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fntroduction

The system Na2SO4-IGSO+-KzCrOe-Na2CrOa rep-
resents a reciprocal salt pair, parts of which have a
close bearing on phases in certain natural salt de-
posits. The following minerals are phases in the sys-
tem: thenardite (Na2SOaV), arcanite (low-K2SOa),
glaserite or aphtitalite (a solid solution of NazSOa
and KzSO+) and tarapacaite (low-K2CrOa). The
system was originally investigated by Flach (1912),
using optical microscopy and thermal analysis. Later
investigations dealt with parts of the system, par-
ticularly with Na2SOe and its polymorphism, the
glaserite phase, and the binary systems NazSOr-
K2SO4 and Na2CrO+-KsCrOa. The system is char-
acterized by the existence of several related crystal
structures. All phases form at least limited solid
solutions. Of particular structural interest are the
glaserite and the high-KzSOn solid solutions. Before
presenting the complete system and its crystal chem-
istry, the components and the limiting binary systems
will be described.

The Components
The polymorphism of sodium sulfate has been dis-

cussed recently by Eysel (1972) and is shownl in

l This is only a rough transformation scheme. The poly-
morphism is under further investigation (8. N. Mehrotra,
H. Arnold, W. Eysel, Th. Hahn, in preparation).

2 Goldberg, A., W. Eysel, and Th, Hahn, Phase diagram
and crystallography of the system Na,CrOn-KCrOa (Neues
lahbr. Mineral. Monatsch., in press).

System
the Glaserite Phase

Figure 1 Three of the four modifications, I, III, and
V, are stable forms whereas NazSO+(II) is possibly
metastable. The complicated polymorphism is caused
by the narrow stability field of this form II and by
the sluggishness of the transition V-III, resulting in
a metastable preservation of V up to the melting
temperature and of III to room temperature. Drn
tracings of pure NazSOr are shown in Figure 2 with
the characteristic features outlined in Table 1. Struc-
tural data are given in Table 2.

NazCrOr reveals only two modifications, low-
NazCrO+ (isostructural with NazSO'e(III); Miller,
1936; Niggli, 1954) and high-Na2CrOa (isostru-c-
tural with NazSOn(I); Goldberg et aJ'). Both KzSOr
and K,zCrO+ have two modifications each. Low-
KzCrO+ (Zachariasen and Ziegler, 1931) and low-
KzSO+ (Robinson, 1958) are isostructural as well
as high-K2CrO+ (Pistorius, 1962) and high-KzSO+
(Fischmeister, 1962). The latter two are isostruc-
tural with Na,zSOr(I) and high-Na2CrOr (Table 2).

For K2SO+ some further, extremely weak trans-
formations have been reported in the temperature
range of the low-form (Bernard and Jaffray, 1956;
Fischmeister, 1962; Moreau, 1963; Majumdar and
Roy, 1965). One of these transitions has also been
confirmed by a very weak nre signal at 450"C
during this investigation. The corresponding struc-
tural changes must be minute. In this paper only the
two well established modifications, high- and low-
K2SO4 are considered.

Grystal Ghemistry
NarSOn-KrSOn-KrCrOn-Na,CrOn

of the
and of

Werrpn Eyser

Institut fiir Kristall"ographie der Technischen Hochschule Aachen, Germany

Abshact

A phase diagram for the system NaeSO.-K"SO.-KCrOn-Na,CrO. has been worked out
particularly with respect to the regions of solid solutions of the six phases: High-K"SOn,
low-IGSO+, (Na,K)eSO.(glaserite), Na,SO*(II), NaaSO,(UI) and Na"SOn(V). In all of them
SOn can be completely or partially replaced by CrO.. With the exception of Na6On(V) the
crystal structures are more or less related. It is demonstrated that the glaserite structure
occurs only in solid solutions (A,C),BX, with cations A and C of different sizes; it is not
isostructural with the hexagonal high-KrSO. type, as assumed in many investigations of
AzBXncomponnds. The nature of the glaserite phase and of the high-K"SOr type is discussed,
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Frc. 1. Polymorphism of NanSO.. s - stable (heavy lines),
m = metastable (dashed lines).

The Systems Na2SOa-KrSOr and NazCrO+-KrCrOo

The phase diagram of the system NazSOr-KzSOr
was investigated by Nacken (1910a,b), Jaenecke
(1908), and Perrier and Bellance (1940). The high
temperature equilibria in the binary system NazSOr-
K2SO4 (Eysel, 1972) are shown in Figure 3. Com-
plete solid solubility exists for NazSO+(I) and
high-KrSOr and limited solubility for NazSO+(III),
(Na,K)zSOr (glaserite) and low-K2SO+. The solid
solutions of NazSOa(II), which have been discussed
by Eysel (1972) have been omitted from the phase
diagram.

The low temperature regions of the phase diagram
were established as follows: The extensions of the
glaserite field and miscibility gap G * L were de-
termined from melted and quenched samples kept at
425o and 310'C until equilibrium was reached
(Figs. 4 and 5 ). In the sodium rich part broad X-ray
peaks occurred and the lattice parameters vary due
to sluggish exsolutions and to transformations on
cooling. Thus, it was not possible to determine the
phase boundaries exactly. Figure 5 also indicates
that glaserite can be quenched from the melt meta-
stably in a wider region than would be expected
from the equilibrium diagram. It is interesting that
the a-axis of these samples shows a break at about
72 percent KzSO+, while c continues to increase.
This indicates an unknown structural variation.

Below 300'C no equilibrium was reached in an-
nealing experiments. Therefore, aqueous solutions
were evaporated at about 110'C and the limits of
solid solution were determined using the lattice
parameters. The most K-rich glaserite obtained at
110'C had the composition (Na6.27K6.73)2SOa.
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Frc, 2. DTA traces of NaSOn. Samples 5 to l0 mg,
Chromel/Alumel thermocouples, 2"C/min. Discussion in
Table l.

TesrE, 1. Explanation of DTA-Traces of Figure 2

T HE SY STEM N a'SO +-K"SO rK,C rO +-N a'CrO t

I 5

t
"lo l
f o l
N '

I
I

t  T h e  t e n p e r a t u r e s  i n  F i g . 2  d o  n o t  f u l l y . a g r e e  w i t h  t h o s e  i n
F i q . 1 ,  b e ; a u s e  t h e  l a t t e r  w e r e  c a l c u l a t e d  u s i n g  b o t h  t h e
h e i t i n q  a n d  c o o l i n g  d a t a  ( E y s e l  '  1 9 7 2 ) .

b )  a n d  c )

e )  a n d  f )

H e a t i n g :  U s u a ' l ' l y  t w o  i  r r e v e r s i b l e
b r o a d  o v e r l  a p p i  n g  s i  g n a l  s  9 f
v a r y i n g  s i  z e i  a t - a b o J t  2 4 4 o c .
T r e a t e d  i n  F i g . 1  a s  a  s i n g l e  t r a n -
s i t i o n  I I I - > I .

T h e ^ s m a l l  s h a r p  s i g n a l  l I - > I
2 3 4 0 c  o c c u r s  o n l y  i f  s a m p ' l e  i s
h e a t e d  j u s t  a f t e r  t h e  c o o l i n g
t r a n s  i  t i  o n  l  I - - +  I  I  I  ( s e e  b e  l  o w )  i
i n d i c a t e s  t h a t  I I  h a d  n o t  y e t  c o m -
n l p t - p l v  c o n v e r t e d  t o  I I I .

C o o l i n g  a n d  l n m e d i a t e l y  r e h e a t i n g
a f t e r  t r a n s i t i o n  I + I I ;  P r o v e s  r e -
v e r s i b i l i t y  o f  t r a n s i t i o n  I < - - > I I .
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Tasr.E 2. Crystallographic Data for the Various Phases in the System NazSOr-KzSOr-KrCrOr-NarCrOr

o cP h a s e , S p a c e
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^
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P 6 3 m c

1 0 . 2 5  5 . 9 2  8 . 1 3

1 0 . 6 1  6 . 1 2  8 . 2 2

T h i s  p a p e r

G o l  d b e r g  e t  a l  . +

G l  a s e r i  t e :

P 3 n l

P 3 m l

P 3 m 1

P 3 m l

P 3 n l

C 2 / n ?

9 . 7 1 7  5 . 6 0 7  7 . t 7 7  J 7
9 . 8 6  5 . 6 9  7 . 4 2  , / G

9 .  8 0 9  5  . 6 6 3  7  . 2 s 8  J 3
i 0 .  1 6 3  5 . 8 6 8  7  . 9 3 2  t 5

9 . 9 2 3  5 . 7 ? g  7  . 2 t 4  / 3

9 . 9 3 8  5 . 6 3 5  7 . 7 6 4  r . 7 6 4
6  = 8 9 0 1 7 '

T h i s  p a p e r

T h  i  s  p a p e r

T h i s  p a p e r

c o l d b e r g  e t  a L +

G o l d b e r g  e t  a l . *

G o l  d b e  r g  e t  a l  .  +

( N . o . s g K o . o z ) 2 s 0 4 ( I I  ) ,  1 4 o o
N a r S o 4 ( t r ) + + , 2 2 5 0

P n a m ?

P n a m ?
9 . 5 3  5 . 3 5  7 . 1 7  1 . 7 8 1

9 . 5 r  5 . 3 3  7 . t 6  1 . 7 8 4

T h i s  p a p e r

T h i s  p a p e r

a r s 0 o ( i I I ) ,
o t^ l -Na2c r04 ,

20-

200
C cmm

C cnm

8 . 9 4 6  5 . 6 0 8  6 . 9 6 3  1 . 5 9 5

9  . 2 5 3  s  . 8 5 4  7  .  t 4 2  1 .  5 8 1

T h i s  p a p e r

c o l d b e r g  e t  a l . '

o w - K r S 0 O , 2 0 o ^

o w - K 2 C r 0 4 ,  2 0 u

P  cmn
Pcmn

1 0 . 0 7 3  5 . 7 7 1  7 . 4 7 t  1 . 7 4 5

1 0 . 3 9 9  5 . 9 1 8  7 . 6 6 6  1 . 7 5 7

T h i s  p a p e r

G o 1 d b e r g  e t  a l . -

N a r S 0 O ( V ) , 2 0 o F d d d 5 . 8 6  1  9 . 8 1 5  1 2 . 3 0 7 M e h r o t r a  1 9 7 1  ' '

+ + +

G o ' l d b e r g ,  E y s e l ,  H a h n
T h e  f i  r s t  p o w d e r  d a t a
B . N . M e h r o t r a ,  p r i v a t e

( i n  p r e p a r a t i o n ) .

o f  p u r e  l t a r S 0 4 ( I I )  w e r e  o b t a i n e d  b y  H . A r n o l d  ( p r i v a t e  c o m m u n i c a t i o n ) .
c o m r n u n i  c a t i  o n .

The results of Nacken (1910a,b) and van t'Hoff
and Barschall (1903) have been used to determine
the glaserite field at low temperatures. In Na2SO4(V)
no measurable amount of Na could be replaced by
K. For low-KzSO+ no solid solutions were formed at
110' and 20'C.

As mentioned, glaserite solid solutions can be
quenched metastably in a broad range without de-
composition into the phase V * G or G + L (Fig.
3), stable at room temperature. If such metastable
glaserites with up to about 70 percent K2SOa are
kept at room temperature, the decomposition into
Na:SOe(V) and glaserite slowly takes place within
some weeks or months. According to the lattice
parameters, the newly formed glaserite always has
the formula (Na6.36Kj.7j)2SOa, irrespective of the
composition of the original quenched metastable
glaserite. This composition was taken to be the
Na-rich limit of solid solution at 20"C.

Considering the pinching out of the glaserite field
towards low temperatures, the question arises

whether the glaserite phase vanishes at about OoC,
with NarSOr(V) and low-KzSOr occurring as co-
existing phases. To answer this question, quenched
metastable glaserites containing 40 percent K2SO4
were decomposed by keeping them at 0 and - 12oC
for two months. In all cases no low-KqSOa was
obtained, the decomposition products being NazSOr
(V) and glaserite. Even though this is not con-
clusive, it indicates that glaserite of a narrow com-
positional range is stable down to these temperatures.
Compositions and temperatures of specific points in
the system NasSOa-K2SO+ are given in Table 3.

The binary system Na2CrOa-KzCrOa (Fig. 6) is
very similar to the sulfate system. The transforma-
tion temperatures of the chromates are somewhat
higher and the polymorphism of Na2CrOa is simpler
compared with that of NazSOr. In a very small
region with high Na-contents a monoclinically dis-
torted chrome-glaserite has been found (Table 2).
It is not yet clear whether it represents a stable or
a metastable phase.
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Fro. 3, Phase diagram of the system NaaSOn-K^SO..
Crosses - annealed and quenched samples, squares :
samples from aqueous solutions, full triangles after Nacken
(1910b) and open triangles after van't Hoft and Barschall
(1903). In this and the next Figures the following symbols
are used: H - high-K$Or structure type, L - low-IGSOT
type, G - glaserite type, III = Na.SO,(ilI) type and
v = Nagso.(v).

The Systems K2CrO4-K2SO+ and Na2CrOa-Na2SOa

The phase diagram of the system KzCrO+-KzSOr
has been described by Groschuff (1908), whose
transformation curve L-H has been confirmed by
several DrA runs (triangles in Fig. 7). Both low-
and high-temperature modifications form unlimited
solid solutions.

Complete solid solution exists between high-
NaeCrO+ and Na:SOr(I) in the system Na2CrOa-
Na2SOa. Similarly, samples quenched from high
temperatures show complete solid solution for low-
NalCrOa and Na2SOa(UI) (Fig. 8), as pointed out

THE SY STEM N auSO I-K"SO o_K'C rO rNa,CrO,,

60 70
- Na2SOl

already by Fischmeister ( 1,954). If kept at room-
temperature, however, the solid solutions rich in
sulfate decompose slowly into two phases-solid
solutions of low-NazCrO+ and solid solutions of
NazSOr(V). From the change of the lattice param-
eters it is estimated that NazSO+(V) incorporates
less than 5 percent of Na'2CrO4. The phase diagram
NagCrO+-NazS0+, originally given by Flach (1912),
has been modified according to these results (Fig.
9), even though the determination of the exact
extent of the miscibility gap V + III needs further
work. Flach's transition curve H-III has been con-
firmed by ou (triangles in Fig. 9).

The Systems NazSOr-K2SO4-K2CrOr-NazCrO+

Using the four binary systems described so far
and additional results of Flach (1912), the phase
diagram in Figure 10 has been constructed. In the
high-temperature forms (H) both pairs, Na/K and

75 '00
K2SO1
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t00

K2SOl

Frc. 4. Lattice parameters of K-rich samples quenched

from 310 and 425"C. Squares - low-KeSO* phase, dots =
glaserite phase.
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l"
5,70

5.50

Na2SOl 20 K2SOl

Frc, 5. Lattice parameters of the glaserite phase in tbe
system NaaSOr-KrSO.. Samples quenched from the melt
in air (dots), slowly cooled from the melt (crosses), or
annealed at 310"C and quenched (triangles).

SOr/CrOn, can replace each other completely. In
three of the four low-temperature modifications (III,
G and L), CrOr and SOr are completely, and Na
and K only partly, miscible. In NaeSOr(V) only a
few percent of SOn can be replaced by CrOa and no
Na by K. These observations are in agreement with
the similar size of the So+ (s-o - 1.59 A) and
CrOr (Cr-O = 1.67 A) tetrahedra and the con-
siderable difference in size of the Na. (0.98 A) and
K. (1.33 A) ions.s Additional investigations are
necessary to elucidate the phase relations near the
sodium sulfate rich corner at low temperAtures in
Figure 10.

The Crystal Structures of High-I(2SOa,
Glaserite, and NazSOTII

Structural data for the various phases are given in
Table 2. For the high+emperature solid solution
(high-K2so4-type), the space group P6smc is pro-

Tesrn 3. Compositions and Temperatures of Specific Points
in the System Na6SO{-KgSO. (Figure 3)

T e m p .

? 4 0
180
1 9 5
1 9 5

0
0
5
9

2 7

477
441
4 4 1
441
5 8 3

5 5
o o
75
9 1

100

posed on the basis of powder data (Table 4). The
occurrence of the c-glide during the transition glas-
erite "+ high-K2SOa solid solution is apparent from
Table 5. The discontinuous and reversible disappear-
ance of the 111, 003 and 113 reflections could be

0
NorCr0a

2s 50 75
Mol%

100
KrCrO,

FIc. 6. Phase diagram of the system NaCrO.-KCrOn
after Goldberg, Eysel, and Hahn (Neues lahrb. Mineral.
Monatsh., in press).

s Ionic radii after Goldschmidt.
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diagram of the system KrCrO.-KrSOn.
Triangles ,= DTA results.

Fto. 7. Phase

definitely observed in the high temperature powder
patterns.4 The disappearance of 003 has been ob-
served by Fischmeister (1962) but no structural
conclusions were drawn.

The high-temperature solid solutions are thought
to be isostructural with a-CarSiOn, for which a
structure is proposed by Eysel and Hahn (1970) on
the basis of powder and poor single crystal data as
well as packing considerations. Since no investiga-
tion of a good single crystal has been carried out
so far, slightly distorted structures (subgroup of
P6"mc) cannot be ruled out; they must, however,
contain a c-glide or a pseudo c-glide. The following
hexagonal and trigonal space groups fulfill this
condition: P6t, P3lc, P3ml and P3; not, however,
the glaserite space group P3ml. The main difference
between the structures is that in the proposed high-
KrSOn structure the apices of all tetrahedra point in
tlte same direction along c whereas in the glaserite
type alternating tetrahedra point in opposite di-
rections.

The glaserite structure, as originally determined

'It should be mentioned that in the system Ca'SiO.-
BaaSiO. two phases isostructural with glaserite and high-
KaSOa respectively, have been found, also clearly showing
tho different extinctions (Eysel, 1971).

No2CrOq

Fro. 8. Lattice parameters of quenched solid solutions

in the system NaoCrO.-Na^SO.. Crosses - results of
Fischmeister (1954).

by Gossner (1928) and confirmed later by Bellanca
(1943) and Pontonnier et aJ (1972), was first sug-
gested to be isostructural with high-KeSO+ by Bredig
(1942). Later Bredig 09a3) postulated rotating
SOr Soups for the high-KpSO+ structure, but Fisch-
meister (1962) demonstrated for the isostructural
NazSOr(I) that there is not enough space for rota-
tion.5 Instead, he discussed an orientational disorder
of the tetrahedra, thus allowing also space group
P6s/mmc. Irrespective of these uncertainties the
hexagonal high-temperature forms of a large num-
ber of compounds A2BX4 have been classified
as isostructural with glaserite by many authors, even
though Nacken (1910a,b) had earlier found a phase
transition between glaserite and the high temperature
solid solution of high-KzSOr and NazSOn(I). In ad-

6 The rotation was reconsidered for K"SO+ by Watanabe
et aI (1912).

NarSoq

00
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TesI,n 4. High-temperature Powder Data of NasSO. (I)
and High-IGSO.

H i S h - K 2 S 0 4  ' ,  6 2 0 " C

h k l o

883 1 0 0
1 0 i
0 0 2
1 0 2
1 1 0
200
201
712
1 0 3
2 0 2
004
21,1
2 t 2
300
1 1 4
302
2t3
220
2 2 2

1 0  s . 1 3  5 . 1 2
3 5  4 . 3 4 8  4 . 3 3 5
3 5  4 . 0 6 2  4 . 0 6 6

1 0 0  3 . 1 8 7  3 .  I 8 5
7 0  2 . 9 6 3  2 . 9 6 0

5  2 . 5 6 3  2 . 5 6 2
2 0  2 . 4 4 3  2 . 4 4 5

5 0  2 .  1 6 8 1  2 . 7 6 8 6

5  2 . 0 3 2 9  2 . 0 3 2 5

l s  1 . 7 4 8 6  1 . 7 4 8 9
1 5  1 . 7 0 7 7  1 . 7 0 8 6
2 0  t . 6 7 5 4  1 . 6 7 5 4

2  t . 5 7 5 7  1 . 5 7 6 1
5  7 . 4 7 a 9  1 . 4 7 9 6

V+ITI

+  b a s e d  o n  h e x a g o n a l  c e l ' l .

* *  
l a t t i c e  p a r a m e t e r s  a n d  s p a c e  g r o u p  a r e  g i v e n  i n  T a b l e  2 '

dition, Nacken had characterized the two phases as
trigonal and hexagonal, respectively.

So far no compound has been found for which
the stability region of the high-K2SOa type polymorph
extends down to normal temperature. Quenching of
this form to room temperature has been possible
only for a few compounds and solid solutions, mostly
in powder samples. The lack of suitable single crys-
tals and the similarity of the trigonal and hexagonal
powder diagrams-at room or elevated tempera-
tures-are the main reasons for the confusion of
these structures.

Investigations of various ArBXn compounds and
a check of high-temperature X-ray powder patterns
in the literature revealed in all cases the presence of
a c-glide, indicating space group P6"mc (Table 6).
The absence of the c-glide, i.e., the glaserite structure
type with space group P:3m1, was found oniy in
(A, C),BX. solid solutions in which A and C are
different medium- and large-size cations. Tables 2
and 7 contain the phases with glaserite structure
which have been found so far. Some slightly deformed
derivatives of both structure types are included in
Tables 2, 6, and 7 .

High temperature powder patterns have been
obtained for solid solutions of Na,SO'(II) (Table 8),
indicating the space grotp Pnam (the same space
group as for olivine but, because of somewhat dif-
ferent axial ratios, probably not the same structure)
or Pna2r. The powder diagram is very similar to
that of Na,SOr(I) and only a slight deviation from

Narc
t0025 50 75

Mol.% No2SOo
Frc. 9. diagram of the system NaeCrOn-NarS0*.

Triangles - DTA-results.

NarCrO, Mol.% Na2SO4

FIc. 10. The reciprocal salt pair Na"SOn-trGSOn-KCrOn-
NazCrO'. Liquid surface after Flach (1912).

,01
Phase

^_<:(\___^-_1 
1

I t a r S 0 4 ( I ) "

2 0  4 . 7 1  4 . 6 9
1 0 0  3 . 9 4  3 . 9 3
3 0  3 . 5 1 0  3 . 6 1 9
9 0  2 . 8 6 5  2 . 8 6 4
9 0  2 . 7 0 3  2 . 7 0 9

2 0  2 . 3 4 6  2 . 3 4 5
2 0  2 . 2 2 6  2 . 2 2 9

3  2 . t 6 6  2 .  1 6 8
3  2 . t 4 5  2 . 1 4 5

3 0  1 . 9 6 5 6  1 . 9 6 8 1

1 0  1 . 8 0 9 0  1 .  8 0 9 0
?  1 . 7 2 t 7  1  . 7 2 1 7

2 0  1 . 5 9 1 8  1 . 5 9 2 5
1 5  1 . 5 6 3 0  1 . 5 6 3 4
1 5  1 .  s 0 4 7  1 . 5 0 4 0

3  1 . 4 3 5 7  1 . 4 3 5 1
3  1 . 4 2 8 9  1 . 4 2 8 5

1 0  1 . 3 5 4 4  1 . 3 5 4 2
8  1 . 2 6 8 7  1 . 2 6 8 2

I
I
I
I

0
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Taer.s 7. Solid Solutions with Glaserite Structure+, 20oC

I i d  s o l u t i o n S p a c e
O TOUD

P s e u d o - o r t h o h e x a g o n a l  a X e s
; i f l i - -  

-  
6 i E t  

-  
c r f l t  P R e f e r e n c e s

N a ( x , N H o ) 3 ( s 0 4 ) 2

( N a , T l  ) 2 s 0 4

( N u o . 2 s K o . z 5 ) z B t F q

( l t a o . , R b 6 . 7 ) 2 B e F 4

( N a 0 . 3 8 R b 0 . 6 2 ) z B e F 4

(N  ao  .  ,  u  (  N  H4  )  6  .  7  5  )  2  BeF4

( N u o .  z  s T I  o .  7 5\  zBeF 4
( c u o . q o B u o . o o ) z s i o +

( c a ^  
" . 8 a " . " ) " G e 0 ,

P 3 m l 9 . 8 4  s . 6 8  7 . 3 5  6 = 1 . 7 3 2

9 . 8 4  5 . 6 8  7 . 3 5

9 . 6 8 2  5 . 5 9 0  7 .  I 5 9

9 . 9 8 2  5 . 7 6 3  7  . 5 1 2

9 . 9 4  5 . 7 4  7 . 4 9

1 0 . 0 9 9  5 , 8 3 1  5 . 6 6 4

9 . 9 6 9  5  . 7 5 6  7 , 5 5 0

9 . 9 2 5  5 . 7 3 0  7  . 2 8 3

1 0 . 1 4 1  5 . 8 5 5  7 . 3 1

F r o n d e l  ( 1 9 5 0 )

L a r s s o n  ( 1 9 7 1 ) + +

P o n t o n n i e r  e t  a l .  ( 1 9 7 2 )

P o n t o n n i  e r  e t  a l  .  (  1 9 7 2  )

G r e b e n s h c h i k o v  e t  a l .  ( 1 9 7 0 )

P o n t o n n i e r  e t  a l .  ( 1 9 7 2 )

P o n t o n n i e r  e t  a l .  ( 1 9 7 2 )

E y s e l  ( 1 9 7 1 )

G r e b e n s h c h i k o v  e t  a l .  ( 1 9 7 0 )

( c u o . : s B u o . o s ) z s i o q P 3 c l g . g 4 s  5 . 7 4 4  1 4 . 6 4 1  / 1 = 1 . 7 3 2
(  = 2  r 7  . 3 2 1 \

E y s e l  ( 1 9 7 1 )

( c a o . g o B a o . z o ) z S i 0 q 9 . 9 7 5  5 . 7 6 0  ! 4 . 7 1 4  8 9 . 6 7 "  r . 7 3 2
| = 2 x 1 - 3 5 7 \

E y s e l  ( 1 9 7 1 )

l 4 o C a ,  (  s i  0 4 ) 2  ( l ' 4 e r w i  n i  t e ) P 2 l  c 9 . 3 2 8  5 . 2 9 3  1 3 . 2 5 4  9 1 . 9 0 0  r ' 7 6 2
(  = 2 x 6  . 6 2 7  \

M o o r e  e t  a ' 1 .  ( 1 9 7 2 )

+

+ +

+ +  +

F o r  f u r t h e r  e x a n p l e s  c . f .  T a b l e  2 '

L . 0 .  L a r s s o n ,  p r i  v a t e  c o m n u n i  c a t i  o n  '

F r o m  p o w d e r  p a t t e r n s  a n d  s u b g r o u p  r e l  a t i  o n s

the hexagonal axial ratio a/b: Vg has been found.
The lattice parameters of pure NarSOo(II) in Table 2
were derived by extrapolation from the solid solution.

With the exception of NazSO+(V) all crystal struc-
tures of the NazSO+-KzSOr-KzCrOa-Na2CrOa sys-
tem have hexagonal or pseudc'hexagonal cells. Their
structures can be deduced from a basic structure
with space group P6r/mt/tc, Z = 2, a = 5.5, and c =
7.5 A on the basis of subgroup relations (Eysel,
1970,I971). The structures differ predominantly by
the sizes of the cations, i.e., their coordination num-
bers. The structural differences, therefore, are more
than just slight distortions. This is also apparent from
the magnitudes of the transition enthalpies (Table

Tlsl.e 8. Powder Data for (Nao wIG '),SO.(II) at 140"C*

9 ). From the basic structure mentioned above, fur-
ther structure types of A2BXa, AzBXa, ABXa, ABXy
compounds or similar compositions can be derived.
These relationships will be discussed elsewhere (Ey-

sel, in preparation).

The Glaserite Phase

Glaserite (also called aphthitalite) has been con-
sidered in the literature to be either a stoichiometric
compound NaKg(SOr)z forming a solid solution with
NazSO+ or a compound NaKSO+ forming solid solu-
tions with NazSOn as well as with K2SOn. The same
assumptions have been applied to chrome-glaserite.
The phase diagram in Figure 3 indicates that at high
temperatures the composition NaKe(SOr)z is part of
the two phase region G + L and therefore cannot
exist as a compound. The maximum in the transition
curve glaserite-high temperature solid solution oc-
curs at (Nao.+sKo.rs)pSO+ and not at NaKSOr. This
implies a melting interval and not a melting point for
the composition NaKSOr. The same results are found
in the chromate system (Fig. 6). At high tempera-
tures, therefore, glaserite must be considered a solid
solution and not a particular stoichiometric corn-
pound. Further support for this observation is sup
plied by Toropov et ol (1964) who found a "glaser-
ite" phase (Ca,Ba)zSiOe in the system CazSiOe-
BazSiO+ with the maximum in the melting curve at
( Cas. aeBaa.5e ) 2SiO4. In the system NazBeFr-RbzBeF+
glaserite type solid solutions extend from (Nao.r

h k ' l
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Rbo.o)zBeFr to (Nao.sRbo.z)BeFr (Pontonnier et al,
1972).

From a structural point of view, Hilmy (1953),
Dickens and Brown (1971) and Moore et al (1972,
1973)0 have pointed out that the cations occupy
three different sites. The octahedral site in @l/2 (lb,
3m, one quarter of the cations) should be occupied
by the smaller cation.T The site of the trigonal axes
(l/3 2/32, 2d, 3m; one half of the cations, lO-co-
ordinated) and the position in 000 with coordination
number 6 I 6 (la,3m, one quarter of the ion) should
be preferred by the larger cations. From these struc-
tural features, a maximum limit of solid solution can
be predicted at (Nao.ruKo.'u)rSOn in the K-rich part
of the system, and this composition has been found
experimentally (Figs. 3 and 6). The phase diagrams
in Figures 3 and 6 also indicate that at low tem-
peratures, only this I :3 composition is stable. It seems
probable that here the glaserite phase is represented by
a NaKr(SO.)2 compound with an ordered distribution
of Na (in position 16) and K (in la and. in 2d).

With increasing temperature, however, Na is in-
creasingly capable of occupying also the 1,+ and the
2d-positions, resulting in an extensive enlargement
of the field of solid solution towards NazSO+ (Fig. 3)
and Na2CrOn (Fig. 6), respectively. At the same
time, the distribution of Na and K should become
more and more disordered. At even higher tempera-
tures the glaserite field decreases and vanishes be-
- 

" e *.V irteresting geometrical interpretation of the glas-
erite type and related structures is given by Moore (lg7j).

7 For a more detailed description of the structure, cl
Eysel et al (1970).

cause the hexagonal high-temperature structure pro-
vides higher coordination numbers.8 Thus, phases of
the glaserite type are to be considered as solid solu-
tions of medium- and large-size cations A and C in
which the proptrtion of the cations A/C can vary
from above 3 to l/3, depending on temperature and
the difference in the size of the cations. Site disorder-
ing to ordering of A and C can be expected. This
needs to be proved by detailed structure determina-
tions.

The glaserite structure and its deformed deriva-
tives have been found or can be predicted for (A,
C)yBX4 solid solutions with cations 1 = Na,Ag*,
Mg, Ca, Cd; cations C = K, Rb, Cs; Tl', NHa, Sr,
Ba, Eu2* and with tetrahedral complexes BXa =
BeFa, SOa, SeO+, CrO+, MoOn, WOa, POa, VOa,
AsO+, SiOa, GeOa, etc. lt should be mentioned that
merwinite, MgCas(SiOn),r, has recently been found
by Moore and Araki (1972) to have a deformed
glaserite structure (Table 7). Mg and Ca are the
smallest cations A and C found in this structure type
so far.
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