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Abstract

“Chlorine-free schairerite” was described from the Lovozero massif, Kola Peninsula, USSR,
by Kogarko in 1961. A constituent of white sublimate formed at Hortense Hot Spring, Colo-
rado, was found by W. N. Sharp in 1970 to yield an “X-ray powder pattern similar to that of
the multiple salt Na.SO,NaF. . . .” Both materials are identical with synthetic NasSO,F, first
described by de Marignac in 1859.

The name kogarkoite has been selected for the newly recognized mineral. Though the other
multiple salts in the system-—schairerite, galeite, and sulfohalite-—are known only from evapo-
rites, kogarkoite is found in igneous associations of two distinct sorts. In nepheline syenites of
the Kola, it occurs with villiaumite and doubtless formed at relatively high temperature. In
Colorado, kogarkoite formed at 83°C or less in hot-spring sublimate, and its principal asso-
ciates are calcite, fluorite and opal.

Kogarkoite is monoclinic, space group P2:/m or P2:; a 18.073 A, b 6.949, ¢ 11.440, 8
107°43’, Z = 12; density (calc) 2.679, (meas. by Berman balance on fragments grown from
melt) 2.676; optically almost uniaxial positive; refractive indices are e« =~ g = 1.439, v =
1.422, Z axis || [102]. Morphologically, crystals appear to be rhombohedral showing a promi-
nent base, which is the monoclinic {101}, and several apparent rhombohedra. The pseudo-
rhombohedral character arises from submicroscopic intergrowth of monoclinic domains in three

orientations. The atomic arrangement in a subcell is similar to that in sulfohalite.

Introduction

With the recent discovery of kogarkoite (Na;SO,F)
in Colorado and verification of a find in Russia, the
naturally occurring multiple salts in the system
Na,SO,—NaF-NaCl now include this mineral, schair-
erite (Nay;(80,4).FeCl), galeite (Na;5(SO,)sF.Cl),
and sulfohalite (Nag(SOy)-FCl).

A sodium fluoride sulfate was first recognized in
laboratory-prepared material and described by de
Marignac (1859). Later Wolters (1910) dealt with
it in the dry system Na,SO,~NaF-NaCl, and Foote
and Schairer (1930) in the hydrous system Na,SO,—
NaF-NaCl-H;O. They concluded that “At these
temperatures (25-35°) the double salt, Nay,SO,~
NaF, forms a solid solution in which the fluoride is
replaced by chloride to a limited extent.” However,
this statement was based entirely on analyses of
“residues” (Foote and Schairer, 1930, p. 4211)
without proof of the absence of free solid NaCl in
those samples in which the analytically determined
amount was low. Foshag (1931) described schairer-

ite from the Searles Lake evaporites, and formu-
ulated it as Na,SO,-Na(F, Cl). He referred to the
artificial “double salt,” Na,SO,-NaF, described by
Schairer, as artificial schairerite in spite of the fact,
which he noted, that it is of “totally different habit.”

Kogarko (1961), following these precedents, re-
ferred to a mineral of composition NasSO.F, found
in nepheline syenites at Lovozero on the Kola Pe-
ninsula, as “chlorine-free schairerite.” Her paper
describes the first known natural occurrence of the
mineral, and because of this the name, kogarkoite,
was proposed to and accepted by the LM.A. Com-
mission on New Minerals and Mineral Names of the
International Mineralogical Association.

Soon thereafter, Pabst, Sawyer, and Switzer
(1963) gave full morphological, chemical, optical,
and X-ray data on the artificial kogarkoite and on
the related minerals schairerite, galeite, and sulfo-
halite. At the time, they were unaware of the work
of Kogarko. They also unwisely used Foshag’s for-
mula for schairerite and used the same formula for
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galeite, though notes with their Tables 1 and 3 and
discussion on pages 498 and 499 made it clear that
fixed F:Cl ratios, 6:1 and 4:1, were indicated for
schairerite and galeite respectively.

Brown and Pabst (1971) show that microprobe
analyses of schairerite, of galeite, and of schairerite—
galeite polycrystals fully support the suggestions of
Pabst et al. (1963, p. 499), and these data indicate
that the following formulas are appropriate:

Schairerite Na,,(SO4),F:Cl

Galeite Na,5(S0,);F.Cl

The misleading double salt formulation, Na,SO,-Na
(F, Cl), should no longer be used for these minerals.

Pabst er al. (1963, Table 7) published indexed
powder patterns of all the multiple salts in the sys-
tem Nap,SO,—NaF-NaCl. The Colorado kogarkoite
pattern is identical to these NazSO,F diffraction data.
Comparison of Kogarko’s X-ray tabulation for *“chlo-
rine-free schairerite from Lovozero” and for the
artificial “double salt” with corresponding parts of
Table 7 shows that the powder pattern of the mineral
from the Kola Peninsula does not exactly agree with
that of either schairerite or the artificial “double
salt” but is closer to the latter. Moreover, from the
analysis and optical properties reported by Kogarko
it is clear that she was dealing with the “double
salt” and not with schairerite.

One of us (Sharp, 1970) recently found the dou-
ble salt with opal and a variety of other minerals
in hot-spring deposits at Mt. Princeton Hot Springs,
Colorado.

Occurrence

The occurrence in the Lovozero Massif, Kola
Peninsula, as described by Kogarko (1961), is in
nepheline syenite pegmatite, closely associated and
at places intergrown with villiaumite (NaF).

Other associated minerals are nepheline, feldspar,
aegirine, ramsayite, apatite, and lamprophyllite. The
kogarkoite is pale blue, and occurs as grains and
aggregates occupying interstices between nepheline
and feldspar.

This occurrence, to say the least, is uncommon
—as is the villiaumite found associated with it and
in most of the various rocks of this massif. The sit-
uation for formation of these minerals seems clearly
to be late-stage crystallization at a temperature near
the critical temperature for water in the system—
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where these compounds are virtually insoluble (Ko-
garko, 1961).

Kogarkoite occurs in Colorado in a repeatedly
generated, white, punky sublimate around steaming
vents at several of the issues of hot-spring water at
Mt. Princeton Hot Springs along Chalk Creek in
Chaffee County. The hot springs area is also con-
spicuous because of the prominent chalky bluffs on
the flanks of the mountain mass above the spring
zone. Large masses of shattered quartz monzonite
are extensively zeolitized and have formed the Chalk
Cliffs upon erosion. The present hot springs are
considered residual issues in a thermal area of long
duration (Sharp, 1970).

Specifically, kogarkoite has been found only at
Hortense Hot Springs at the west edge of the ther-
mally active area and at wells drilled close by. The
principal spring has a modest flow of water at the
present surface site where water is of the highest
temperature for the area, 183°F. Water from two
wells drilled to depths of 150+ feet near the Hor-
tense natural issue is equally hot. Hortense Spring
is located high above the valley floor, at the top of
the valley-wall fans, immediately under the steep
zeolitized rock cliffs. At present, polymineralic sub-
limate crusts form from steam issuing from flowing
hot water. Piping is used to transport the water
from underground into a collecting concrete cistern.
A port in the pipe, open to the air, and the hole in
the cistern receiving the pipe both have white salt
incrustations. Any steam-venting orifice at the drilled
well installations nearby also develops mineral in-
crustations. Rocks scattered about the old Hortense
surface site—now bulldozed level for development
—are coated with a crust of durable minerals—
calcite, fluorite, and opal—an assemblage which
must have initially included the soluble phases.

Kogarkoite occurs in all the vent crust found at
Hortense and at the drilled wells close by. The in-
crustations form only at the opening edge—neither
inside the cavity nor more than a few inches out-
side, depending apparently on the force and amount
of steam. The conditions for sublimation seem deli-
cately limited to temperature, degree of saturation
and composition of the steaming issue. Also, the
punky opal sublimate may be a required host in
which fluids accumulate and reach required com-
ponent concentrations for the formulation of kogar-
koite.

Analysis of water from Hortense shows high val-
ues for SiOp, Na, SO, F, and HCO; with total dis-
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solved solids of 339 ppm. Complete chemical and
spectrographic analyses are given by Sharp (Table
2, 1970). Other springs in the Mt. Princeton Hot
Springs group—Haywood Hot Springs (100°F), and
Big Spring (130°F) —may produce sublimate prod-
ducts similar to Hortense Springs; however, these
springs are generally developed for use of the hot
water and access to original sites and new water
vents is difficult.

Association

The incrustations at Hortense Spring and at
Wright’s well are exceedingly fine grained and some-
what inhomogeneous. Opal, mostly milky, is the
principal constitutent and is easily recognized by its
characteristic shapes, commonly minutely tubular or
banded with smoothly rounded surfaces except where
intimately mixed with other minerals. The only
crystalline phase that can be readily recognized under
a microscope is kogarkoite. This occurs in small
clusters or single crystals as much as 0.7 mm in
maximum dimensions but mostly in the range 0.1-
0.3 mm.

The remaining constituents are mostly so fine
grained as to yield smooth powder diffraction lines
without crushing or grinding. A powder pattern of
a bulk sample would be difficult to interpret because
of the large number of diffracting phases, but
burkeite, trona, halite, fluorite, calcite, and kogar-
koite were readily identified in two or more of the
pieces tested. Fluorite lines are generally broad and
diffuse indicating very small grain size, whereas the
lines due to other constituents are mostly sharp and
well defined as in ordinary powder patterns.

Portions of two samples from Hortense Spring
were leached with distilled water for several days
each and found to contain 20 and 37 percent re-
spectively of water-soluble constitutents. The prin-
cipal crystalline constituent in the residue is calcite.
A few lines attributable to phillipsite were also reg-
istered from one of the samples.

The solutions obtained by water-leaching were
crystallized. The crystallized product consisted of
powdery white halite with scattered clear spots or
rosettes, mostly kogarkoite and some trona.

It seems probable that the incrustations consist of
about 60 percent opal, 20 percent calcite and a
few percent of each of the other minerals identified,
kogarkoite being the chief among these, plus traces
of detrital material and unidentified phases.

Lattice and Symmetry

In view of the uncertainty that has existed con-
cerning the symmetry of Nay;SO,F it will be neces-
sary to clarify this before describing the morphology
and properties of kogarkoite and its synthetic coun-
terpart. Originally, de Marignac (1859, p. 236)
found the tiny crystals to be curved and striated and
was unable to obtain an interference figure. Though
he gave the “forme primitive” as “rhomboedre?,”
he listed five forms for which Miller—Bravais indices
were assigned by Groth (1908, p. 376) and nine
pairs of observed and calculated interfacial angles,
and presented a crystal drawing. Wolters (1910, p.
66) grew crystals of Na;SO,F from aqueous solu-
tion at 35°C and confirmed the observations of de
Marignac but was able to obtain a “nearly uniaxial”
positive interference figure. Additionally he noted
sets of fine lines intersecting at 60° in thin sections
of Na;SO,F grown from a melt. These he ascribed
to an ultrafine complicated mimetic twin structure.
The disappearance of these lines, as well as other
optical changes upon heating and the detection of a
small discontinuity on the cooling curve at 105°C,
was interpreted by Wolters as indicating that Na;
SO,F is truly hexagonal only above this temperature.

Foote and Schairer (1930, p. 4206) reported that
the synthetic crystals are “tabular with hexagonal
outline and decided trigonal symmetry.” Foshag
(1931, p. 136-137) erroneously referred to the
NazSO,F prepared by Schairer as artificial “schairer-
ite” and published a drawing of it—a tabular
crystal with base and two rhombohedra, “of a totally
different habit” from natural schairerite. Kogarko
(1961) did not comment on the crystallography of
the natural material which she described as “chlorine-
free schairerite.”

A rhombohedral lattice was first assigned to
Na;SO4F by Pabst, Sawyer and Switzer (1963), and
the morphology reported by earlier observers recon-
ciled with this lattice. However, in an extended sec-
tion of that publication entitled “Complications in
Na,SO,-NaF,” single crystal X-ray evidence for
lower symmetry was cited, and it was concluded that
“The structure cannot have a Laue symmetry higher
than 2/m though the lattice is dimensionally rhombo-
hedral.” At that time certain minor features of Weis-
senberg patterns which do indicate a slight dimen-
sional departure from strictly rhombohedral relations
were not noticed or were disregarded.

Powder patterns can be fully indexed on a rhombo-
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hedral lattice. Rotation patterns (Fig. 1) on the
apparent ¢ axis show to perfection the systematic
absences required by a rhombohedral lattice. The
indications of lower symmetry recognized earlier were
principally the variations in intensity distribution on
hki0 precession patterns. However, close inspection
of the high 26 region of Weissenberg patterns shows
triplets for many spots, especially the stronger spots,
in places where only the K.;—Kas doublets would be
expected. Measurement of hki0 and hOAR! quartz—
calibrated Weissenberg patterns and attempts to
select appropriate components of the triplets led to
consistent values for ¢ but to a scattering of values
for a over a range of about 1/500th of its value.
Eventually one of the synthetic crystals that had
been used in the earlier work was found to yield
patterns free of such triplets. It was also found that
some of the patterns obtained from the Russian
kogarkoite were nearly free of such disturbing fea-
tures. Table 1 gives lattice dimensions obtained
from these patterns. The dimensions obtained for the
synthetic crystal by least squares from two quartz—
calibrated Weissenberg patterns, with ¢ of 0.035 per-
cent and 0.011 percent and with a difference of the
common value between the two of 0.0024 percent,
are better than those obtained from shrinkage—
corrected precession patterns for the Russian kogar-
koite. Even so, the former values are well within
the limits of error assigned to the latter. Table 1
also gives the hexagonal and rhombohedral cell
dimensions corresponding to the pseudorhombohe-
dral lattice, obtained by least squares from six
lines free of superposition on a quartz—calibrated
powder pattern run with Cr—V radiation. Though «
is somewhat higher than for the calculations from
Weissenberg data, it is acceptable for data of this
sort where high—angle lines cannot be used.
Figure 2 shows the relations of the monoclinic
lattice to the pseudorhombohedral lattice just men-
tioned and to a small pseudorhombohedral subcell to
be considered later. The correspondence of the sides of
the monoclinic to the hexagonal cell are as follows:
(100) (1011); (010) (2420); (001) (1012); and vice versa:
(3030) (201); (2420) (010); (0003) (101). The relations
between the two lattices can be defined by the matrices
for transforming indices of faces or planes: mono-
clinic to hexagonal 121/040/102 and hexagonal to
monoclinic 2 3 /0 1 0/ T 1. Figure 3 shows the
correspondence of monoclinic indexing to hexagonal
indexing for all of the principal forms observed on
natural and synthetic kogarkoite. These relations are
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Fig. 1. The X-ray rotation pattern of a kogarkoite crystal
grown from solution at 38°C. Cu radiation, Ni filter. Rotation
axis [102] monoclinic, corresponding to ¢ pseudohexagonal.
¢* streaks visible adjacent to strong spots on 808! locus on
which spots appear only on layer lines for which / = 3» in
accordance with requirements of rhombohedral centering.

not exact but the departure is so slight that it ordinarily
escapes notice. The [102] monoclinic axis is taken as
the ¢ hexagonal axis and should be normal to the (101)
monoclinic plane which is taken as the (00.3) hexagonal
plane. However, the angle between these is 90° 11 1/2/,
as calculated from the monoclinic cell dimensions.
Also, the angle between the monoclinic [010] and [121]
axes, corresponding to the hexagonal a, and a, axes,
is 60° 4 1/2'.

TABLE 1. CELL DIMENSIONS OF Na,SO,F AND KOGARKOITE

3774

I 7 E)
a 18.073(7) &  18.066(20) a, 27.850(16) =2 18.027
b 6.9489(7) 6.952(12) e, 26.453(14) o«  78° 51!
c 11.440(4) 11.438(12)
8 107° 43" 107° 38'
zZ 12 12 144 4B
d(calc.) 2.6790+ 2.6791+

Notes:

1. Dimensions for kogarkoite grown from solution, obtained from
quartz-calibrated Weissenberg patterns by least squares.

2. Dimensions for kogarkoite from the Lovozero massif, obtained
from shrinkage-corrected precession patterns.

3. Dimensions of hexagonal and rhombohedral pseudocells, obtained

from powder diffraction patterns of kogarkoite.
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FiG. 2. Relations between monoclinic unit cell and pseudocelis
of kogarkoite. Top view is projection onto (101), which corre-
sponds to (0001) pseudohexagonal. Dash-dot lines outline
monoclinic cell; full lines large hexagonal pseudocell; dotted
lines rhomobohedral subcell and dashed lines the hexagonal cell
corresponding to this subcell. Compare Fig. 7 (Pabst, Sawyer,
and Switzer, 1963).

Table 2 records the powder pattern used for re-
determining the dimensions of the pseudohexagonal
cell. Dual indexing is given. All hexagonal indices
conform to the rhombohedral lattice requirements,
with the additional restriction that k¥ = 4n, which
arises from the relations defined by the matrices given
above. A given hexagonal form may correspond to one,
two, or three monoclinic forms and so may be recorded
several times. For instance, {4489} is represented in
the table by (711) (4489), (323) (4849) and (115) (8449),
with monoclinic spacing differing by as much as 0.0050.
This table corresponds in large measure to the
previously published record for Na,SO,F (Pabst,
Sawyer, and Switzer, 1963, Table 7, also ASTM-PDF
card 15-678). However, that tabulation lacked the
multiple indexing,.

Figures 4A and 4B show precession patterns of
Lovozero kogarkoite on the monoclinic [010] and

PABST AND SHARP

[i21] axes respectively. Dial axis settings with the
pseudorhombohedral ¢ axis as common axis were 60°
apart, and the slight missetting, =4 1/2’, is not detect-
able. The distribution of spots on both patterns is that
expected with a rhombohedral lattice in (k0h/) and
Ohhl) sections, spots with 4 s 4n being weak in the
former and absent in the latter. Except for these
weaker spots the patterns are identical. Precession
patterns on the hexagonal a,, a,, and a; axes (mono-
clinic [i21], [010] and [121]) were run on several
crystals. In only two crystals were the weak spots with
h # 4n absent on the g, and a, precession patterns. In
others they were present on all three, usually with
varying intensity relations, in a few cases with identical
intensity relations as would be expected in a truly
rhombohedral material.

These findings and other peculiarities of the dif-
fraction effects can be explained by the presence within
the apparently single crystals of domains related by
120° and 240° rotations about the monoclinic [102]
axis and thus giving rise to an apparently trigonal axis,
the hexagonal c. In the X-ray patterns from such
composite edifices, reciprocal lattice sections such as
those of Figures 4A and 4B would be superposed, the
match being very good because (101) [= (0003)] is in
common for the two and because d for (201) [= (3030)]

FiG. 3. Stereographic projection of forms recorded on kogar-
koite. Plane of projection (101) monoclinic, corresponding to
(0001) pseudohexagonal. Both monoclinic and hexagonal
indices are given for each plane.
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is 8.051 and differs by only 1/400 from the d spacing of
2.0077 or 8.031/4 for (432) [=(0110)].

In precession patterns so slight a misfit is barely
perceptible if a very small crystal is used and settings
are precise. However, the discrepancy is of the same
order of magnitude as the difference between Cu Koy
and Ko, wavelengths. This gives rise to the triplets
in the high 26 region of Weissenberg patterns, previ-
ously mentioned. An example is given in Figures
5A and 5B which show small sections of the [102]
zero layer (hexagonal ¢ zero layer of hki0) Weissen-
berg patterns for a simple monoclinic crystal and for
a more typical intergrown crystal that gives rise to
the triplets. The detailed explanation is given under
the figures. For all crystals except one grown from
solution at room temperature, triplets such as those
shown in Figure 5B are seen in the high 26 regions

TABLE 2, X-RAY POWDER DIFFRACTION DATA FOR KOGARKOITE

T bkl  hkil  d{(obs.) d(calc.) I  hkl hkil  d{obs,) dicale. )
®mOnNoC . hex. monas ., hex.
400 40.4 g 44303 610  44.6 2.652
50 _ 4,29 4,293 ey 5 a7
012 44,4 4.288 15 214 84,6 2,648~ 2.645 2,647
311 04.5 g 3:802 222 8.6 2,645
o ~ 3,805 3.798 -
i 30.5 3.797 G2z Tos.0 2.631
401 30.6 3.643 502 30,9 2,578
003 30.6 3,633 25 JoL  80.5  2.572 2.573
5 3.63
501 60,3 3.616 106 30.9 2.573
303 60.3 3.605 70 T23 885 2.5662  2.563 2,566
12 8.0 PYRE 33 74,9 2.532
100 = 3.48% 3,481 _
020 48.0 3.475 5 414 104.4  2.520 2.520
10 103 20.7  2.36 3.355 0 403 1010 2.4mY 236 2.433
411 14.6 3.226 s1 08.7 2,283
o I 10 2.281
013 14.% 3.219 305 B0.7 2,281
311 843 3.207 {22 38.7 2,193
o = 3yl 10 2.191
313 843 3.200 324 I18.7 2,188
121 %8.3 3.197 [ oaa2.d 2.1545
203 To.8 3.03 800 80.8 2.1521
30 2.1495
30l 40.7  3.03 3.029 024 8.8 2.1440
113 44,7 3.021 711 44.9 1/ 2.1460
85 2.1419% 2.1426
503 80.1 2/ 2.995 323 i8.9 2,1410
85  _ N 2.9917 2.992 _ _
321 @8.1 2.990 115 8.9 2,1410
%02 380.2 g 2933 705 120.3 g 1.9sIs
20 2.927% 2,927 25 _ 1.9521 1.9515
222 B8.2 2,923 51 T212.3 1.950
5 122 58.5  2.814 2.824 622 08.10 1 1-9004
T 25 N _ 1.3005 1.8992
85 303 00.9 27182 2719 2.717 206 80.70 1.8985
420 08.4 g 2-704 10.0.2 120.6 ,, 1.8078
85 ~ _ 2.705% 2.704 15 _ 1.8022% 1.8026
404 80.% 2.704 234 012.% 1.8000
12 T04.2 2,703
Notes:

The table is based on a pair of powder patterns made with V-filtered, Cr radiation, in &

camera with 114,59 mm diameter, one with and one without quartz calibration.

~/Indicates lines used for the least squares calculation of the dimensions of the
pseudohexagonal cell.

2/lml1cnr.es lines used for a check on the df

For these lines o = 0.060 percent,
of the cell.

For these lines ¢ = 0,057 percent.
Spacings calculated from the hexagonal cell dimensions are given only for lines of these
two groups. Indices and momoclinic calculated spacings are given for all planes considered
to contribute to the recorded lines. Within the range of spacinga to 1.8 X there are nearly

200 more not corresponding to recorded limes.
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FiGc. 4A and 4B. Mo—Zr, zero level precession patterns of
kogarkoite from the Lovozero massif. The [102] monoclinic,
¢ pseudohexagonal, axis is vertical in both patterns.

A (left). Precession axis [010].

B (right). Precession axis [121].

of zero and higher layer Weissenberg films, regardless
of axis of rotation; however, in a few crystals such
as that represented by the precession patterns in
Figures 4A and 4B, the intergrowth is not fully
random in three orientations. However, triplets or
other multiplets are not seen for (000l) or for
other spots for which 4 = 4n when indexed on the
large hexagonal cell.

Heavily exposed films such as the rotation pattern
shown in Figure 1 sometimes show streaks parallel to
¢* (pseudohexagonal) along the most prominent
reciprocal lattice rows. This would suggest stacking
errors—in this case irregular sequences of the three
orientations of the monoclinic structure which simu-
late a rhombohedral lattice when perfectly random.

Space Group and Cell Content

The only systematic monoclinic absences are (0k0)
for k 3 2n. This suggests that the space group is P2,
or P2,/m. However, in rhombohedral indexing, hh2hl
reflections appear only for 4 = 4n. This includes the
monoclinic systematic absence just mentioned, so it
may be that this is a consequence of the pseudo-
rhombohedral character of the structure.
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A ' B

FiG6. 5A and 5B. Enlargements of small sections of the high
angle regions of [102] (monoclinic), ¢ (pseudohexagonal), zero-
layer Weissenberg patterns of kogarkoite.

A. Truly monoclinic single crystal, showing the spots from left
to right:

monoclinic “hexagonal” d
080 16.32.16.0 0.86825 A
884 3.32.78.0 0.79753

12.7.8 4.28.32.0 0.79806

B. Intergrown crystal with pseudohexagonal development,
showing same spots plus overlapping spots:

monoclinic “hexagonal” d
16.4.8 16.16.32.0 0.87083
20.1.10 28.4.32.0 0.79977

The overlapping of spots in B gives rise to triplets because the
difference in d of the overlapping spots, about 0.28 percent,
is nearly the same as the difference in wavelength of CuKa; and
CuKas, 0.25 percent.

The volume of the monoclinic cell is 1368.71 A®.
The volume of the hexagonal cell for the pseudorhom-
bohedral lattice, simulated by the association of
monoclinic domains in three orientations turned at
120° to each other on the [102] axis, is just 12.0005
times greater. This close correspondence is to be
expected, because small differences in spacing along
the monoclinic [010] and [i21] axes, which cor-
respond to a, and @, hexagonal, are effectively averaged
in the rhombohedral interpretation. The calculated
density with Z respectively 12 and 144 is 2.679 in either
case. This may be compared with observed densities
from Berman balance determinations:

kogarkoite (Lovozero 2.66(6)' based on eight frag-
massif) ments with total weight 8.4
mg,

1 Here and in the rest of this article, the numbers in
parentheses represent estimated standard deviations (e.s.d.)
in terms of the least units cited for the value. Thus 2.676
(3) indicates an e.s.d. of 0.003 whereas 2.66 (6) indicates
an e.s.d. of 0.06.
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TABLE 3. MODIFIED MONOCLINIC ANGLE TABLE FOR KOGARKOITE

a:bo:co=2,6008:1:1.6463; B107° 43'; p g :r_ =0.6330 : 1,5683 : 1
- - il o =0

£, i By ¢ gy = 0.4036 1 0.6376 : 13 72°17°; pl 0.6645, g 1.6463, x! 0.3193

ng

hkil bkl ® ° (hk1a101) (hOR1A0001)

Y e . Erom hexagonal constants

ZToliry 00k 2041008 T7iedy for rhombohedral pseudocell

0001 101 90° 00'  44° 32'

To1ot 301 90° 000 -45° 16 1/2' 89° 48 1/2'%/ 90° 00"

0221 210 38° 55'  90° 00 63° 52°

= . 63° 45°

2021 1ot 90° 00" -19° 03' 63° 35°

2041 301 90° 00’ -59° 09* 76° 19'

A ) 76° 09'

daol  T1L -11° 50'  59° 16' 76° 05'

10l1 100 90° 00'  90° 00' 45° 321

-3 45° 23!

il o2 22° 49" 41° 26 450 237

8085 701 90° 00' -77° 00' 58° 28°

~ - 58° 21°

8805 123 5° 057 47° 46" 58° 19°

Notes:

1/

='These forms not observed.

Z/Corresponding to this the angle between the [101] monoclinic axis, taken as c
hexagonal and the [102) monoclinic axis, taken as [2150] hexagonal is 90° 11 1/2'.
The angle between ¢ and ay hexagonal, is exactly 90° and corresponds to the angle
between monoclinic b and ¢ axes.

The angle between the monoclinic [010) and {121] axes, corresponding to

hexagonal a, and a is 60° 4 1/2°.

2
The table is modified from the standard for monoclinic crystals im that the forms
are listed in an order to emphasize the pseudorhombohedral character and by the

substitution of angles other than those generally given for monoclinic crystals

in the two columne at right.

2.67 (PS & S, Table 3),
2.666(6) six crystals grown
from solution,

2.676(3) three fragments of
crystals grown from melt.

synthetic kogarkoite

Morphology

Table 3 is a standard angle table for kogarkoite
calculated from linear elements based on the mono-
clinic cell dimensions. Both monoclinic and hexagonal
indices are listed. The indexing of de Marignac as
given by Groth (1908, p. 376) and that of Foote
and Schairer (1930, p. 4206) can be reconciled with
the hexagonal indexing used here by interchanging
designations of positive and negative rhombohedra
and halving the c:a ratio of the earlier authors, as
previously explained by Pabst, Sawyer, and Switzer
(1963, p. 496). The p angles only are given for the
hexagonal description. In each case this angle lies
within the range of the corresponding pair of mono-
clinic C angles. These relations are also shown in
stereographic projection in Figure 3.
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Since goniometric results were interpreted on the
basis of a hexagonal reference system, only hexagonal
indices will be used in the following discussion. All of
the forms listed in Table 2 were reported by de
Marignac. All of these forms have been repeatedly
observed on synthetic crystals, both on crystals grown
by Schairer and kindly supplied by him years ago and
on crystals grown from solution in connection with
the present study. The dominant forms are {0001},
{4041} and {0221}, the faces of the latter two ap-
pearing on all crystals with about the same frequency.
The frequency of {1011} faces is less by a factor of
about 2/7 and that of {8085} faces by a factor of
about 1/7.

There is a consistent difference in the habits of
synthetic crystals and the natural crystals from
Hortense Spring and Wright’s well. The former are
always tabular as shown by de Marignac (1859, PL. 1V,
Fig. 9) and by Foshag (1931, Fig. 5). The natural
crystals, however, lack the minor forms {1011} and
{8085} and are of rhombohedral or bipyramidal
habit, being rarely tabular. Figures 6A and 6B show
four natural and four typical synthetic crystals. The
synthetic crystals, being tabular, are all seen lying with
¢ (hexagonal) normal to the plane of the picture. Two
of the natural crystals are in this orientation but two
have their ¢ (hexagonal) axis parallel to the plane of the
picture, showing the rhombohedral to bipyramidal
habit. One of these shows a polar development which
was seen on several crystals. Synthetic crystals were
grown with dimensions up to 3.4 mm thick and 8.5 mm
wide, but the mosaic structure of such large crystals is
so pronounced that they are not suitable for measure-
ment.

Twinning

Possibly the almost omnipresent intergrowth pre-
viously discussed is to be considered a kind of twinning,
de Marignac (1859) reported twinning on the base and
Foote and Schairer (1930, p. 4206) reported that
“twinning on the base is common.” Such twinning is
suggested by the appearance of faces of complementary
rhombohedral forms simulating a nearly complete
bipyramidal development. However, most of the
measured synthetic crystals and a few of the natural
crystals were found to have an ideal rhombohedral
development with no suggestion of twinning. The
twinning considered here corresponds to rotation of
the rhombohedral lattice by 180° (or 60° or 300°)
about the ¢ axis (monoclinic [102]). It is easily rec-
ognized in ¢ axis oscillation patterns, giving rise to an
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Fic. 6A and 6B. A (left) Four crystals of kogarkoite from
Hortense Hot Springs, Colorado.
B (right) Four crystals of kogarkoite grown from solution.

apparent symmetry plane normal to the oscillation
axis, and in (k0Al) sections of the reciprocal lattice as
well as in any higher layers normal to c*. Patterns of
some or all of these types were run on ten natural
crystals and 10 synthetic crystals. All but one of the
natural crystals show X-ray evidence of (0001)
twinning. Contrary to the reports of previous
observers, only one of the synthetic crystals was found
to be a (0001) twin, this with the two parts of the twin
of markedly unequal volume. Most of these crystals
showed an ideal rhombohedral habit with no com-
plementary forms.

Though (0001) twinning, which is widespread among
truly rhombohedral crystals, was found to be in-
frequent in synthetic kogarkoite crystals grown from

Fic. 7. Twin crystal of synthetic kogarkoite mounted for
goniometry and X-ray diffraction. Photographed in immersion.
Large horizontal face is (101) monoclinic, (0001) pseudohex-
agonal.
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solution, it commonly occurred in pairs with an a
(hexagonal) axis in common and the ¢ axes inclined at
about 58 1/2° to each other. About 25 such “twins”
were found. Four were measured goniometrically and
three of these, including one developed as a triplet and
shown in Figure 7 as mounted for goniometry, were
examined by hOAl precession photographs. In the best
example, both parts of the twin are single crystals and
the two are related by the approximate superposition
of (8085) on (0009). In another each of the diverging
parts is in itself a (0001) twin. In the specimen shown
in Figure 7, the main part is a (0001) twin and the
satellites projecting on both sides are each turned on a
common axis about 58 1/2° in opposite sense with
respect to the main part.

Physical and Optical Properties

Hardness, determined on a large single crystal
grown in suspension, can be given as 3 1/24 but
distinctly below 4, probably nearly the same as the
hardness of schairerite, given as 3 1/2 by Foshag
(1931, p. 135).

The melting point of Na;SO,F was given as 781°C
by Wolters (1910, Table 3).

Foote and Schairer (1930, p. 4206) reported
NazSO,F to be “uniaxial, optically positive”; Wolters
(1910, p. 67) reported it to be “nearly uniaxial,
positive”. Interference figures show broad isogyres
due to the exceedingly low birefringence so that the
very small optic angle cannot be measured. The
crystals show no more spreading of the isogyres than
do many crystals which must be considered truly
uniaxial; however, they may show a bit of separation
of the isogyres owing to strain or unknown causes.
Even those few crystals that were found to be free
or nearly free of the intergrowth which gives rise to
the rhombohedral pseudosymmetry are essentially
optically uniaxial so that the apparent uniaxial char-
acter cannot be ascribed to aggregate effects. Never-
theless, the optical properties as referred to the
monoclinic axes should now be given as: « = 8 =
1.439(1), y (L{101}) = 1.442(1), 2V = 0° or
very small. Birefringence, as determined by Berek
compensator on two synthetic crystals, 0.36 and
0.33 mm thick, was found to be 0.0029(3). This
is substantially higher than the birefringence,
0.0012(2), found for schairerite and for galeite
(Pabst, Sawyer, and Switzer, 1963, Table 2). Direct
comparison of kogarkoite from the Lovozero massif
and from Colorado with synthetic kogarkoite showed
that the refractive indices of all are identical.
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Kogarkoite from the Lovozero massif was reported
as 0.4 to 2 cm crystals that were “pale sky-blue in
color” (Kogarko, 1961). No trace of color could be
detected in the small crystals from Colorado, in any
of the synthetic material, nor in small fragments of
the Lovozero kogarkoite.

Phase Relations in the System Na,SO,~NaF-NaCl

Kogarkoite can be synthesized in several ways. de
Marignac (1859) obtained it accidentally upon
evaporating an HF solution of NaF, a bit of H.SOy
also being present. He found the double salt to be
soluble in pure water from which it could be re-
crystallized by cooling. Wolters grew crystals from
an aqueous solution at 35°C but found that at 20°C
Na,SO,-10H,O crystallizes first upon evaporation
of an equimolal solution of NaySO, and NaF. Foote
and Schairer (1930, Table 1) reported solubility
isotherms in the system Na,SO,~NaF-H,O at 10, 15,
25 and 35°C. They estimated that the lowest tem-
perature at which Na,SO,F crystallizes in this system
is 17.5°C. Their data for 25°C suggest that an aque-
ous solution containing 8.86 percent Nas,SO, and
2.37 percent NaF—this corresponds to a slight
excess of Na,SO, over the 1:1 proportion of
Na,SO,:NaF—is in equilibrium with Na;SO,F and
NaF; in other words, the saturation curve of NaF
at 25°C in this system overlaps the point of equi-

PNaCl
Halite

Nqu
Thenardité

O Sulfohalite

Galeite
Schalrerite

NozS0sF ogarkolfe

O natural only

@ natural and artificia!

'N{IF
Villiaumite

FiG. 8. Minerals in the system Na;SONaF-NaCl. Composi-
tions plotted in terms of mole proportions.
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molal concentration of the two simple salts in solu-
tion. In the course of the present study, NasSO,F
was repeatedly crystallized from aqueous solution at
23°, at 38° and at 68°C without the appearance of
NaF as a solid phase. The concentration of an
aqueous solution saturated with NasSOF at 24°C
was found to be 12.00(5) weight percent Nas;SO,F,
very close to the concentration under similar but not
identical conditions reported by Foote and Schairer
(1930, Table 1). The density of such a solution, as
determined by a pycnometer of 10 cc capacity, is
1.11(1).

Besides being formed from a solution or from a
melt (Wolters, 1910), kogarkoite can also be formed
by sintering of NaF and Na,SO, at 550°C or less.
Further, it is formed topotactically with the separa-
tion of disoriented Na,SO, and NaCl when schairer-
ite, galeite, or sulfohalite are heated, the perfection
of the alignment of the newly formed Na;SO,F
varying inversely as the Cl content of the initial
crystal (Pabst, Sawyer, and Switzer, 1963, pp. 508-
509).

Wolters found no ternary salts in the system
Na,SO,~NaF-NaCl and no one has reported syn-
thesis of sulfohalite, Nag(SO,).FCl, nor of schairerite
or galeite for which the formulas Nag; (SO4)F¢Cl
Na;5(S804)5F,Cl have recently been confirmed
(Brown and Pabst, 1971).

Foote and Schairer (1930, p. 4215) stated that
“in the quaternary system the double salt
Na,SO,-NaF has a limited part of its fluoride re-
placed by chloride” and that “The replacement of
fluoride by chloride raises the indices of refraction
of the double salt” but cited no measurements to
support either statement. The diagram for the system
Na,S0O,—NaF-NaC(l published with the description of
galeite (Pabst, Sawyer, and Switzer, 1963, Fig. 6)
included a solid line intended to indicate the range
of composition of the solid solution reported by
Foote and Schairer. This range overlapped the
compositions of schairerite and galeite as plotted
from the then available analyses, though even at that
time Na.SO.F free of chlorine had been crystallized
at room temperature from solutions containing NaF-
NaCl in the ratio 4:1. Figure 8 is intended to replace
the partly misleading figure of 1963. The line repre-
senting the supposed solid solution has been de-
leted and the points representing the compositions
of schairerite and galeite have been replotted as
required by reliable analyses and the newly con-
firmed formulas.
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Structure

Evidence has been presented (Pabst, Sawyer, and
Switzer, pp. 497-499) that the structures of galeite,
schairerite, and kogarkoite are all related to that of
sulfohalite (Watanabé, 1934; Pabst, 1934) which
has recently been refined by Sakamoto (1968). This
is indicated not only by the topotactic transforma-
tions and the dimensional relations among these
phases but also by the close correspondence of
X-ray diffraction intensity relations in the zone of the
3—fold or pseudo-3—fold axis (Pabst, Sawyer, and
Switzer, 1963, Table 6). If referred to hexagonal
axes, the structure of sulfohalite, as shown by Figure
8 in the same publication (except that a few Na
atoms were inadvertently omitted from the drawing),
suggests the hexagonal or rhombohedral structures
of its close relatives.

Besides the rhombohedral pseudocell which arises
in kogarkoite owing to the special dimensions of the
monoclinic lattice, there is a smaller subcell within the
monoclinic cell that is revealed by the intensity
relations in the A2hhl and hki0 sections of the hexag-
onal reciprocal lattice for the large rhombohedral
pseudocell. Strong X-ray diffraction spots occur in
photographs of the h2hhl section only for / = 9n and
h = 4n and in the AkiO section only for 2 = 4n. The
strong spots correspond to a subcell for which ¢
(hexagonal) is 8.155 A and a (hexagonal) is 6.949, and
indexed on this subcell they conform to rhombohedral
centering of the hexagonal sublattice. The primitive
rhombohedron has the dimensions a, 4.846, « 91° 36’
and contains one formular unit of NasSO,F. It
corresponds closely to the one-eighth of the unit cube
of face—centered sulfohalite which was pictured by
Pabst (1934) and which may be considered a rhombo-
hedron with a, 5.034, and « = 90° 00, and cell
content Na,SO,F, ,,Cl,,», there being F and Cl atoms
at alternate corners of such a small cube (which is nota
translation unit). A section through such a rhombo-
hedron parallel to one of its symmetry planes is
indicated by dotted lines at the right in Figure 9; this
also shows the relation of this subcell to the mono-
clinic unit cell and to sulfohalite cells. In both parts of
Figure 2 the dimensions of the hexagonal subcell are
shown by dashed lines; those of the small thombo-

hedron within it, by dotted lines. )
The rhombohedral subcell of kogarkoite has

shrunken edges relative to the one-eighth unit cube
of sulfohalite because of the smaller radius of F
compared to Cl and is compressed along a body
diagonal. A reasonable atomic arrangement can be
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TABLE 4. DATA FOR STRUCTURE OF THE RHOMBOHEDRAL SUBCELL
OF KOGARKOITE AND THE CORRESPONDING ONE EIGHTH

UNIT CUBE OF SULFOHALITE

kogarkoite sulfohalite
a 4.846 & 5.034
a 91° 48’ 90° 00'
1
z Na SO, F Na3804%
R X Z X z
Finl a x,x,x 0 F,Cl 0
Sinla 0.496 0.500
Fic. 9. (left) Atomic arrangement in pseudorhombohedral o1 15 1L3 — —
subcell in kogarkoite. Compare Omori (1970, Fig. 2) or Pabst 1
(1934, Fig. 1). (right) Full lines, (110) sections of six unit cubes 3 0, in 3 b x,x,z 0.671 0.325 0.662 0.331
of sulfohahjte; dot—dash. lmes,_(OlO) secjuon of monoclinic cell , ., ; b o%s05 To4650 0.446  0.000
of kogarkoite; dotted lines, (12.0) section of pseudorhombo- -~~~
hedral subcell of kogarkoite.
s-0 1.474 1.474
Na - 0 2.343 2.430
fou'nd within such a unit by analogy with the sulfo- A 2.247 (Na - CL 2.787)
halite structure. F atoms are at the corners of the J ez BE5d o IR
rhombohedron, Na atoms, which in sulfohalite are &
0, -F 2.773 0 - CL 4.110

situated between F and Cl but displaced towards F,
may be expected to be midway between two F atoms.
Symmetry requires that S be at the center of the small
cube in sulfohalite. If it were similarly placed in the
deformed cube in NaySO.F, distances between Na
and the corners of the four nearest SO, groups
would not be alike as they are in sulfohalite. How-
ever, it is easy to find a location and orientation of
the SOy group such that these distances are equalized,
dimensions for the SO, group being taken from
Sakamoto’s (1968) refinement of the sulfohalite
structure. These considerations lead to a substructure
shown at the left in Figure 9 and which may be
described as shown in Table 4 where comparable
data are also given for sulfohalite.

A table' records observed and calculated F’s for
10 #ki0 and 13 hh2Al reflections for the subcell. For
these R is just under 24 percent. This may be taken to
confirm the expectation that near-neighbor relations
in kogarkoite are similar to those in sulfohalite.
However, the subcell structure is based on relations in
two projections only. Many of the strong spots seen in
the two patterns shown on Figure 4 cannot be ac-
counted for in terms of this subcell. So the subcell
cannot be considered an approximation to a transla-

* A table listing observed and calculated structure factors
for the subcell structure of kogarkoite shown in Figure 9,
for hki0 and hhil only, may be obtained by writing A. Pabst.

Data for sulfohalite derived from Sakemoto (1968, table 3)

tion unit. If the true space group is indeed P2, or
P2,/m, as systematic absences suggest, SO, groups
must be present in at least two orientations as they are
in sulfohalite.

The subcell structure suggests that sheets of F

atoms parallel to (0001)—(101) monoclinic—
occur at intervals of 8.155/3 = 2.718 A. The
slightly larger value, 2.722, used by Brown and
Pabst (1971, p. 177) in predicting cell dimensions
for galeite and schairerite was based on the ¢
dimension previously reported for this phase. Substi-
tution of the improved value for the distances be-
tween the fluorine sheets would reduce the “c, pre-
dicted” by 0.012 and 0.020 respectively, slightly
improving the agreement between observed and pre-
dicted cell dimensions of galeite and schairerite.
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