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ABSTRACT

The previously unknown crystal structure of mckinstryite, originally described as Ag; 15Cugg,S or
(Ag,Cu),S, was solved and refined using single-crystal X-ray diffractometer data collected from a
sample from the Clara mine, Black Forest (Mo-Ka radiation, CCD area detector, R1(F) = 3.85%).
Mckinstryite has the refined formula Ag,0,Cuz sS4 or Ag3Cug, 77S (idealized AgsCusS,; or
Agi25Cug75S) and crystallizes in space group Pnma (no. 62), with a = 14.047(3) A b =1. 805(2)
A, c=15.691(3) A, V'=1720. 3(7) A3, Z = 8. The structure contains five Ag, six Cu and eight S sites in
the asymmetric unit. One of the Ag sites shows minor Cu-for-Ag substitution. The topology is based on
flat, interrupted (010) layers of Cu and S atoms (all atoms on y = 0.25), in which the Cu atoms show
triangular or two-coordination to S (interrupted {6,3} tiling). These layers alternate with uneven layers
consisting of Ag atoms showing irregular three- to two-coordination to S. Some fairly short Ag—Cu
contact distances (2.781—2.884 A) strongly indicate that metal-metal interaction plays an important
role in mckinstryite. The topology is related to that of stromeyerite (~AgCuS) which contains complete
flat layers of Cu atoms triangularly coordinated to S atoms, alternating with layers of loosely packed
Ag atoms.

A critical evaluation of literature data on the chemical composition and unit-cell parameters of
mckinstryite confirms the presence of a small compositional range of mckinstryite which extends
approximately from Ag; 15Cug .S to Ag;,5Cug75S, with the presently studied sample being fairly Ag-
rich. The accurate limits of this range at ambient temperature are still to be determined.

KeywoRrbs: mckinstryite, crystal structure, single-crystal X-ray diffraction, compositional range, crystal

chemistry, Ag-Cu sulphide.

Introduction

THE synthetic equivalent of the Ag-Cu sulphide
mckinstryite was originally discovered as an
unidentified phase (P-phase) during an X-ray
diffraction study of the system Ag-Cu-S by
Djurle (1958) who suggested the formula
Ag;,CupgS and reported phase transition
temperatures at 97°C and 130°C. A detailed
investigation of the system Ag-Cu-S by Skinner
(1966), including isothermal sections at 25 and
250°C, confirmed this phase and determined its
composition to be Ag; 15Cugg>S. On heating, the
phase was found to break down at 94.4°C+1.5°C
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to a two-phase intergrowth of jalpaite (Ag;CuS,)
and a cation-disordered hexagonal-close-packed
phase of composition Ag; 4Cug.96S. Above
139+10°C the composition again becomes a
single phase, with the formation of a cation-
disordered, face-centred-cubic compound of a
high-digenite type. This cubic phase, which is
unquenchable, is stable up to the liquidus.
Subsequently, a natural occurrence of the [-
phase (Ag; 1sCuggS) in a specimen from the
Foster Mine, Cobalt, Ontario, was reported by
Skinner et al. (1966) who named the phase
mckinstryite. They suggested the space group
Pnma or Pn2ia, with a = 14.047(5) A, b =
7.803(3) A, ¢ = 15.677(6) A and 32 formula units
(Ag,Cu),S in the unit cell. Later reports on
additional occurrences in sulphide deposits
indicated slightly variable unit-cell parameters



U. KOLITSCH

and Ag:Cu ratios, also reflected by small
variations in reflectance properties (Robinson
and Morton, 1971; Atanasov and Lavrentiev,
1973; Bergstol and Vokes, 1974; Yarenskaya et
al., 1975; Sulcova and Kaspar, 1986; Pekov and
Karpenko, 1996). Thus, the general formula
Agi, Cupgi,S, where 0 < x < 0.02 (originally
suggested by Skinner ef al., 1966) was adopted in
the recent review on the system Ag-Cu-S by
Kubaschewski et al. (2006). In mineralogical
databases and encyclopedias, the formula of
mckinstryite is usually given in its simplified
form (Ag,Cu),S.

All reported occurrences of mckinstryite were
interpreted to be the result of a low-temperature
(generally below the reported phase transition at
94.4°C) genesis of either hypogene or supergene
character.

Mckinstryite is one of three solid phases on the
join Ag,S-Cu,S (at ambient temperature), all of
which are known as minerals. The two neigh-
bouring phases are jalpaite (AgzCusS,, tetragonal;
Baker ef al., 1992; Asadov et al., 2008; Trots et
al., 2008) and stromeyerite (~AgCuS, ortho-
rhombic; Frueh, 1955; Baker et al., 1991; Trots
et al., 2007). Both have been studied in some
detail because of their superionic conductivity
(e.g. Trots et al., 2007; Skomorokhov et al., 2008,
and references therein).

Mckinstryite was recently identified on two
different, well crystallized specimens from the
famous Clara barite and fluorite mine, Black
Forest, Germany. Material from one of these
samples was used for a determination of the
previously unknown atomic arrangement of
mckinstryite. The results of the crystal-structure
determination are presented in this paper,
including a discussion of the stoichiometry and
compositional range of the mineral (on the basis
of a critical evaluation of literature data) and a
comparison with related minerals.

Experimental

The mentioned mckinstryite-bearing specimen
contains small (<0.2 mm), metallic-grey, euhedral
prisms which show a slightly bent to worm-like
distortion. Some of the crystals exhibit distorted,
pseudo-tetragonal-pyramidal crystal terminations
(similar to those commonly shown by natrolite
crystals). Fresh fracture surfaces are black and
have strong metallic lustre. The prisms are grown
in a small void in white barite and are
accompanied by tiny rosettes of greenish, thin
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tabular crystals of a mineral assumed to belong to
the beudantite-segnitite-dussertite series.
Semiquantitative chemical analyses of a carbon-
coated crystal by conventional energy-dispersive
X-ray spectrometry in a scanning electron micro-
scope (SEM-EDS) showed the presence of Ag, Cu
and S; no other elements were detected.

X-ray diffraction

A suitable crystal of very good diffracting quality
was selected for an intensity data collection with a
Nonius KappaCCD single-crystal diffractometer
which was equipped with a 300 um diameter
capillary-optics collimator to provide increased
resolution (for details, see Table 1). The data
were processed with the Nonius program suite
DENZO-SMN and corrected for Lorentz, polar-
ization, background and absorption effects.
Observed extinctions and intensity statistics
strongly suggested the Pnma space group, in
agreement with the results of Skinner et al.
(1966). The crystal structure was solved in space
group Pnma by direct methods (SHELXS-97,
Sheldrick 2008), and the positions of all atoms
were located using subsequent difference-Fourier
maps. A full-matrix, anisotropic least-squares
refinement on F> (SHELXL-97, Sheldrick, 2008;
see Table 1) led to a final R1(F) of 3.85%. Prior
to the final refinement step, the coordinate set was
standardized using the programme STRUCTURE
TIDY (Gelato and Parthé, 1987).

The final atomic positions and displacement
parameters of mckinstryite from the Clara mine
are given in Table 2. Selected bond lengths and
calculated bond valences are listed in Table 3. A
CIF file and a list of observed and calculated
structure factors have been deposited with the
Principal Editor of Mineralogical Magazine and
are available from www.minersoc.org/pages/
e _journals/dep mat mm.html.

Results and Discussion

Structure and compositional range

The structure determination demonstrates that the
asymmetric unit of mckinstryite from the Clara
mine contains five Ag, six Cu and eight S sites.
All Ag sites are on general positions, whereas all
Cu and S sites are on special positions (y = 0.25).
Occupancy refinements demonstrated that all Cu
sites are fully occupied by Cu (refined occupan-
cies for the atoms Cu(1)—Cu(6) are 1.00, 1.01,
1.00, 1.00, 1.00 and 0.99), whereas one of the five
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TABLE 1.

Crystal data, data collection information and refinement details for

mckinstryite from the Clara mine, Black Forest.

Mckinstryite

Crystal data

Formula

Space group

a, b, ¢ (A)

vV (A%, Z

H (mm_l)a Peale. (g-cm’3)
Absorption correction
Crystal dimensions (mm)

Data collection and refinement
Diffractometer R

T (K); A (Mo-Ka) (A)
Detector distance (mm)
Rotation axes; width (°)
Total no. of frames
Collection time/frame (s)
20max ()

h, k, | ranges

Total refls. measured
Unique reflections

RI(F), wR2(F§“)*
‘Observed’ reflections
No. of refined parameters
Extinct. coefficient

GoF

(Ao D

Apmin’ Apmax (e Ai})

Ag4.92Cu3 0854 (~AgsCusSy)

Pnma (no. 62)

14.047(3), 7.805(2), 15.691(3)
1720.3(7) A3, 8

19.30, 6.601

multi-scan (Otwinowski et al., 2003)
0.07 x0.07 x0.17

Nonius KappaCCD system
293; 0.71073

34

¢ o; 1.5

728

50

69.94

—22 —» 22, —12 —» 12, =25 - 25
7337

4003 (Rine = 2.11 %)
3.85%, 10.87

2684 [F, > 4o(F,)]

132

0.00102(6)

1.047

0.000

—2.28, 2.27**

Unit-cell parameters were refined from 4254 reflections.

Scattering factors for neutral atoms were employed in the refinement.

*w = 1/[c*(F3) + (0.047P)> + 8P]; P = ([max of (0 or F3)] + 2F2)/3.

** Largest peak at 0.66 A from Cu(3), deepest hole at 0.74 A from Ag(4).

Ag sites, Ag(3), contains minor Cu (refined
occupancy: Ag0‘925(6)Cu0,075(6)). The remaining
Ag sites, Ag(1l), Ag(2), Ag(4) and Ag(5), have
refined occupancies of 1.00, 0.99, 1.01 and 1.00.
Thus, the studied crystal has the formula
Ag4_92Cu3_0884 or Ag1_23Cu0_77S. This could be
idealized to AgsCusS; or Ag;,5Cug7sS. Both
refined and idealized compositions are richer in
Ag than that of the type material (Ag; 13Cug 3,S;
Skinner et al., 1966) and fairly Ag-rich by
comparison to other published analyses of
mckinstryite (Table 4, compilation of critically
evaluated unit-cell and chemical data). Samples
having a similarly Ag-rich composition are those
from the Sedmochislenitsi deposit
(Agi1.27Cup.76A80.01S0.97; Atanasov and
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Lavrentiev, 1973) and the Sarbai deposit
(Ag12>Cugg1Sp9s; Pekov and Karpenko, 1996).
The sample having the smallest Ag content is that
of the synthetic mckinstryite analysed by Skinner
(1966) (Ag;.18Cuqg2S), which equals that of the
type material (Skinner et al., 1966).

A comparison of the unit-cell parameters of the
Clara sample (a = 14.047(3) A, b = 7.805(2) A, ¢ =
15.691(3) A, V = 17203(7) A%) and the type
material (a = 14.047(5) A, b = 7.8033) A, ¢ =
15.677(6) A, V = 1717.8(8) A%; Skinner, 1966)
shows that the increased Ag content of the Clara
sample is reflected by a slightly increased length of
the ¢ axis (both @ and b axes are of identical lengths
within error limits), i.e. corresponding to the rows
of Ag atoms ‘arranged’ along the ¢ axis. The unit-
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TABLE 3. Selected interatomic distances (/0%) and calculated bond valences (v.u.) in mckinstryite from the Clara

mine.
Ag(1)-S(3) 2.5047(15) 0.353 Cu(1)—S(1) 2.2407(18) 0.396
S(4) 2.5200(9) 0.338 S(2) 2.3280(18) 0313
<Ag(1)-S> 2.512% 0.69 v.u* S(3) 2.3290(19) 0.312
<Cu(1)—S> 2.299 1.02 v.u.
Ag(2)-S(2) 2.4806(9) 0.376
S(8) 2.5191(14) 0.339 Cu(2)—S(4) 2.2955(19) 0.342
S(6) 2.7980(16) 0.160 S(5) 2.3158(18) 0.323
<Ag(2)-S> 2.599 0.88 v.u. S(6) 2.321(2) 0.319
<Cu(2)-S> 2311 0.98 v.u.
Ag(3)-S(5) 2.4628(9) 0.395
S(8) 2.5181(15) 0.340 Cu(3)—S(5) 2.2382(18) 0.399
S(3) 2.7825(16) 0.166 S(2) 2.2400(18) 0.397
<Ag(3)—S> 2.588 0.90 v.u. S(7) 2.455(2) 0.222
<Cu(3)-S> 2311 .02 v
Ag(4)—S(7) 2.5117(9) 0.346
S(3) 2.5895(15) 0.280 Cu(4)—S(5) 2.2581(18) 0.378
S(6) 2.6942(16) 0.211 S(8) 2.303(2) 0.335
<Ag(4)—S> 2.598 0.84 v.u. (1) 2.3160(19) 0.323
<Cu(4)—S> 2.292 1.04 v.u.
Ag(5)-S(1) 2.4736(9) 0.384
S(6) 2.4781(15) 0.379 Cu(5)—S(2) 2.2610(18) 0.375
S(8) 2.8265(17) 0.148 S(7) 2.2923(19) 0.344
<Ag(5)—S> 2.593 0.91 v.u. S(1) 2.3218(18) 0318
<Cu(5)—-S> 2.292 1.04 v.u.
Ag(1)—Cu(6) 2.7806(8) Cu(6)—S(7) 2.168(2) 0.482
Ag(2)—Cu(5) 2.8842(9) S(4) 2.1808(19) 0.466
Ag(3)—Cu(4) 2.8421(9) <Cu(6)—S> 2.174 0.95 v.u.
Ag(5)—Cu(l) 2.8725(9)

* A further, very long Ag(1)—S(7) distance (2.98 A) is not considered a bonding distance, although it would increase

the bond-valence sum by about 0.1 v.u.

Bond-valence sums (v.u.) for the S atoms S(1)—S(8) are as follows: 1.81 S(1); 1.84 S(2); 1.91 S(3); 1.48 S(4) [see

text for discussion]; 1.89 S(5); 1.82 S(6); 1.74 S(7); 1.99 S(8).

Bond-valence parameters used are from Brown and Altermatt (1985) and were calculated using VALENCE (Brown,
1996; updated values from www.ccpl4.ac.uk/ccp/web-mirrors/i_d_brown); sum values are derived from unrounded

bond-valence contributions.

cell volume is thus only slightly larger. The sample
from the Sarbai deposit, which was described by
Pekov and Karpenko (1996), has an even larger
unit-cell volume (1722.6 A3), but a composition
slightly poorer in Ag (Ag)22Cug.81S0.98)-

The data in Table 4 further suggest that the
compositional range of mckinstryite at ambient
temperature extends approximately from
AgHgCuo_ng to Agl_ZSCu0_7SS. An accurate
check on the compositional range of the mineral
has not yet been determined experimentally. It is,
however, assumed to be small (Skinner, 1966;
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Kubaschewski, 2006), and similar to that of
stromeyerite, for which several independent
studies consistently gave the formula
Ag, Cu;.,S, x = 0-0.1 (Frueh, 1955; Suhr,
1955; Djurle, 1958; Skinner, 1966; Skinner et al.,
1966; Rojkovic, 1973; Bergstol and Vokes, 1974;
Baker et al., 1991; Pekov and Karpenko, 1996;
Kubaschewski et al., 2006; Asadov et al., 2008;
Tokuhara et al., 2009). This formula is, on
average, slightly richer in Cu and poorer in Ag
than the ‘end-member’ formula AgCuS usually
given in mineral databases and encyclopedias.
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Connectivity and coordination environments

The topology of mckinstryite (Figs 1—4) is based
on two different, alternating atomic layers. A flat
(010) layer contains Cu and S atoms (all atoms on
y = 0.25); the Cu atoms show triangular or two-
coordination by S (Figs 2, 3). This layer may be
described as a strongly interrupted {6,3} tiling or
honeycomb lattice. Part of the interruption is
caused by the Cu(l) atom that shows two-
coordination, unlike the remaining five Cu atoms
which all show triangular coordination (Table 3).
The other reason for the interruption are ‘missing’
Cu atoms within the tiling. Both features result in
‘zig-zag’ ribbons extending parallel to [100] which
are not connected to each other (Fig. 3). The
ribbon consists of four weakly distorted hexagons
and one strongly distorted hexagon — the angle
S(7)—Cu(6)—S(4) characterizing the two-coordi-
nated Cu(6) atom is 173.46(8)°, and thus strongly
deviates from the ideal 120° angle of a {6,3} tiling.

The second, uneven layer consists of Ag atoms
showing irregular three- to two-coordination by S
atoms belonging to the adjacent Cu-S layers

a«

:%’J?'

(Figs 2, 4). This bonding scheme results in ‘zig-
zag’ chains containing one distorted hexagon or
six-ring [formed by Ag(2), Ag(3), Ag(4), S(3),
S(6) and S(8)] and side ‘branches’ extending
approximately parallel to <101> [the bent
connection S(3)—Ag(1)—S(4) of the two-coordi-
nated Ag(1) atom].

If one superimposes the two alternating layers,
one recognizes that the Ag(2), Ag(3), Ag(4) and
Ag(5) atoms are located above and below the
open areas (‘missing’ Cu atoms) between the
unconnected ribbons in the interrupted Cu-S layer
(Figs 1, 3). In other words, these Ag atoms
connect the ribbons via Ag—S bonds. The
positions of the S atoms in the structure are
those of a highly distorted hexagonal-close-
packed anion array.

The S atoms are all five-coordinated by a
combination of Ag and Cu atoms (within 2.90 A),
except S(4) which is four-coordinated in a highly
asymmetric, pyramidal way by two Ag(l), one
Cu(2) and one Cu(6) atom [four further Ag
neighbours are at 3.00 A (%x2)and3.10 A (x2)],
and the three atoms S(3), S(6) and S(8) which are

b

FiG. 1. View of the connectivity in mckinstryite along the b axis, perpendicular to the Cu-S and Ag layers. Drawings
were produced with ATOMS (Shape Software, 1999).
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a

FiG. 2. The layered character of the mckinstryite structure is evident in this view along the a axis. Note that all Cu

and S atoms are on special positions (y = 0.25 and their symmetry equivalents at y = 0.75).

all seven-coordinated. Those five Cu atoms,
which show triangular coordination, are char-
acterized by very similar average Cu—S bond
lengths (range: 2.292—-2.311 A; Table 3). The
four three-coordinated Ag atoms have average
Ag—S bond distances which are equally within a
very narrow range (2.588—2.599 A).

The atomic arrangement is furthermore char-
acterized by some fairly short Ag—Cu contact
distances (2.781—2.884 A, Table 3, bottom left)
which strongly indicate that metal-metal interac-
tion plays an important role in mckinstryite.
These contact distances are shorter than several
of the short metal—S bond distances (cf. Table 3),
and also shorter than those in stromeyerite
(minimum contact distances at ambient temp-
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erature: 2.875(7) and 2.881(7) A; Baker et al.,
1991) and jalpaite (2.974(5) A; Baker et al.,
1992). Some of the Ag—Ag distances in
mckinstryite are also shorter (e.g. Ag(2)—Ag(3)
= 2.9872(9) A; Ag(4)—Ag(4)’ = 3.0630(13) A)
than those in stromeyerite (3.88(2) A) and jalpaite
(shortest value: 3.124(2) ;\). The Ag atoms in
mckinstryite are expected to move easily within
their uneven (010) layers, as is also indirectly
suggested by the discus-like shape of the
anisotropic displacement ellipsoids which are
slightly flattened approximately parallel to the
(010) plane. Silver diffusion in synthetic
Ag1,CuggS was studied by Schmidt and Sagua
(1999). High mobility of Ag and Cu atoms in all
three known Ag-Cu sulphides is also demon-
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FiG. 3. View perpendicular to the planar, interrupted Cu-S (010) layer in mckinstryite. Note the two-coordinated

Cu(6) atom causing the interruption within the unconnected ribbons extending parallel to the a axis.

strated by the fact that phase equilibria along the
join Ag,S-Cu,S are very rapidly attained <100°C
and even at room temperature; none of the high-
temperate phases are quenchable (Skinner, 1966).

The calculated bond-valence sums for the Cu
atoms (Table 3) are close to the formal valence,
while those for the Ag atoms are always lower —
the three-coordinated Ag atoms have sums
between 0.84 and 0.91 v.u., and the two-
coordinated Ag(1) atom is characterized by a
sum of only 0.69 v.u. (which would be only
slightly increased to about 0.8 v.u., if the very
long Ag(1)—S(7) distance (2.98 A) were to be
considered a bonding distance). However, the
Ag(1) atom also shows the shortest Ag—Cu
distance (2.781 A) and is therefore assumed to
gain bond-valence contributions via metal-metal
interaction. Furthermore, the bond-valence para-
meters might not be flexible enough to account
completely for a twofold coordination.

The calculated bond-valence sums for the S
atoms (Table 3, bottom) range between 1.74 and
1.99 v.u., if the ‘anomalously’ low value for S(4)
of 1.48 v.u. is neglected. This low value would,

8l

however, increase to a more reasonable value of
1.81 v.u. if four additional, very long distances to
Ag atoms of the highly asymmetrically coordi-
nated S(4) atom (see above) were taken into
account. The fairly low value of 1.74 v.u. for the
S(7) atom would also increase to 1.94 v.u. if the
contributions of two very long bonds to the Ag(1)
at 2.98 A (x2) were to be added to the bond-
valence sum of S(7).

Relation to other species

The topology of mckinstryite is related to that of
stromeyerite (~AgCuS) which contains flat (001)
layers of triangularly coordinated Cu and S atoms
(i.e. a fairly regular {6,3} tiling), alternating with
layers of loosely packed face-centred Ag atoms.
The latter are linearly two-coordinated by S atoms
from a Cu-S layer above and below. Skinner et al.
(1966) noted an apparent dimensional relationship
between the cell of mckinstryite and that of
Stromeyerite: Amckin ~4'd(1 lo)stroma Cmckin =
d(130)stroms Pmckin ~2Csrom- Lhis relationship is
confirmed by the present study; the lengthwise



U. KOLITSCH

FIG. 4. View perpendicular to the uneven layer containing the Ag atoms and their S ligands in mckinstryite (based on
a cut-off maximum Ag—S bond distance of 2.9 A). The connectivity within this layer results in branched ‘zig-zag’

chains containing one distorted six-ring (see text). Note the two-coordinated Ag(1) atom.

similar axial directions are along rows of S/Cu
atoms within the Cu-S layers. They indirectly
reflect the similarity of the Cu-S layers and their
role in the structures of the two minerals.
Neighbouring Cu-S layers in mckinstryite are
3.903 A apart, while in stromeyerite their distance
is 3.984 A.

The anisotropic displacement parameters of the
Ag atoms in mckinstryite are larger and more
anisotropic than those of the Cu and S atoms. The
same structural feature was also observed for
stromeyerite (Baker et al., 1991). Although no
anisotropic displacement parameters were
obtained for jalpaite, the Ag atoms in it show
isotropic displacement parameters which are
about 3—4 times larger than those of the Cu
atoms (Baker ef al., 1992).

The existence of selenide analogues of both
stromeyerite (eucairite, AgCuSe; Frueh et al.,

1957) and jalpaite (selenojalpaite, Ag;CuSe,;
Bindi and Pratesi, 2005) might suggest that a
selenide analogue of mckinstryite could also
exist. However, none of the published studies of
the system Ag,Se-Cu,Se (e.g. Borchert and
Patzak, 1955; Frueh et al., 1957; Schifer,
1995) has indicated the presence of any
compound with a stoichiometry similar to
AgsCuzSey or ~Ag; ,CuggSe. As to the author’s
knowledge, no attempt has been made so far to
study the extent of the solid-solution range
between mckinstryite and its hypothetical sele-
nide analogue in detail.
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