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Stannite and kesterite from the Peerless pegmatite,
Black Hills, South Dakota, USA
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Stannite and kesterite occur as thumb-size nodules along the margins of the quartz core of the Peerless granitic pegmatite near Keystone
in the Black Hills of South Dakota. Kesterite is associated with minor tetrahedrite and tennantite; rare chalcopyrite accompanies both
stannite and kesterite. In individual nodules, stannite and kesterite are relatively homogeneous in chemical composition, but compositions
are highly variable among different nodules. The main variables are Fe and Zn, whereas Cd is present in mere traces. Four samples
examined in detail have average compositions of Stn Kst ., Stn Kst, (zincian stannite) and Stn Kst ,, Stn Kst_ (ferroan kesterite).
Deviations from ideal stoichiometry are largely less than 1 % relative, and well within the limits of analytical error. The Cu:(Fe, Zn, Cd):Sn
ratio is rather uniform and very close to 2:1:1, but it slighly favours (Fe,Zn,Cd) as in previously published analyses. The difference in unit-
cell dimensions 2a—c decreases with increasing (Zn+Cd)/[(Zn+Cd)+(Fe+Mn)], in accord with the data for quenched synthetic phases and
some natural minerals. However, 2a of kesterite is not equal to its ¢. Contents of the cadmian Eernyite component in the stannite-group
minerals from granitic pegmatites are suspected to be only roughly correlated with other fractionation indicators in oxide and silicate

minerals.
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Introduction

Minerals of the stannite group are locally encountered in
tin-bearing granitic pegmatites, although in very minor
amounts as these rocks are notoriously poor in sulphides
and sulphosalts of any kind. Considerable ranges in
chemical composition of stannite Cu,FeSnS,, kesterite
Cu,ZnSnO, and ¢ernyite Cu,CdSnO, were recognized in
the past, as the Fe/Zn ratio and the content of Cd are
highly variable among the different pegmatite localities.
Here, we report on the occurrence, chemical composi-
tion and crystallographic data of minerals of the stannite
— kesterite series from a new locality in the Black Hills
of South Dakota, with a note on the geochemical rela-
tionships between the stannite-group minerals and other
compositional variables in pegmatite minerals.

The parent pegmatite

The Peerless pegmatite near Keystone, Pennington Coun-
ty, South Dakota is one of the more fractionated and in-
ternally complex pegmatites in the northern margin of the
pegmatite field of the southern Black Hills. According
to Sheridan et al. (1957), the pegmatite has an anticlinal
shape, with a subhorizontal NW-trending crest flanked
by SW- and NE-dipping limbs. The outcrop is about 185
by 110 m in size. Three major keels and several minor
rolls complicate the apparently fracture-controlled under-
side of the pegmatite. In contrast, the crest is relatively
simple, consisting essentially of two subparallel bulges.

Internally, the pegmatite consists of seven zones, two
replacement units and two types of fracture-filling units
(Sheridan et al. 1957). The pegmatite consists dominantly
of microcline-perthite, microcline, plagioclase, amblygo-
nite-montebrasite and muscovite, and it carries a diver-
sified assemblage of accessory and secondary phases:
columbite-tantalite, wodginite, microlite, ferrotapiolite,
cassiterite, beryl, tourmaline, apatite, triphylite, garnet,
biotite, zircon, spodumene, uraninite, chrysoberyl, tan-
talian rutile, triploidite (?), loellirgite (?), pyrite, marca-
site, stannite, kesterite, opal, pyrolusite, goethite, carbon-
ate-apatite, vivianite, ferrisicklerite, heterosite, libethenite,
pseudomalachite, goyazite, autunite, torbernite, siderite,
malachite' and azurite (('Zem_\f et al. 1985).

The pegmatite is a typical representative of the am-
blygonite subtype of complex rare-element granitic peg-
matites, with all Li bound in primary phosphates (par-
ticularly in huge quantities of amblygonite-montebrasite)
to the virtual exclusion of anhydrous Li-aluminosilicates
(see London — Burt 1982 for the phase relationships, and
Cerny 1991 for classification criteria). The pegmatite is
Na, P, F-rich, with Li, Be and subordinate Nb, Ta and Sn
mineralization, and a modest enrichment in Rb and Cs.
The K/Rb and K/Cs ratios are as low as 25.5 and 740,
respectively, in K-feldspar of intermediate zones, 18 and
420 in muscovite of intermediate zones, and 13.2 and 385
in late slightly Li enriched muscovite of the central parts
of the pegmatite.

The stannite-kesterite minerals occur as thumb- to fist-
size nodules in margins of the quartz core of the parent
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pegmatite. Four samples of these phases were examined
in this study, numbered PPK-1 to PPK-4. Each sample
proved to consist of a single member of the stannite-kes-
terite series with somewhat variable but rather con-
strained composition.

Experimental

Stannite and kesterite were initially analyzed on the Jeol
700 electron microprobe in the Mineral Sciences Divi-
sion, Canada Museum of Nature in the wavelength dis-
persion mode, under the following conditions: voltage
15 kV, specimen current 25 nA, beam diameter 5 pm,
counting time 25 s (except 100 s for Cd) or 0.5 % preci-
sion, whichever was attained first. Standards were stib-
nite (SbLa, SKa), cassiterite (SnLa), arsenopyrite
(FeKa), tephroite (MnKa), Cd-apatite (CdLa), sphaler-
ite (ZnLa), and cuprite (CuKo). A second set of analy-
ses was collected on the Cameca SX-50 instrument at the
Department of Geological Sciences, University of Man-
itoba: voltage 15 kV, specimen current 20 nA, beam di-
ameter 5 wm, counting time 20 s for Cu, Fe, Zn, S and
50 s for Cd, Mn and Sb. Standards were CuFeS, (SKo,
FeKo, CuKa), spessartine (MnKo), ZnS (ZnKo), Cd
(CdLow), Sb,Te, (SbLa) and SnO, (SnLa). The data were
reduced using the PAP routine of Pouchou — Pichoir
(1984, 1985).

X-ray powder diffractograms were recorded on a Phil-
ips 1710 instrument, using Ni-filtered CuKo, radiation
(A = 1,54060 A) and LiF as an internal standard
(a=4.0280[1] A, calibrated against NBS Si batch 640a),
scanning speed of 1°26 per minute, and chart recording
of 1°20 per 1 cm. A second set of data was obtained for
two specimens on the Siemens-Nicolet D 5000 instru-
ment in transmission mode, using the same radiation and
standard calibration as above, but BaF, as an internal
standard (a = 6.19901[5] A). Smear mounts were pre-
pared by pulverization of several chips separated from
different parts of each sample. In view of the slight to
significant heterogeneity of stannite and kesterite, respec-
tively, in each sample, the refined unit-cell dimensions
should reasonably correspond to the average composition
of each sample.

Unit-cell dimensions were refined using a modified
version of the least-squares CELREF program of Apple-
man — Evans (1973). In view of the strongly pseudocu-
bic nature of the tetragonal minerals examined, with 24
almost equal to ¢ in kesterite, only solitary diffractions
with unique hkl indices were employed in the refinement.
This reduced the number of diffractions applicable in
individual cases to between 6 and 11, with consequent
slight increase in standard error. However, we are satis-
fied that the potentially inferior accuracy of the results
cannot substantially affect or reverse the values of 2a—c.
Repeated runs performed on two fundamentally differ-
ent instruments yielded mutually consistent results, at-
testing to high precision.

Stannite — Kesterite
Chemical composition

The compositions of the Peerless minerals correspond to
formulas which conform to the stoichiometry of stannite
and kesterite within the limits of analytical error. Con-
tents of subordinate and trace elements are low, restrict-
ed to minor amounts of Sb, Mn and Cd. However, the
values of (Zn+Cd)/[(Zn+Cd)+(Fe+Mn)] are considerably
variable among the four fragments investigated, although
more stable within each of them. Samples PPK 1 and
PPK 4 correspond to stannite, averaging at Stn_ Kst, and
Stn, Kst,., whereas PPK 2 and PPK 3 have the Zn>Fe
composition of kesterite, with averages of Stn,  Kst., and
Stn, Kst,,. The two stannite samples are much more ho-
mogeneous, the kesterite samples show a broader vari-
ability (Table 1). In general, the compositions of the Peer-
less minerals indicated by 31 spot analyses cover a range
of at least Stn_Kst , to Stn, Kst,,.

Unit-cell dimensions

In accord with the variable chemical composition, the
unit-cell dimensions of the four examined fragments also
show considerable spread of values (Table 1). In contrast,
the difference in the a/c ratio is mainly expressed be-
tween stannite on one hand and kesterite on the other.
Owing to the patchy variable composition of each indi-
vidual fragment, the unit-cell dimensions must be con-
sidered averages for the compositional ranges established

Table 1 Chemical composition and unit-cell dimensions of the
Peerless stannite-kesterite minerals. * data refined from P1720 diffrac-
tograms; ** data refined from D5000 diffractograms.

PPK-1 PPK-2 PPK-3 PPK-4
ave. 20(6) ave. 20(6) ave. 20(10) ave. 20(7)
Cu 2946  0.11 2948 0.22 29.19 0.15 2932 0.14
Fe 9.17 0.25 580 1.08 591 108 949 0.09
Zn 433 0.11 874 138 838 140 386 0.04
Cd 0.47 0.04 040 0.11 037 011 040 0.04
Mn 0.01 0.01 0.02 001 001 001 001 0.01
Sn 27.18  0.25 2686 0.11 2698 0.15 2732 024
S 2003 0.14 2930 0.14 2921 0.15 2932 0.14
Total 99.64 0.27 10059 0.25100.05 0.28 99.72 0.39
atomic contents normalized to 8 atoms
Cu 2.024 0.003 2.012 0.014 2.003 0.010 2.007 0.006
Fe 0.717 0.018 0.450 0.083 0.461 0.084 0.740 0.006
Zn 0.289 0.007 0.580 0.092 0.559 0.094 0.257 0.002
Cd 0.018 0.002 0.015 0.004 0.014 0.004 0.015 0.001
Mn 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Sn 0.999 0.011 0.981 0.005 0991 0.005 1.001 0.009
S 3.953 0.007 3.961 0.014 3971 0.012 3979 0.010
unit-cell dimension
a* 5.444(1) 5.431(1) 5.434(3) 5.450(2)
C 10.782(3) 10.843(9) 10.828(8) 10.768(6)
v 319.55 319.82 319.73 319.84
cla 1.981 1.997 1.993 1.976
a# - - 5.437(2) 5.450(1)
c - - 10.827(9) 10.773(8)
\Y — - 320.06 319.99
cla - - 1.991 1.977
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by electron-microprobe analysis, which are representa-
tive of the full extent of variability in each of the four
fragments.

As mentioned in “Experimental methods”, two X-ray
diffraction instruments in two configurations with two
different internal standards were used for one stannite
and one kesterite sample. The results shown in Table 1
are in part literally, and in all cases statistically identi-
cal.

Associated minerals

Stannite and kesterite are largely free of inclusions or
intergrown primary phases, but some additional miner-
als were identified in intimate association. Also, most of
the sulphides are very fresh, but all samples are sporadi-
cally crisscrossed by brownish fracture coatings, and two
fragments (PPK-3 and PPK-4) are penetrated by very fine
veinlets of a soft green material.

In reflected-light microscope and in back-scattered
electron images, the stannite-kesterite minerals are ho-
mogeneous and largely free of inclusions. However, sam-
ple PPK-2 contains a few irregular grains of tetrahedrite,
and tennantite is present in PPK-4 (Table 2) with rare
chalcopyrite and probable covellite. Chalcopyrite and an
Ag-bering Pb, Bi-sulfide were found in PPK-1.

As to the alteration products, the above-mentioned
green veinlets possibly belong to an unknown phospho-
silicate of Cu, Fe and Sn. The highly variable composi-
tion suggests, however, an extremely intimate mixture of
two or more phases (Table 3); finely layered (3 um) tex-

Table 2 Chemical composition of tetrahedrite (average of 5) and
tennantite (average of 2) enclosed in the Peerless kesterite.

Tetrahedrite PPK-2 Tennantite PPK-3

Cu 38.19 42 .85
Fe 2.85 5.32
Zn 4.47 2.84
Cd 0.17 0.03
Mn 0.02 0.01
Ag 0.52 0.00
Sb 26.03 1.55
As 1.67 18.63
Bi 0.91 0.20
Sn 0.15 0.00
S 24.99 28.08
Total 99.97 99.52

atomic contents normalized to 13 sulfur atoms
Cu 10.028 10.013
Fe 0.853 1.415
Zn 1.141 0.645
Cd 0.025 0.004
Mn 0.005 0.004
Ag 0.081 0.000
z 12.132 12.081
Sb 3.566 0.190
As 0.372 3.691
Bi 0.072 0.014
Sn 0.022 0.000
¥ 4.032 3.895
S 13.000 13.000

ture of this material revealed by BSE images also sug-
gests a heterogeneous aggregate. Cassiterite and an uni-
dentified mineral of Cu, possibly a carbonate, decorate
the interior of the phosphosilicate veinlets (Fig. 1).
Another probable intergrowth of alteration products
yields prominently Sb-rich but Sn- “free” compositions
(Table 3). In contrast, a plumbogummite-like phase
shows good stoichiometry but excessive remainder to
100 wt. %; poor polish suggests microporous aggregation
which could affect the analytical results. Besides cassiter-
ite, the only secondary phase that was reliably identified
is scorodite.

Fig. 1 Alteration products of the Peerless stannite (sample PPK-1).
Grey veinlets — unknown Cu, Fe, Zn-phosphosilicate (or a multiphase
mixture); black — carbonate of Cu; white in black — cassiterite.

Discussion
Crystal chemistry

Stannite /-42m and kesterite /-4 were well-defined in
terms of structure (Hall et al. 1978, Kissin et al. 1978,
Kissin — Owens 1979, 1989), but the relationship be-
tween structure and chemical composition is not unam-
biguous. Bernardini et al. (1990) place the boundary be-
tween the two phases at 60 to 70 mole % of the Zn
component, whereas Kissin (1989) finds evidence for
40 mole % at 500 °C and probably even less at lower tem-
peratures. Thus we term the samples at hand strictly on
the basis of chemical composition, as the correlation with
cation distribution and space group requires refinements
of the structures (see below).
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Table 3 Chemical composition of alteration products of the Peerless stannite, kesterite and associated

1986, Kissin 1989, Kissin —

minerals. Owens 1989). The 2c¢—a
“Sn, Fe, Cu-phosphosilicate™ after stannite “Cu, Fe-antimonate” probable versus (Zn+Cd)/[(Zn+Cd)+
1 2 3 4 5 6 A B C plumbogummite (Fe+Mn)] diagram in Fig-
S0, 048 036 064 057 020 027 036 582 0.03 0.91 ure 3B also shows good
P,0, 129 297 188 048 195 216 244 212 1.88 20.21 .
Si0, 521 430 499 211 615 729 086 060 0.76 0.04 agreement of our dat.a‘ with
ALO, 0.03 005 0.16 003 - - 004 006 0.04 22.67 the trend of synthetic and
SnO,  48.66 45.09 53.65 6242 5505 5042 0.1 0.8 0.19 0.63 natural phases. The only
Sb,O 003 005 007 034 - 1253 478 35.10 0.09 . -
act that Kissin (e. g.
Bi,O, 005 000 001 000 - - 366 063 17.12 0.00 in the fact that Kissin (e. g.,
FeO 1791 1625 1936 2077 17.22 1870 779 1442 1436 1.48 1989) treated all kesterite
MnO 0.03 001 0.04 0.00 - - 0.00 000 0.01 0.02 samples as totally pseudo-
PbO 0.00 0.00 0.00 0.00 - - 0.05 0.00 0.00 28.70 cubic with 2a=c. He sug-
Cu0 1364 1666 7.92 572 936 13.74 5851 60.46 12.36 1.04
Zn0 1.99 201 038 029 097 056 047 026 0.38 0.83 gested several reasons why
CdO 005 000 003 0.0 - ~ 064 004 161 0.00 the data of Corazza et al.
Ag,0 0.00 000 0.00 0.00 - - 020 0.00 0.01 0.00 (1986) and Bernardini et al.
Total  89.49 87.98 90.64 9285 90.90 93.14 9104 94.25 90.03 76.75 (1990), which indicate

The slight deviations of the atomic contents from the
ideal integral formula are insignificant, as most of them
amount to less than 1 % relative (Table 1). All of them
are well within the limits of experimental error.

The Cu:(Fe,Zn,Cd):Sn ratio is of interest, as it was
claimed in the literature to apparently deviate from the
ideal 2:1:1 stoichiometry. Figure 2A shows plots of pre-
viously published data, with identification of sources
for those which distinctly deviate from the main clus-
ter centered only slightly off the theoretical value. Our
data (Fig. 2B) show a much lesser spread; the signifi-
cance of the very slight drift of a considerable propor-
tion of the data to higher-than-ideal (Fe,Zn,Cd), anal-
ogous to that shown in Fig. 2A, cannot be evaluated at
present,

Figure 3A shows the average compositions and unit-
cell dimensions of the samples examined in good accord
with the trends established for synthetic phases (Bernar-
dini et al. 1990) and natural minerals (Corazza et al.

2a#c, could be distorted.
None of Kissin’s argu-
ments (such as mixtures of two phases, lack of splitting
of structurally related diffractions) apply to our data.
Unfortunately, Cu radiation was the only one available
in our laboratory at the time of this study, which limited
the resolution of closely spaced doublets. However, we
are confident that 2a#c shown by our data is meaning-
ful, as explained in the experimental section.

We must emphasize that the problem of overlaps ver-
sus splits of X-ray powder diffractions from structurally
analogous interplanar spacings is not a question of these
two easily identifiable extremes alone, but an affair com-
plicated by transition through broadening and partial
overlaps which are difficult to assess on X-ray powder
records in general, and on Debye-Scherrer and Guinier
films in particular. The controversy of 2a=c versus 2a#c
(and of 2a > or < ¢) can be approached only by the ex-
clusive use of uniquely indexed diffractions in cell re-
finement, despite of the low numbers of useful data and
consequently larger standard errors.

Cu @ Cu
@ 25 55 . 25 55
m]
30 50 30 w 50
20 25 30 %5 20 25 30 75
Fe+Zn+Cd Sn Fe+Zn+Cd Sn

Fig. 2 A: The cation proportions (Fe+Zn+Cd) — Cu - Sn in stannite and kesterite from the literature and from the present work. Compositions most
deviating from the ideal 1:2:1 ratio (+) are some of those reported by Oen (1970; squares), Springer (1968; triangles), Springer (1972; diamonds),
('.'errl}? — Harris (1978; inverted triangles), Corazza et al, (1986; x’s), and Cech — Hak (1982; *), B: Same as A for the Peerless stannite and kesterite
alone, showing a systematic trend toward enrichment in (Fe+Zn+Cd), but well within the analytical error.
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Petrologic aspects

Stability fields proposed by Kissin (1989) show stannite
(including probable high stannite above ~700 "C) and
kesterite separated by a miscibility gap. However, the
study of synthetic phases of intermediate compositions,
quenched at high temperatures (750 and 550 °C) suggest-
ed the existence of metastable compositional transitions
between stannite and kesterite fields (Kissin 1989, Ber-
nardini et al. 1990), which correspond to some natural
minerals examined by Corazza et al. (1986). Breakdown
of these phases into kesterite and stannite is observed in

(Zn+Cd)/[(Zn+Cd)+(Fe+Mn)]

some cases (Harris — Owens 1972, Petruk 1973, Kissin
1989, Kissin — Owens 1979, 1989). In other instances,
metastable survival of such transitional, compositional-
ly intermediate phases from their crystallization to am-
bient temperatures can be expected.

The average compositions of the Peerless stannite-kes-
terite phases fall within the intermediate range of Stn,,
Kst,, to Stn, Kst . At the temperature of crystallization
in the quartz core of the parent pegmatite, which can be
estimated at ~450 to 350 °C (London 1986, Morgan —
London 1987, Chakoumakos — Lumpkin 1990), the Zn-
poor compositions fall within the two-phase region of
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Kissin’s (1989, Fig. 2) phase diagram. The considerable
variability of composition within the individual examined
fragments suggests rapid crystallization, which would
promote formation of a metastable phase. A low temper-
ature of such metastable precipitation, and the even lower
thermal regime during a relatively rapid cooling, typical
of small pegmatite bodies, would hinder exsolution into
a pair of stable phases.

Paragenesis and geochemistry

The low content of Cd in the Peerless stannite-kesterite
is in sharp contrast with elevated up to dominant Cd pro-
portions in stannite-kesterite-Cernyite phases from other
granitic pegmatites (Fig. 4). This raises a question about
a possible correlation of fractionation of Cd from Zn in
minerals of the stannite group with other pairs of ele-
ments which characterize the progress of differentiation
in granitic pegmatites, such as K-Rb, K-Cs, Nb-Ta,
Zr-Hf or Al-Ga in oxide and silicate minerals. Unfortu-
nately, data available for such correlations are scarce and
non-systematic, which makes numeric comparisons
vague and potentially misleading. This is not particular-
ly surprising, as the fractionation of base metals is con-
trolled by mechanisms different from those affecting,
e. g., rare alkalis. The partitioning of Cd between stan-
nite minerals, sphalerite and greenockite or hawleyite is
another complicating factor, although probably signifi-

cant only in the most fractionated and Cd-enriched peg-
matites (cf. C‘erny — Harris 1978).

Concerning the Peerless minerals, however, some
additional observations should be mentioned. The as-
sociation of tetrahedrite and tennantite with kesterite
could be fortuitous and cannot be considered significant
without checking a statistically significant number of
samples of both stannite and kesterite from different
parts of the Hugo quartz core. Secondary alteration
products, however, show close dependence on the com-
position of primary phases. Scorodite is restricted to the
tennantite-bearing sample, whereas the Sb-rich alter-
ation product is associated with tetrahedrite-bearing
kesterite. The ubiquitous presence of phosphorus in the
alteration products of sulphide minerals should not be
surprising, as late, low-temperature generations of phos-
phates listed in the introductory description of the peg-
matite are relatively widespread throughout the pegma-
tite.
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Fig. 4 The Fe - Zn - Cd ratio in stan-
nite, kesterite and ¢ernyite from granit-
ic pegmatites: Tanco (Kissin et al. 1978,
Cerny — Harris 1978, +), Hugo (Kissin
et al. 1978, x), Mangualde (Oen 1970,

solid circles), Barquilla (Murciego et al.
1991, open circles) and Peerless (this
paper, open squares).
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Stannin a Kesterit z pegmatitu Peerless, Black Hills v Jizni Dakoté, USA

Stannin a kesterit se vyskytuji jako nékolikacentimetrové agregdty podél okrajii kiemenného jddra granitického pegmatitu Peerless u Keystone,
v Black Hills v Jizni Dakoté. Kesterit je doprovazen akcesorickym tetraedritem a tennantitem; vzacny chalkopyrit doprovdzi kesterit i stannin. Stannin
a kesterit jsou relativné homogenni v jednotlivych agregétech, ale oba minerdly jsou znaéné variabilni v riiznych shlucich. Kolisaji hlavné obsahy Fe
a Zn, zatfimco Cd je pfitomno pouze ve stopdch. Ctyfi detailné zkoumané vzorky maji primémné sloZeni Stn, Kst,,, Stn,,Kst, (zine¢naty stannin)
a Stn, Kst,,, Stn, Kst,, (Zeleznaty kesterit). Stechiometrie je téméF idedlni, s odchylkami vét§inou mensimi nez 1 % a nepfesahujicimi meze analytickych
chyb. Pomér Cu:(Fe, Zn, Cd):Sn je téméf konstantni a blizky k hodnoté 2:1:1, ale suma (Fe, Zn, Cd) je k dal$im dvéma komponentdm ponékud vyssi,
stejné jako ve spolehlivych tdajich citovanych v literatufe. Rozdil v mfizkovych konstantdch 2a — ¢ klesd se stoupajicimi hodnotami (Zn+Cd)/
N(Zn+Cd)+(Fe+Mn)], v souladu s daji pro syntetické fize a nékteré pfirodni minerdly. Hodnota 2a pro kesterit viak nenf totoznd s hodnotou ¢, jak
predpoklddd Kissin (1989). Pokud jde o vyskyty stanninu, kesteritu a Cernyitu v granitickych pegmatitech, obsahy Cd jsou pravdépodobné jen velmi
zhruba korelovatelné s jinymi indexy frakcionace v oxydech a silikdtech.
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