
Fddd 0.02(3) 0.000(4) 0.02(3) 0.001(4) 0.04(3) 0.000(4) 0.02(3) 0.005(4) 0.03(4) 0.001(4) 

Δ<O–O> R‾3c 0.06(3) 0.008(6) 0.11(4) 0.007(6) 0.19(2) 0.003(3) 0.08(4) 0.021(6) 0.18(4) 0.003(6) 
Fddd 0.04(4) 0.001(6) 0.02(4) 0.001(6) 0.06(4) 0.001(6) 0.02(4) 0.007(6) 0.05(6) 0.000(6) 

m R‾3c 0.037 0.165 0.115 0.016 0.129 0.076 0.048 0.043 0.192 0.026 
Fddd 0.024 0.031 0 0.032 0.015 0.051 0.031 0.034 0.032 0.069 

K1–2 
R‾3c 1.481 2.524 1.810 1.088 1.988 1.454 1.294 1.333 2.253 1.131 
Fddd 1.312 1.190 1 1.185 1.095 1.282 1.190 1.179 1.185 1.391 

 

* – the numbers in parentheses are the estimated standard deviations multiplied with SCOR and refer to the last significant 
number; 1 – Tančić et al. (2020) 
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APPENDIX 10
3+ 3+Variations of the Fe  and Al  over the octahedral sites in 
–the R 3c space group by ΔAl



APPENDIX 11 

 

Determined Si–Y1, Si–X2 and Y1–X2 distances (in Å) 
 

 A (core) B C D E (rim) 
Si–Y1 3.24(1) 3.32(1) 3.31(2) 3.44(2) 3.35(2) 
Si–X2 3.38(1) 3.43(2) 3.42(1) 3.49(2) 3.44(2) 
Y1–X2 3.377(6) 3.308(7) 3.361(4) 3.327(8) 3.358(5) 
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APPENDIX 12
3+ 3+ –Variations of the Fe  and Al  over the octahedral sites in the R 3c space group, by average: 

A – <Y–O>; B – <O–O> distances with constraints 

Linear Grs-Adr joins (Novak and Gibbs, 1971) were also plotted for comparison



APPENDIX 13 
 

Calculated polyhedral volumes, quadratic elongations and angle variances in the tetrahedron 
and two octahedrons for the R‾3c space group [without (a) and with (b) constraints] 

 

 Zone A (core)1 B C D E (rim) 
  a b a b a b a b a b 

Tetrahedron 

polyhedral 
volume 1.94156 2.22042 2.36897 2.30182 1.83061 2.19356 2.22672 2.24588 2.26404 2.24952 

quadratic 
elongation 1.02945 1.00892 1.02100 1.01101 1.03708 1.01028 1.02401 1.00103 1.01163 1.00722 

angle 
variance 92.57748 36.87321 75.59731 44.99269 106.96640 42.07073 79.89321 40.74125 28.39711 29.40202 

Octahedron-1 

polyhedral 
volume 12.19868 10.04237 10.78950 10.07710 13.44318 10.22631 10.72094 10.31607 11.88520 10.21280 

quadratic 
elongation 1.00632 1.00000 1.00073 1.00096 1.01843 1.00189 1.00268 1.00344 1.00259 1.00126 

angle 
variance 21.30664 0.01247 2.55438 3.37979 58.95992 6.54798 9.23038 11.80922 8.93208 4.41588 

Octahedron-2 

polyhedral 
volume 11.48921 10.12718 9.59907 10.00429 11.34777 10.27427 9.92271 10.11234 9.82322 10.19424 

quadratic 
elongation 1.00292 1.00131 1.00341 1.00011 1.00232 1.00041 1.00263 1.00041 1.00226 1.00037 

angle 
variance 7.32937 4.60396 6.14373 0.36546 3.94984 1.45068 2.53165 1.48096 1.90723 1.32142 

 

1 – Tančić et al. (2020) 
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APPENDIX 14
3+ 3+Different presentation models of the Fe  and Al  variations over the octahedral sites

 by average <Y–O> distances: A – (pseudo) cyclical of the oscillatory nature; 
B – (pseudo) rotational or spiral 

Linear Grs-Adr joins (Novak and Gibbs, 1971) were also plotted for comparison 


