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ABSTRACT

The electron-microprobe analysis -of forty-seven
crystals of galkhaite (Hg,Cu,Zn,T1,Fe,[])s(Cs,TI,
[)(As,Sb),S;, from the Getchell mine, Humboldt
County, Nevada, shows that Cs exceeds T1 in nearly
all the crystals. The crystal structure of galkhaite
(« 10.365(3) .&, space group. I43m) has been refined
to R = 264% from 680 unique reflections
obtained by averaging the whole MoKa sphere to
26 = 80°. The refinement indicates that Cs oc-
cupies the 2a sites whereas Tl is distributed be-
tween the 24 sites with Cs and the 124 sites with
(Hg,Cu,Zn,Fe) in a ratio of about 2.67:1. Neither
position is fully occupied in the structure. There is
a linear antipathetic relationship between the Cs
and TI contents of this sulfosalt; the slope of the
relative proportion Cs:Tl is about 3:2.

Keywords: galkhaite, microprobe analyses, cesium,
thallium, sulfosalt, crystal-structure redetermina-
tion,

SOMMAIRE

L’analyse 4 la microsonde électronique de 47
cristaux d'une galkhaite [Hg,Cu,Zn,T1,Fe,[]),(Cs,TI,
[11(As,Sb),S,; de la mine Getchell (comté de Hum-
boldt, Nevada) fournit Cs > Tl pour presque tous
les cristaux. structure cristalline de la galkhaite
[a 10.365(3) A, groupe spatial 143m] a été affinée
jusquda R = 2.64% sur 680 réflexions uniques,
moyennes de toutes les réflexions mesurées au Mo
Ka jusqu'a 26 = 80°. L'affinement indique que
Cs n'occupe que les sites 2a alors que T1 est parta-
gé entre les sites 2a avec Cs et les sites 124 avec
(Hg,Cu,Zn,Fe) dans un rapport d’environ 2.67:1.
Ces deux positions sont incomplétement occupées.
Le contenu en Cs et celui en Tl de ce sulfosel sont
en relation linéaire inverse de rapport 3:2,

(Traduit par la Rédaction)
Mots-clés: galkhaite, analyses & la microsonde, cé-

sium, thallium, sulfosel, redétermination de la
structure cristalline.

INTRODUCTION

Gruzdev er al. (1972) first reported the oc-
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currence of the sulfosalt galkhaite [cubic, a
10.41(1) A, space group I43m] from the Gal
Khaya deposit, Yakutia, and the Khaydarkan
deposit, Kirgizia. Their chemical analyses
showed the following compositions: (Hgo.7«Cls.1r
ZDo.MTlo.m)x.os(ASo.ssSbo.oz)l.ooSz.ox (Gal Khaya)
and (Hgo.socuo.xszno.osno.os) 1.os(ASo.ssSbo.u) 1.00
S1e; (Khaydarkan). Botinelly et al.- (1973) re-
ported galkhaite from the Getchell mine, Hum-
boldt County, Nevada and gave the results of
two analyses of the composition. The micro-
probe analysis, carried out by Gerald Cza-
manske and normalized to § = 12, gave (Hga.z
Cuo.0:Z00.3:Tlo.20) 25.72A85.60815. The speg:trographic
analysis (N. M. Conklin), again normalized to
S = 12, gave (Hgs2Cui.46Tlo.s1Zn0.25F€0.11) z5.52
(As4.58bo.0c) z5.0:812.  The principal difference
between these analytical results lies in the ratio
of (As,Sb) to S, but the important feature is
that neither ratio is as high as that claimed by
Gruzdev et al. (1972), namely, 1:2. Conklin’s
analysis included additional trace amounts of
Ag, Cd, Al, Ca, Mg and Mn. Jungles (1974)
published a review of these two mineral de-
scriptions and his own comments on galkhaite
from the point of view of a mineral collector.

Divjakovi¢ & Nowacki (1975) published a
single-crystal X-ray structure determination of
galkhaite using a crystal from the Getchell
mine but based their starting premises for the
composition of galkhaite on the spectrographic
analysis of Botinelly et al. (1973). Their X-ray
study showed a heavy element at the origin (2a
site) of a body-centred cubic cell, space group
I43m; they concluded that this was T1. Refine-
ment of the population parameter of this atom
gave a surprisingly low value of 0.48, giving
a chemical formula [Hgo.7s(Cu,Zn)oe.2ali2Tlo.0e
(AsS;)s or, rewritten based on S = 12, [Hgo
(Cu,Zn)¢.24)e (Tlo.qs[jo.sa) AsiSqa.

Another structure determination of galkhaite,
reported at about the same time by Kaplunnik
et al. (1975), was done on crystals from Gal
Khaya. It was based on the chemical formula

for the Gal Khaya material quoted above. The
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space group was found to be I43m, with
a 10.422(3) A. The refinement was apparently
based on 122 observed reflections (out of a
possible 347 within the sing/A = 0.87 A!
limit quoted). No mention was made of ab-
sorption corrections being applied to the data,
which were collected from a very large crystal
(0.3-0.5 mm across). The structure proposed
by Kaplunnik er al. (1975) is analogous to the
Divjakovié & Nowacki (1975) model so far
as the (Hg, Cu, Zn), As and S of the latter
are concerned, but differs from the latter model
in the atoms claimed to be at, or near, the
origin. Kaplunnik et al. proposed that two
thirds of the origin sites were occupied by
As*” jons and that one third of the origin sites
had an As atom at a distance of 1.25 A from
the origin, along the body diagonal of the cell.
Thus, with the 43m symmetry around the origin,
discrete Ass tetrahedral molecules were sug-
gested, with As—As distances of 2.1 A. The
combination of two-thirds occupancy for As®~
and one-third occupancy for the As, tetra-
hedron, added to the As in the 8¢ sites, yields
an As:S ratio of 1:2. We strongly suspect that
this very unusual combination was designed to
make the compositional formula, derived from
the X-ray analysis, fit the results of the chemical
analysis of galkhaite at their disposal. The
agreement factors quoted are R = 9.8% for
all 122 reflections, and R = 5.2% if only 98
reflections are considered (?). These values are
significantly worse than the agreement obtained
by Divjakovi¢c & Nowacki (4.5% for all 132
data, 4.3% for observed data). This proposed
structure will therefore not be considered
further, except to state that if the observed
density of electrons at or near the origin (com-
bination of As®*” and As. tetrahedra) is reinter-
preted in terms of a single heavy metal, the
Divjakovi¢ & Nowacki structure is obtained,
and the As:S ratio becomes 1:3.

In a study of mercury minerals, one of us
(T.T.C.) noted that a substantial concentration
of cesjum was present in galkhaite. Owing to the
rare occurrence of cesium and thallium in
nature and to the association of these two ele-
ments with mercury in this mineral, an ex-
tensive study of the chemical variations in
galkhaite (T.T.C.) and a re-examination of the
crystal structure (J.T.S.) were undertaken.

SAMPLE

Only galkhaite from the Getchell mine was ex-
amined in this study; attempts to obtain material
from the Gal Khaya and Khaydarkan deposits
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were unsuccessful. The samples examined in
this study include (1) 26 detached cubic crys-
tals, which include two from the Royal Ontario
Museum (ROM M35441), 23 from the U.S.
National Museum of Natural History — Smith-
sonian Institution (USNM 127441) and one
from the Ecole Nationale Supérieure des Mines
de Paris (ENSM 36280), and (2) one hand
specimen containing dozens of galkhaite crys-
tals from the National Mineral Collection of the
Geological Survey of Canada (GSC 13949),
(3) one microcrystal mount (4 crystals) pur-
chased from Ward’s Scientific Establishment
and (4) several hand specimens (11 galkhaite
grains in polished sections) obtained from Dr.
R.I. Thorpe of the Geological Survey of Can-
ada (TQ 78-149, 78-151).

Galkhaite crystals are usually brownish to
reddish black and show an adamantine lustre,
except for the GSC 13949 crystals, which are
relatively reddish and vitreous. The crystals
are cubes or clusters of cubes, approximately
1 mm in edge, and commonly show striations
pormal to [111] on {100} (Fig. 1). On one
crystal (Ward’s specimen), minor {110} faces
also are developed. The same striations were
noted on the Khaydarkan crystals, and the minor
faces on the Gal Khaya crystals (Gruzdev et al.
1972). In GSC 13949 and Ward’s specimens,
galkhaite occurs as striated cubes in vugs, asso-
ciated with getchellite, realgar, orpiment, pyrite
(arsenian), stibnite (arsenian), fluorite and

quartz. However, in specimens TQ 78-149 and
78-151 (dark grey “rock™), galkhaite occurs as
irregular grains with the same mineral associa-
tion in a fine grained quartz matrix. Pyrite and

Fic. 1. SEM photograph of galkhaite crystals
showing striations diagonal to the cube faces
(GSC 13949).
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quartz are common inclusions in galkhaite,
whereas some galkhaite occurs as inclusions in
realgar. The optical properties of galkhaite were
found to be identical to those reported by
Botinelly et al. (1973).

MICROPROBE ANALYSES OF GALKHAITE

Forty-seven crystals were analyzed for com-
position. Each crystal was first examined using
an SEM equipped with an energy-dispersion
analyzer, and subsequently analyzed using an
electron microprobe. In all crystals, the presence
of S, Hg, As, Cu, Zn and Cs was confirmed,
and in some crystals minor amounts of Sb and
Fe also are present. With the use of the wave-
length-dispersion spectrometer, Tl was detected
in all crystals but one. The presence of Cs in
galkhaite was obvious, as the energy-dispersion
spectra clearly showed the CsLa, L8: LB and
Lvy: emission lines.

Electron-microprobe analyses were performed
using an accelerating voltage of 20 kV and the
following emission lines and standards: SKq
enargite, HgMa cinnabar, CuKq enargite, Fe
Ko argentopyrite, CsLa CsCl, TlLa lorandite,
AsLa lorandite, ZnKq ZnS and SblLa chal-
costibite. The data were processed using a
modified EMPADR VII computer program of
Rucklidge & Gasparrini (1969). Because of
peak overlapping and the lack of suitable
standards that would closely duplicate the gal-
khaite matrix, the totals of the analyses were
usually found to be greater than 102% if emis-
sion lines and standards other than those quoted
above were used for the analyses. The main
discrepancies were found in Hg, S and As con-
tents. For example, using the AsKq line rather
than AsLa tended to result in a higher As
content for galkhaite; using a Pd;HgTe, (Hg
M) standard instead of cinnabar (HgMa)
gave a higher Hg content for galkhaite; a
lorandite standard rather than an energite stand-
ard resulted in a higher S content. Table 1 lists
results of 21 analyses that were obtained using
the standards and emission lines indicated above.
In general, the variations in analyses resulting
from the use of various standards and emission
lines are (in wt. %) Hg =1.2, S 0.6 and As
+0.5. Zn and Cu are accurate to 0.1 wt. %;
because of the possible interferences by the lines
Hglo and AsKa, the reported values for Tl
(La) are considered to be within 0.5 wt. %
of the true values. Only one Cs standard was
available for this study; consequently, the ac-
curacy of the Cs analysis is not known. How-
ever, the reported Cs values are far short, in
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TABLE 1. RESULTS OF ELECTRON-MICROPROBE ANALYSES OF GALKHAITET

1. 2. 3. 4, 5. 6. 7.
S 22.3 22.3 22.2 22.4 22.0 22.0 21.8
Hg 48.7 50.8 49,0 49.3 51.7 52.4 53.0
In 2.3 1.7 2.4 2.0 1.8 1.3 1.4
Cu 3.4 3.4 3.3 3.2 3.5 3.6 3.4
Fe nd nd 0.1 0.1 nd nd nd
T 4.2 2.2 3.7 3.6 1.7 1.1 1.4
Cs 3.7 5.3 4.5 4.6 5.4 5.7 5.5
As 15.3 15.6 15,2 14.9 15.4 15.0 15.3
Sb nd nd nd 0.4 nd nd nd
Total 99.9 101.3 100.4 100.5 101.5 101.1 101.8

8 9 10 n 12 13 14
S 21.7 21.8 21.9 21.8 21.4 21.7 22.1
Hg 51.4 51.7 51.2 52.0 52.6 62.0 50.0
In 1.7 1.5 1.6 1.4 1.5 1.6 2.4
Cu 3.5 3.5 3.6 3.6 3.6 3.3 3.4
Fe nd - - - - - nd
m 2.3 2.5 2.3 2.5 0.8 3.9 2.2
Cs 5.1 5.1 5.6 5.0 5.8 3.9 5.1
As 15.0 14.8 14,9 147 14.7 14.8 15.5
Sb nd - - - - - nd
Total 100.7 100.9 101.1 101.0 100.4 " 101.2 100.7

15 16 17 18, 19 20. 21
S 21.9 22.6 20.9 21.4 22.5 22,7 22.3
Hg 50.0 48.3 51.6 49.8 49.1 48.9 49,7
In 2.2 1.9 0.3 1.2 2.5 2.2 2.5
Cu 3.3 3.2 1.6 3.0 2.6 2.7 2.6
Fe nd nd nd nd 0.5 0.5 0.5
T 4.1 7 nd 1.6 2.5 2.9 2.4
Cs 4.0 5.6 7.1 5.9 5.1 4.6 5.2
As 15.8 15.9 14.5 15,1 15.6 15.7 15.7
Sb nd nd 3.1 2.4 .nd nd nd
Total 101.3  100.1 100.7* 100.9%% 100.4 100.2 100.9
Nos. 1-4 GSC-13949; No. 4 X-ray single crystal. tin wt. %

No. 15 ROM-M35441.
Nos. 19-21 TQ 78-149.
nd not detectable.

Nos. 5-13 USNM-127441. No. 14 Ward's.
No. 16 ENSM-36280., Nos. 17-18 TQ 78-151.
* Including Ag 1.6, ** Including Ag 0.5.

all cases but one, of the S:Cs ratio of 12:1 re-
quired for stoichiometry in the subsequent crys-
tal-structure analysis.

Table 1 shows that the composition of gal-
khaite varies from crystal to crystal. The most
significant variations (in wt. %) are in cesium
(3.6-7.1) and thallium (not detectable—6.7).
The observed compositional ranges do not agree
with previously reported data (Gruzdev er al.
1972, Botinelly et al. 1973). The average com-
position is S 22.0, Hg 50.7, Zn 1.8, Cu 3.2,
Tl 2.4, Cs 5.1, As 15.2 and Sb 0.3, total 100.7
wt. %, corresponding to (Hgs.Cuo.ssZNo.a8) 5578
no.mCSo.w(ASs.ssSbo.M)23.59812. The analysis» -of
galkhaite with highest Cs (no. 17) gives (Hgs.zs
Cuo.se Agosr Zn0.08) z5.55 CSo.08 (ASs.56 Sbo.a7) 24.08 Sz,
whereas the analysis with the lowest Cs (cen-
tral portion, Fig. 2) gives (Hgs2:Cuo.05Zn0.61)
}:5.79T10.57cso.sa(ASa.seSbo.o«;) s3.00912. The average
composition, in general, agrees with that reported
by G. Czamanske (Botinelly et al. 1973), with
the exception of cesium, which he did not de-
termine,

The composition of each crystal is fairly uni-
form, although some crystals show slight varia-
tions in Hg, As, Tl and Cs content. An in-
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F16. 2. SEM back-scattered electron image showing
compositional zoning along the periphery of a
galkhaite crystal. The outermost zone (grey)
gave Hg 49.1, Cu 34, Zn 2.1, T1 2.2, Fe 0.1,
As 155, Sb 0.2, Cs 5.0 and S 22.1 wt. %. The
central portion (light) of the crystal gave Hg
48.9, Cu 3.5, Zn 2.3, Tl 6.7, As 154, Sb 0.3,
Cs 2.5 and S 22.2% (GSC 13949).

crease in Cs content is accompanied by a de-
crease of TIl. This relationship is found not only
within individual crystals, but also among dif-
ferent crystals. Only two crystals were found,
using SEM back-scattered electron images, to
show distinct compositional zoning. The major
differences are in Cs and Tl content. Figure 2
shows one of these crystals, in which the outer-
most zone is Cs-rich (Cs 5.0%, Tl 2.2%) and
the central portion of the crystal, Cs-poor (Cs
2.5%, Tl 6.7%). The zoning is not related to
the striations on the crystals, as the zoning oc-
curs along the crystal periphery roughly parallel
to {100}, whereas the striations occur parallel to
the cube-face diagonals (Fig. 1). The SEM
back-scattered electron images did not show
any apparent compositional change associated
with crystal striations,

X-RAY-DIFFRACTION STUDIES

Several crystals of galkhaite from the Get-
chell mine, Nevada, were examined by X-ray
diffraction. The Debye-Scherrer powder pat-
terns are in excellent agreement with that of
Botinelly et al. (1973). The cell dimension was
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found to be 10.365(3) A, a value significantly
smaller than that reported by Divjakovié &
Nowacki (1975), 10.379(4) A, though in close
agreement with that of Botinelly et al. (1973),
10.36 A. One cubic crystal was ground to a
sphere 0.282 mm in diameter using the Bond
method (1951). Detailed examination of this
single crystal on a 4-circle diffractometer with
MoK radiation revealed a variation of some
20% between the intensities of equivalent re-
flections. The only possible explanation of this
phenomenon is that most of the diffracted in-
tensity emanates from the unpolished surface of
the ground sphere of this highly absorbing
material, and that the surface texture may not
have been uniform. A second single crystal was
therefore tested; it was a corner broken from a
cube, with one long cubic edge (0.2 mm) and
two shorter cubic edges (0.08, 0.05 mm). Parts
of three planar cubic faces were described, as
well as numerous irregular “faces” on the
cleaved side of the fragment. Absorption cor-
rections were evaluated for this crystal, using
a Gaussian integration procedure and a grid of
12x12x10 points (Gabe & O’Byrne 1970). The
agreement between absorption-corrected equi-
valent intensities was much better than in the
case of the spherical specimen. The cell dimen-
sion was refined by least squares (Busing 1970)
from the optimized observed 26, y and
values for 48 reflections (53°<26<60°) using
A(MoKai) = 0.70930 A.

Intensity data were collected with graphite-
monochromated MoKe radiation to a limit of
20 = 80°, using a #—26 scan technique at 2°/
min in 24, with a scan width of 2° plus the
oo dispersion. Background counts were ob-
tained for 40 seconds on either side of the peak
position. Three standards were measured every
50 reflections to maintain a check on crystal
alignment and instrument stability. A uniform
systematic decrease of about 5% in the in-
tensity of the standards was noted over the
period of data collection (about six weeks).
As the crystal alignment was found to be un-
changed at the end, a linear scaling procedure
was applied to the data to account for this
decrease. All data within the above sphere were
collected and corrected for absorption. The
data were averaged, keeping the Bijvoet pairs
separate. This resulted in a data set of 300 hkl
reflections, 300 hkl reflections, and 80 A%0 and
h00 reflections (total 680). Up to 24 individual
intensities were averaged for a single Iua. The
agreement factor [3(I-1)/3I] for the averaged
data set was 0.045. Standard deviations were
obtained in the averaging process from the
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standard deviations of the individual measure-
ments. Of the 680 unique reflections, only 23
could be considered as unobserved at the 10%
significance level [I < 1.650(1)]. However, all
data were included in the subsequent refinement
of the structure at their actual averaged values,
(no data were considered as unobserved and
rejected), with the weights obtained in the
usual way: w = 1/0*(F), where o-(F) is ob-
tained from o(I) as follows: o"(F) = % o(I)
(I Lp) ™. After data collection was complete,
the crystal was removed from the diffractometer
and analyzed with the microprobe a number of
times. The average of these analyses (Table 1,
no. 4) was then used to give the compositional
ratios shown in Table 5.

All calculations (other than intensity-data
averaging) were done using the X-RAY-76
system of crystallographic programs (Stewart
et al. 1976). The data averaging was carried
out by Dr. Y. LePage at the Division of Chemis-
try, National Research Council of Canada, using
their in-house set of crystallographic programs.
Structure-factor tables are available at a nomi-
nal charge from the Depository of Unpublished
Data, CISTI, National Research Council of
Canada, Ottawa K1A 082.

THE RoLE oF TL

Before possible models for refinement are
discussed, a brief consideration of the role of
thallium is required. Thallium appears to play a
dual role in its occurrence and distribution in
minerals. As TI, it commonly occurs -in sili-
cates (especially in micas), substituting for K*.
Its properties are similar to those of the
heavier alkali metals, and its ionic radius
(*TI* = 1.70 A) can be compared with those
of potassitm (*™K* = 1.64 A), rubidium
(*™Rb* = 1.72 A) and cesium (*Cs* = 1.88
A) (Shannon 1976).. However, it has been
identified in sulfosalts, especially those contain-
ing As and Sb, as a replacement of other
metals, commonly Pb and Fe (Ivanov et al.
1960). When replacing K* in micas, TI* is
twelve-coordinated. In sulfosalts, it is usually
four- and, rarely, six-coordinated. It is com-
monly held that TI** is unstable in min-
erals (Ivanov et al. 1960) and could only occur
under extremely oxidizing conditions; yet it is
quite stable in the laboratory. In fact, the double
sulfate Cs*sTI**(SO4)s (Perret er al. 1974)
has been prepared in which Cs* and TIP* oc-
cupy totally distinct sites in quite a stable
structure. Whereas it is a fact that in nearly all
minerals in which thallium occurs as a primary
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TABLE 2.  ASSIGNMENT OF ATOMIC TYPES IN SPACE GROUP 143m BY
DIVIAKOVIC & NOWACKI (1975)

Atom Population Site Position Parameter

type parameter

S 1.0 24g 2,2,8 x = 0.3884(4)
s = 0.1629(5)

Hg,(Cu,Zn)  0.76, 0.24 124 1,4,0

As 1.0 8e T, 0,2 z = 0.2456(4)

TE 0.48 2a 0,0,0

constituent it does so as Tl*, the possibility of
minor replacement in minerals in the form of
TI** should not be ruled out.

REFINEMENT

In the structure determination by Divjakovié
& Nowacki (1975), it was shown that the atoms
of galkhaite occupy four possible positions in
space group I43m (Table 2). No indication
was found of other possible sites where addi-
tional atoms could be located. Further refine-
ment of the galkhaite structure presents an
unusual crystallographic problem: there are only
three positional parameters to refine (x, z for
S, x for As), and the values of these are not
seriously in doubt. The metals are all in special
positions; the crystallographic problem concerns
the determination of the combination of scatter-
ing curves that best fits the observed data.

Four possible models were considered for the
distribution of Cs and Tl between the 2a¢ and
12d sites in this structure: (1) (Cs + T1) are
located at the 2a sites; with the 12d sites oc-
cupied by (Hg,Cu,Zn,Fe). (2) Tl occupies the
2a sites, and Cs is with (Hg,Cu,Zn,Fe) at the
12d sites. (3) Cs occupies the 2q sites, and Tl
is with (Hg,Cu,Zn,Fe) at the 124 sites. (4) Cs
occupies the 2a sites, whereas TI is distributed
between the 2a and 124 sites.

Microprobe results are not sufficiently ac-
curate simply to add up the atomic percentages
to see which combination would fill the sites
correctly. Besides, the measured sum of the
atomic fractions of the metals invariably is less
than 7 (based on S = 12); incomplete filling
of the sites appears highly probable.,

We now consider these four models in turn.
The first is based on the premise that TI* be-
haves like an alkali element, and all the thallium
occurs with cesium in the 2q sites. The 12d
sites then contain mercury and the other minor
elements. The second model is rather unlikely,
both chemically, because Cs is totally dissimilar
to Hg, and compositionally, because one of the
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analyses (#17) shows Tl = 0, (Hg. etc.) =
5.56, Cs = 0.98 (based on S = 12). To have
to put Cs in with Hg and overfill the position,
leaving a void at 2a, seems very improbable.
The third model is a distinct possibility if we
accept that Tl has a dual role and that it can
replace heavy metals in sulfosalts containing As.
The fourth model makes no assumptions con-
cerning the role of Tl and allows the least-
squares refinement process to settie the issue
of whether all Tl is with Cs at the 2a sites
(model 1) or all Tl is with Hg at the 12d sites
(model 3), or whether there is some distribu-
tion between the two extremes.

All four possibilities were tried in the least-
squares refinement. In the first three cases, the
sum of the atomic fractions for each position
was normalized to unity, and the mean scatter-
ing curves were prepared from coefficients given
by Cromer & Mann (1968) for the neutral
atomic species. The anomalous scattering
factors of Cromer & Liberman (1970) were
averaged according to the atomic composition
at the particular site. The As real and anomalous
scattering factors were also adjusted to take
into account the minor replacement of As by
Sb.

In the fourth case, the composition was taken
exactly as obtained from the microprobe anal-
ysis for the 24 and 12d metal sites (no normal-
ization to unity). A constrained refinement was
carried out of the Tl population parameter be-
tween the 2a and 12d sites, such that the sum
total for Tl was as that found in the micro-
probe analysis. [Such a procedure has been de-
scribed and implemented by Finger & Prince
(1975) in the least-squares-refinement pro-
gram RFINE, but it can also be carried out
using CRYLSQ of the X-RAY system (Stewart

TABLE 4. RESULTS OF REFINEMENT OF MODEL # 4.
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et al. 1976). Both programs were used and
gave substantially the same results. The X-RAY
results are given here.]

The starting parameters in the refinements
were taken from the published structure of
Divjakovi¢ & Nowacki (1975). In the latter
stages, an isotropic extinction parameter (Lar-
son 1970) was included in the refinement done
in the anisotropic thermal mode. The popula-
tion parameters of the metals at the 12d and
2a sites were refined in cases 1, 2 and 3 (see
above). The chirality of the models (absolute
configuration) was also checked by comparing
the residuals of the refined inverse models.
Model 4 gave residuals of 2.64 and 6.52%
for the coordinates as presented in Table 4 and
for the inverse case, respectively. It should be
borne in mind that both the 12d and 2a sites,
where heavy metals with large values for Af”
are located, are centrosymmetric and that the
noncentrosymmetric part of the structure con-
sists of (As,Sb) in the 8¢ sites and S in the 24g
sites.

TABLE 3.  COMPARISON OF FOUR REFINED STRUCTURAL MODELS FOR
GALKHAITE
Model # 1 Model # 2 Model # 3 Model # 4
& Csg.663*  "1.000 £s1.000 €sg, 595"
0.337 T, 200(5)
Refined 1=0.815
Pop. par., 0.663(13) 0.507(10) 0.,787(15) -
124
Site Hg = 0.748 Hg = 0,677 Hg = 0.710 Hg = 0.704
Cu=0.153 Cu = 0,139 Cu=0.145 Cu =0.144
In=0,093 In=20,084 ZIn=0.088 ZIn = 0,088
Fe = 0,005 Fe = 0.0056 Fe = 0.005 Fe = 0,005
T =1.000 Cs =0.095 TZ =0.051 7T& =0.01%4
Refined T =1.000 T =1.000 I <0.95
Pop. par. 0.994(6) 1.014(7) 0.986(6) -
R 0.0281 0.0304 0.0271 0.0264

OCCUPANCIES, POSITIONAL AND THERMAL PARAMETERS (x100), WITH STANDARD DEVIATIONS

Positional Anisotropic Thermal Parameters* =
Site Atom Ratio Vacancy Position parameters U Upa Usg U1z Uys Usg B Equiv.
24g S 1.000 - LN 2=0.38826(10) 2.87(4) Uy, 2.32(6) -1.00(5) 0.11(3) Us3 2.12
#=0,16249(15)
12d  Hg 0.704 0.045 RN 6.01(3) 2.29(1) Uy 0.0 0.0 0.0 2.79
Cu 0.144
Zn 0,088
T2 0.014
Fe 0.005 .
L= 0.955
8 As 0.983 - zz,e %50,24525(7) 1.95(2) Upy U, -0.26(2)  Up, Uiz 1.54
Sb_ 0,017
% = 1,000
2z Cs 0.59% 0.185 0,0,0 4.82(10) Uy, Uz 0.0 0.0 0.0 3.81
T2 0.220(5)
T = 0,815

‘*The anisotropic thermal parameters are expressed in the form:~ T = exp[-2n2(Uy,a*2h? + ... 2Ujpa*b*hk + ...)]
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A comparison of the refinement of the four
models outlined above is given in Table 3, and
the refined parameters for the best model (No.
4) are given in Table 4. This is for the weighted
least-squares analysis, using weights obtained as
described above.

Model 4 refined to a significantly lower
value of R than the other three. Model 4 in-
dicates that about 73% of the thallium is
located with cesium in the 2 sites. The re-
mainder is distributed over the 124 sites, which
are six times more numerous. The structural
formula derived from this model is (Hg,Cu,Zn,
T1,Fe,[1)s(Cs,TL,[]) [(As,Sb)Ssls.  Neither type
of metal site is fully occupied: the 2a sites con-
tain (Cso.s05Tlo.220(Jo.105), whereas the 12d sites
contain (Hgo.704,Clo.144,Z10.088, Tlo.014,F€o.005, Jo.045) .
The (As,Sb) 8c sites showed no anomaly in the
final AF synthesis when the atom was refined at
full occupancy. We have no explanation for the
systematically low (As,Sb) content found in the
microprobe analysis. It should be noted that
Czamanske (Botinelly et al. 1973) found the
same low proportion of As in his microprobe
analysis of galkhaite.

DESCRIPTION OF THE STRUCTURE

The bond lengths and angles for the present
refinement are given in Table 6. (Cs,Tl) is
twelvefold-coordinated by S [3.863(2) A], these
atoms 'being arranged in four groups of three
S; each group is part of an AsS, flattened trigonal
pyramid, located along a body diagonal of the

TABLE 5.  CRYSTAL DATA FOR GALKHAITE

Source: Getchell Mine, Humboldt County, Nevada.

Composition:
a) Microprobe Analysis, (No.4, Table 1):

(M85 220,872, 53780, 03)z5. 65720, 30650, 594342500 0653 45512

b) X-ray refinement results;
(M54 2209, 87200, 532, 03™0.08%.27)56.00 (5050570, 226%.185)

[(Asg 9g38Pg 0770531,
Formula: (Hg.Cu,Zn,Fe.Tl.u)s(Cs,Tl,n)[(As.Sb)53]4 , 2.2,
Crystal System: Cubic
Cell Dimension: o = 10,365(3)%
Systematic Absences: h+k+2 = 2n +1
Space Group: I%3m, (No. 217),
Absorption: u(Moe) = 41len”’

-3
Density: d(calc,) = 5.3 Mg m
d{obs.) not measured, buf Gruzdev ot aZ. (1972)
report 5.4 Mg m™>,

Yho1e MoXa sphere collected to 20 = 80°,

Intensity Data:
13834 reflections), averaged to give:-

300 hkg reflections
300 hkZ reflections

80 hk0 reflections. Total = 630.
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TABLE 6. BOND LENGTHS (R) AND ANGLES (°) WITH STANDARD
DEVIATIONS
Polyhedron Number and Bond Lengths and Angles.
Bond lengths:
HgS4 4 Hg-S 2.49611)
tetrahedron Non-bonded tetrahedral edges:
2 S...8 4.071(2
2 S5...8 4.088(2
Additional non-bonded distances:
Hg...As 3.666(1
4 Hg...Hg 3.665(1
Angles:
3 SHgS 109.93(4)
3 SHg-S 109.24(4)
Bond lengths:
AsSy 3 As -8§ 2.265(1)
trigonal
- d :
pyramid ey 1“3’.'33352;
1 Cs...As 4.403(1
Angles:
3  S-AsS 93.85(5)
3  Cs...As=S 122.49(4)
Bond lengths:
C5512 12 ¢s - § 3.863(2)
Laves .
- Polyhedron Angles:
24 Sl.gs-s2 95,16(2)
12 S1-Cs-$3  145,10(3)
12 sl-Cs-S%  116.95(2)
12 $1.Cs-§5 50,73(2)
6 Sl.Cs-S6 50.18(3)
Equivalent positions for above:
1, gtp, e, kg 4. ez, <gbx, ex
2. Ytz, Yz, %o 5. <kgtz, lghe, bt
3. e, %z, Haz 6 Yo, Ygex, ~ga
Cs is at (0,0,0)
Bond lengths:
SMe, 1 Cs-8 3.863%2%
2 Hg - S 2.496(1
Tetrahedron 1 As.-s 2.265(1)
Angles:
2 Hg-S-As 100,57(5)
2 Hg-5-Cs 130.09%3)
1 Hg-S-Hg 94.,44(6)
1 As-S-Cs 92.85(5)

cell. The As-S distances are 2.265(1) A, and
the S—As—S angles are 93.85(5) °. In the positive
[111] directions, the As is 4.403(1) A from,
and points towards, the (Cs,T1) at the origin,
whereas the three S atoms bond to (Cs,Ti) at 35,
¥2,% (see above). The nonbonded distance,
As...Cs (¥5,%2,%), is 4.574(1) A. The Hg
atoms are all located in the (100) planes of the
unit cell. Hg is coordinated to 4 S atoms at
2.496(1) A in a virtually regular tetrahedron
fangles: 3x 109.24(3), 3x 109.93(3)°]. The
geometry of the structure in terms of polyhedra
is well described by Divjakovié & Nowacki
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TABLE 7.  X-RAY POWDER PATTERN OF GALKHAITE, CALCULATED FOR CuXo
RADIATION FROM SINGLE-CRYSTAL DIFFRACTOMETER INTENSITIES

o,

#| Index d(A) Tea1 Tobs #| Index d(A) Ioal Lobs
1| 110 7,329 58 60 |22] 444 1,496 9 10
2| 200 5,183 3 2 |23 543, 710 1.466 3 -
3| 211 4,232 85 90 |24| 633, 552, 721 1.411 10 10
41 220 3.665 3 5 |25} 732, 651 1,316 6 5
51 310 3,278 4 5 |26} 800 1,296 6 6
6| 222 2,992 100 100 (27| 554, 741, 811 1,276 3 5
7| 321 2,770 82 80 (28| 653 1,239 4 5
8| 400 2,591 38 40 |29| 743, 831, 750 1,205 2 -
9| 411, 330 2.443 9 10 |30 662 1.188 10 10
101 420 2,318 1 5 |31] 752 1.174 3 -
11| 332 2.210 14 20 (32| 840 1.15¢ ¢ 10
12| 422 2.116 1 - |33| 833, 910 1.146 1 -
13| 431, 510 2,033 18 20 |[34| 655, 761, 921 1,118 5 5
14} 521 1.892 23 20 (35| 754, 851, 930 1,093 2 -
151 440 1.832 54 70 |36) 763, 932 1.069 3 -
16| 433, 530 1.778 4 5 |37| 844 1.058 8 5§
17| 532, 611 1,681 18 20 (38| 853, 941, 770 1.047 2 -
18| 620 1.639 1 -~ 39| 772 1.026 1 -
19| 541 1.699 2 - |40} 943, 950 1.007 2 -
20| 622 1.563 32 40 |41} 666, 10.2.2 0.997 & -
21| 631 1.6528 3 - |42| 765, 952

10.3.1 0.988 4 -

*Iops values taken from Botinelly et aZ.(1973).

(1975). However, care must be taken in their
paper to read (Cs,T1) for Tl in the discussion
of polyhedra. '

POWDER PATTERN OF GALKHAITE

A calculated powder pattern was obtained
using the program POWGEN (Hall & Szy-
manski 1975). This program calculates the
equivalent Debye-Scherrer intensities from the
observed single-crystal intensities measured on
the 4-circle diffractometer. In the present case,
the multiplicities of the reflections had to be
adjusted to take into account the fact that Inu+
Inw for the single-crystal intensities. The results
are given in Table 7. Only positive indices are
given, but the intensities are summed for the
whole form. It can be seen that there is ex-
cellent agreement with the observed intensities
and spacings of Botinelly et al. (1973), and that
our material is identical to theirs. Table 7 also
provides more precise intensity values for the
purpose of future identification of galkhaite.

DISCUSSION

In view of the conflicting compositional anal-
yses of galkhaite [this.paper, Gruzdev et al.
(1972), Botinelly et al. (1973)], the question
of the identity of the mineral in this study must
be adequately answered. In the absence of Gal
Khaya or Khaydarkan material for a re-exami-
nation and comparison, the problem resolves
itself into two questions: (1) Is the present
material identical to the Getchell mine material
of Botinelly et al. (1973) and Divjakovi¢ &
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Nowacki (1975)? (2) Is the present material
identical to the Russian material [Gruzdev et
al. (1972), Kaplunnik et al. (1975)]?

It is felt that the answer to both questions is
affirmative, based on the physical properties
and X-ray-diffraction evidence: (1) All the
material examined has the same space group
and reasonably close cell dimensions. The varia-
tion in the latter is: 10.36 (Botinelly et al.
1973), 10.365(3) (this paper), 10.379(4) (Div-
jakovié & Nowacki 1975), 10.422(2) (Kaplun-
nik er al. 1975). It is not known to what extent
this difference is due to differences in compo-
sition of individual galkhaite crystals, and how
much the experimental error has been under-
estimated. (2) The powder patterns of the
Russian material (Gruzdev et al. 1972) are in
good agreement with that obtained by Botinelly
et al. (1973), and the latter is in excellent
agreement with ours (Table 7). (3) The varia-
tions in crystal habit and the striations observed
in this work are identical to those described by
Gruzdev et al. (1972) for the Russian material.
(4) The physical properties of the Getchell
mine galkhaite have been closely compared with
the published data (Gruzdev et al. 1972) by
Jungles (1974) and by Botinelly et al. (1973),
and the agreement is good. (5) If the combina-
tion of As atoms at or near the origin of the
cell, as proposed by Kaplunnik et al. (1975)
is re-interpreted as a single heavy metal, the
resultant structure is that reported by Divjako-
vié & Nowacki (1975), and the latter is the
same as ours, except for a reassignment of
metal types.

In conclusion, we suggest that the present
material is galkhaite, that apart from the com-
positional differences that occur even within
the same batch of crystals, our material is ident-
ical to the Getchell mine material examined by
Botinelly et al. (1973) and by Divjakovié¢ &
Nowacki (1975), and that the Getchell mine
material is the same as the Russian material.

There remains the problem of reconciling the
various analytical data on galkhaite previously
reported. Botinelly et al. (1973) gave results
of two analyses: the spectrographic analysis
(done by N.M. Conklin) showed (Hg, etc.)o.ss
(As,Sb)o.esS21s  (sulfur by difference), and
rounded off to 1:1:2. The microprobe results
(analysis done by Gerald Czamanske) gave (Hg,
etc.) 1.14AS0.081.00. The theoretical ratio for gal-
khaite is 1.5:1:3. If the spectrographic results of
Conklin are renormalized to $=3, the ratio
is 1.55:1.25:3. It can be seen that Conklin’s wt.
% As is too high and Czamanske’s is too low.
Botinelly et al. (1973) chose to quote the ratio
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as 1:1:2, probably following the ratio given by
Gruzdev er al. (1972). The structural analysis
of Divjakovi¢ & Nowacki (1975) was based on
Czamanske’s microprobe results; these were ob-
tained without the use of energy-dispersion
spectrometry, which explains the failure to note
the presence of cesium. The results of 23 anal-
yses given in Table 1 are consistent with Cza-
manske’s result, even to the point of showing a
systematic low wt. % As. As already pointed
out, our ratios can be made to closely approxi-
mate the theoretical, but the wt. % totals be-
come significantly too large (up to 105%); it
is felt that quoting these is the less satisfactory
of the poor alternatives.

We have no adequate explanation for the
very precise (but inaccurate) 1:1:2 ratios given
by Gruzdev et al. (1972) [later in Kaplunnik
et al. (1975) these results were attributed to
“analyst N.G. Shumkova”].

The present refinement gives a total popula-
tion parameter for the 2q sites of (Cs + TI)
= 0.815(5) which, although still far from unity,
is much larger than the value of 0.48 for Tl
found by Divjakovié & Nowacki (1975).

These authors rationalized the very long TI-S
distance of 3.863 A, longer than the expected
distance of 3.56 A, in terms of the inability
of the Laves polyhedra to compress to give
shorter S-S contacts. Although this may be
part of the reason for the long metal-sulfur
distance, the presence of Cs at this site, with
its larger jonic radius (*™Cs* = 1.88, U]+
= 1.70 A), would account for a lengthening
up to 3.72 A. Alternatively, we can arrive at
an estimated *“Cs~S bond length from a knowl-
edge of "™Cs-S distances; e.g., in Cs.ZnsS:
(Bronger & Hendricks 1980) the Cs~S bonds
are 2x 3.535(7), 2x 3.568(6), 2x 3.597(7) and
2x 3.701(6) A. Now Y™Cs* is 1.74 A,
and on the basis of the difference between *"Cs*
and Y™Cs* (0.14 A), we would expect a Cs—S
distance in galkhaite in the range 3.68-3.84 A,
and most likely in the lower end of the range,
as all Cs—S distances are equal. The figure of
3.72 A deduced above would seem reasonable if
the 2a sites were competely filled with Cs. Pos-
sibly, some of the increase from 3.72 to 3.863 A
may be accounted for by the phenomenon of
lengthening of interatomic distances in the event
of partial occupancy of metal sites (Shannon
1976).

The Hg-S bonds, 2.496(1) A, are fairly
short, though individual shorter Hg—S bonds are
known; e.g., christite (Brown & Dickson 1976)
has four Hg-S bonds of 2.460(9), 2.471(8),
2.646(11) and 2.661(11) A in a distorted tet-
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Fia. 3. Plot of atomic fraction of thallium against
that of cesium, based on a formula of § = 12.
The 23 points are the values in Table 1 and the
two sets of analytical data quoted in Figure 2.

rahedron. The average of these four, 2.560 A,
is about what is expected for an Hg—S bond.
In galkhaite, the presence of four equal short
bonds and the regularity of the tetrahedron
[angles 3x 109.24(4), 3x 109.93(4)°] are
worthy of comment.

There remains the problem of the role of
thallium and its apparent antipathetic relation-
ship with Cs in galkhaite. The atomic fraction
of thallium is plotted against the atomic. frac-
tion of Cs in Figure 3 for the 21 sets of ana-
lytical data in Table 1 and the two in Figure
2. A number of features are apparent from
this plot. Firstly, the graph can be extrapolated
to atomic fraction (T1) = O and intercepts near
atomic fraction (Cs) = 1.0. Secondly, there
are very few compositions with (Cs) < 0.5,
and only one with (T1) > (Cs), this being the
Cs-poor part of the zoned crystal in Figure 2.
One composition is close to full Cs occupancy
with zero Tl occupancy. This is in agreement
with our premise that galkhaite is a cesium
sulfosalt, with thallium being a secondary ele-
ment. It appears that the ratio of substitution
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is 2 T1 for 3 Cs; the reason for this is not un-
derstood. The one possible explanation is that
Tl occurs in both valence states, e.g., as TI*
in the 2a sites and as TI** in the 12d sites.
Certainly the higher oxidation state would
be preferable in the 12d sites from the stand-
point of ionic size (TI** = 0.75 A, midway
between ™Hg** = 0.96 and Cu** = 0.57 A).
Considerations of electroneutrality would in-
dicate a substitution ratio other than 1:1. How-
ever, it is felt that the presently available results
of microprobe analyses are not sufficiently ac-
curate to pursue this matter further.
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