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Abstract Cell dimensions and solvus properties of
Fe-containing sphalerites, depending on temperature
and sulfur fugacity, were investigated using equilibrated
powdered materials synthesized from elements and bi-
nary sulfides under vacuum. The Fe solvus in sphalerite,
determined by optical microscopy and microprobe anal-
ysis, are directly correlated with increasing temperature
and decreasing sulfur fugacity controlled by solid-state
buffers. The increase of lattice parameters with Fe cor-
relates with an increase of FeS independent of sulfur
fugacity up to 10 mol% FeS within ZnS. Above about
10 mol% the lattice parameters are strongly depend-
ing on the sulfur fugacity controlled Fe’" /Fe’" ratios.
The Fe®"/Fe’' ratios determined by Moessbauer
spectroscopy and involving metal vacancies depend on
the sulfur fugacity. The critical Fe*" content determined
by experimental simulations as well as the minimal
Fe*"/ Fe’" ratios agree with the required minimal Fe
content for CuFeS,-DIS in sphalerite. The critical Fe*"
content also agrees with the change of Moessbauer sig-
nal from a singlet to a doublet for Fe*" containing
sphalerite. Pyrrhotite exsolutions in sphalerite caused by
higher sulfur fugacity show orientationally intergrown
with the sphalerite matrix. Density data calculated from
lattice parameters and composition are compared with
experimental density measurements.
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Introduction

The use of sphalerite parageneses for the genetic
interpretation of sulfide paragenesis requires, besides the
knowledge of its chemistry, structure and texture, ex-
perimental as well as corresponding mathematical sim-
ulations. For interpretational purposes, a huge number
of metal substitution data including natural and exper-
imental data exist for Mn, Cd, Cu and In, but especially
for Fe (Nelkowski and Bollmann 1969; Moh 1975;
Barton and Bethke 1987; Eldridge et al. 1988; Johan
1988; Bente and Doering 1995).

Literature data for geointerpretational use mainly
refer to equilibria in the system ZnS-FeS recording
temperature—pressure correlations, structural parame-
ters and activity data by means of X-ray diffraction
(Barton and Toulmin 1966), Moessbauer and infrared
spectroscopy (Manning 1967; Keys et al. 1968; Gerard
et al. 1971; Scott 1971) and density determinations
(Cabri 1969). These data differ drastically with regard to
the occurrence of Fe’" in (Zn, Fe)S (Manning 1967;
Keys et al. 1968; Cabri 1969; Gerard et al. 1971; Scott
1971). Systematical investigations referring to the va-
lency of Fe are not known for the solvus compositions of
sphalerite, including the sulfur fugacity relations. Gerard
et al. (1971) investigated only five sphalerites with dif-
ferent contents of Fe within the range of 0.4 to 62 mol%
Fe in ZnS. If the sphalerite contains less than 6 mol%
Fe, the Moessbauer spectra shows only a singlet. If the
Fe content exceeds 6 mol% a doublet was recorded
(Keys et al. 1968; Gerard et al. 1971). Furthermore,
literature data for exsolution phenomena produced by
the transition of ZnS solvi, especially with chalcopyrite
and Fe-S phases, do not explain, for example, the
chalcopyrite disease phenomena.

However, these correlations are decisive for the re-
view of substitutional sphalerite equilibria as well as for
the kinetics of mineral formation of sphalerite-bearing
paragenesis, especially for diffusion-induced segrega-
tions (DIS), e.g. of chalcopyrite.
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Firstly, Bente and Doering (1993) produced all typi-
cal textures of the chalcopyrite or iss disease observed in
nature by solid-state diffusion experiments. They have
shown that DIS (diffusion-induced segregation) of chal-
copyrite or iss respectively, is based on an irreversible
process and cannot be explained by solvus transition,
e.g. by decreasing temperature. DIS was successfully
produced along a chemical potential gradient between
Fe-bearing sphalerite and Cu sources controlled by
sulfur fugacity and metal activity differences. Primary
Fe-bearing sphalerites with more than 5 mol% FeS are
required to initiate the DIS process. The increase of the
sulfur fugacity results in partial oxidation of Fe’" to
Fe* " within the sphalerite (K. Bente and G. Amthauer,
personal communications, 1996). Consequently, copper
diffusing into spalerite reacts with Fe®" leading to DIS
of Cu—Fe-S phases. The corresponding atomistic reac-
tion mechanism is given below starting from (Zn, Fe)S
and finishing with DIS of Cu—Fe-S phases.

In addition to earlier assumptions, the results of
Bente and Doering (1993) support criticism (Barton and
Toulmin 1966) that exsolutions and Fe-bearing sphale-
rites cannot be used for geothermometry and geother-
mobarometry, since Fe is depleted and diffuses outside
the primary sphalerite, during the formation of Cu-rich
DIS phases in sphalerite. Therefore, the original Fe
content cannot be recalculated.

Aims

Within the scope of experimental and mathematical
simulations of chalcopyrite- or iss diffusion- induced
segregation (DIS) within sphalerite, the acquisition of
atomistic reaction mechanisms is essential. According to
our previous research (Bente and Doering 1993, 1995;

Table 1 Mechanisms of diffusion-induced segregation (DIS) of CuFeS, in sphalerite; Cu}n(&: Cu” on Zn
site; V,, vacancy on Fe?™ site; e — electron; [ZnS] recrystallization; [CuFeS,] DIS

K. Bente and G. Amthauer, personal communications,
1996), requirements for the DIS are the content of
Fe > 5 mol% in primary sphalerite and the oxidation
of Fe caused by the increase of the sulfur fugacity and,
additionally, the diffusion of copper into sphalerite and
its reaction with Fe’". Requirements for the mathe-
matical simulation are, besides the knowledge of the
driving force, particularly the structural gradients due to
local phenomena. In order to estimate these local mech-
anisms, the correlation between the lattice parameters,
the Fe content and the electronic state of different Fe
valencies, as well as the sulfur fugacity and thus the Fe* "
and vacancy contents, are examined in this study and will
be used for calculations of local lattice distortions. The
following table of DIS mechanisms shows on an ato-
mistic scale (Table 1) that the correlations of lattice pa-
rameters, contents and electronic states of Fe, Fe3*t/
Fe? ™" ratios and related metal vacancies, local shrinkages
by metal loss of sphalerite and dilatations by incoming
Cu, as well as local metal attractions, are needed for the
understanding and for mathematical simulations.

Experimental

Single crystals as well as powder materials are required to investi-
gate the parameter correlations. Single crystals (ZnggFeq)S and
(Zny g7Feg.13)S were produced by chemical vapour transport (CVT)
in a temperature gradient between 800 and 720 °C using evacuated
silica tubes (diameter 15 mm, length 150 mm) and 3 mg Joml™'
tube volume. The single crystals were used for density measure-
ments and for additional diffusion experiments.

Homogeneous mixed crystal powders with solid solution com-
positions of (Zny7Fe3)S, (Zng75Feo2s5)S (ZngsFep2)S, (Zngss
Feo.15)S,  (ZnggoFeo.10)S,  (Zng.925F€0.075)S, (Zng.osFegs)S and
(Zng 975Feg.025)S were synthesized in evacuated and sealed silica
tubes from binary sulfides (purity >99.998%) at 850 °C and
quenched. These powders were subjected to three different sulfur
fugacity buffers [Fe/FeS, Feg.97S (po), Fe;_.S/FeS, (po/py) by tube-
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in-tube arrangements] to realize a defined sulfur fugacity at 500 and
700 °C. The corresponding fS, vs. temperature data for fS, buffers
in the system Fe-S are taken from Barton and Toulmin (1964).
After annealing, the solid solution series and the buffers were
studied by optical microscopy, by powder X-ray diffraction (Seifert
XRD 3000, Cu-Kg4, GaAs standard) and by microprobe analysis
(CAMECA SX 100, standards: ZnS and CuFeS,).

The experimental temperature of 700 °C was chosen in order to
obtain possibly high diffusion kinetics and thus equilibrium con-
ditions, while not exceeding the upper stability temperature of the
pyrite in the buffer. Our experiments refer to iss-DIS and to ccp-
DIS because the chalcopyrite phase transition to intermediate solid
solution (iss) occurs at 550 °C. Different diffusion constants at 500
and 700 °C cause a duration of synthesis half a year longer at 500
than at 700 °C. Thus, the results of systematical experiments at
700 °C and, for comparison exemplary data of experiments at
500 °C will be discussed in this paper.

Phase determinations and lattice parameter refinements were
carried out with the program DIFFRAC AT (Siemens) and APX
63, respectively. The valency and the ratios of Fe ions were also
investigated by Moessbauer spectroscopy (*’Co source, fit program
HYBRID: Lottermoser et al. 1999). The TEM studies were carried
out by means of a Philips CM 200 apparatus.

The decisive differences to former experiments (Barton and
Toulmin 1966; Cabri 1969; Scott 1971) are that our experiments
were restricted to (Zn, Fe)S solid solutions and the three buffers
mentioned above. To check the condition of constant sulfur fu-
gacity during the solid solution synthesis, the buffers as well as the
samples were analyzed after the annealing process. If the condition
of constant sulfur fugacity was fullfilled, phase determinations,
lattice parameter refinements and Moessbauer spectroscopy were
carried out on the samples and the experiments accordingly called
controlled buffer experiments.

Results
Phase determination by optical and chemical analysis

The chemical composition and homogeneity of the (Zn,
Fe)S solid solutions was qualitatively examined by op-
tical microscopy of polished sections. These sections
were then used for microprobe analysis by 6 measure-

Fig. 1 Correlation between cell
parameter and FeS content in
ZnS synthesized at 700 °C using N
buffer 1: Fe/FeS = @; buffer 2:
Feg.97S = ; buffer 3: Fe,_,S/
FeS, = [; A = according to
the equation given by Barton
and Toulmin (1966)
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ments per sample, which confirmed the starting com-
position of the synthesized powders except for sample
ZF30/3 (O in Fig. 1; Table 2; see Discussion and Con-
clusion). For CVT single crystals the composition be-
tween starting powders and crystals differs. Maximum
ZnS—FeS solvus yields about 30 mol% FeS for Fe/FeS
buffer fugacities at 700 °C, whereas the po/py buffer
revealed only 20 mol% in experiment (Fig. 1). For S
fugacities of the Fe/FeS buffer, our results of maximum
FeS solution of 52 mol% agree with literature data
without S-fugacity control. Exsolution of pyrrhotite (po)
within the Fe-rich ZnS was observed in this ZnS sample
that was originally synthesized with 30 mol% FeS. Ex-
solutions were obtained with samples of 225 mol% FeS
as well.

Lattice parameter data by X-ray powder diffraction

Lattice parameter calculations are based on data col-
lections at 25 °C for homogeneous (Zn, Fe)S solid-so-
lution series in single-phase materials as well as in the
two-phase equilibrium. They are correlated with Fe
content and Fe>" /Fe’" ratios produced by sulfur fu-
gacities (Fig. 1). The hypothesis based on the atomistic
DIS mechanisms and initiating this study is confirmed
by the experimental data. They refer to the dependence
of the lattice parameter on the Fe content in ZnS for
controlled buffer experiments. The lattice parameters
increase in relation to the Fe content in ZnS according
to the enlarged ionic radii of Fe?" and Cu™ and de-
creasing by the radii of Fe*" and vacancies.
Furthermore, Fig. 1 shows the lattice parameters of
Fe-containing ZnS and its dependence on the sulfur
fugacity. The lattice parameters decrease with increasing
sulfur fugacity above 12 mol% FeS in ZnS (Fig. 1; Ta-
ble 3). The decreasing lattice constant is a summarizing

Barton & Tolmin (1966)

ZF30/3

buffer Fe/FeS ®
buffer Fe ;5,5 <
buffer Fe, S/FeS, O

T T T T T T T T T ]
10 15 20 25 30 35 40 45 50 55
FeS in ZnS (mol%)
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Table 2 Composition of starting materials in comparison to mi-
croprobe analysis of synthesized and buffered powders, six
measurements per sample

Sample Starting Buffer Mean composition
declaration composition of six measurements
700 °C [Zn,_,Fe,]S for each powder
sample [Zn;_.Fe,]S
ZF30/1 0.3 Fe/FeS 0.30 + 0.01
ZF30/3 Fe;_.S/FeS, 0.20 £ 0.01
ZF25/1 0.25 Fe/FeS 0.25 £ 0.01
ZF20/1 0.2 Fe/FeS 0.21 £ 0.02
ZF20/2 Fep97S 0.21 £ 0.01
ZF20/3 Fe,_.S/FeS, 0.19 £ 0.02
ZF15/1 0.15 Fe/FeS 0.15 £ 0.02
ZF15/2 Fep97S 0.15 £ 0.02
ZF15/3 Fe,_.S/FeS, 0.15 £ 0.01
ZF10/1 0.1 Fe/FeS 0.09 £ 0.01
ZF10/2 Fep07S 0.09 £+ 0.01
ZF10/3 Fe,_,S/FeS, 0.10 £ 0.01
ZF17.5/1 0.075 Fe/FeS 0.073 £ 0.001
ZF75/2 Fe()_97S 0.074 £+ 0.001
ZF1.5/3 Fe;_.S/FeS, 0.072 £ 0.001
ZF5/1 0.05 Fe/FeS 0.048 + 0.001
ZF5)2 Fep 7S 0.048 + 0.001
ZF5/3 Fe;_.S/FeS, 0.049 + 0.001
ZF2.5/1 0.025 Fe/FeS 0.024 + 0.001
ZF2.5/2 Fep 7S 0.024 + 0.001
ZF2.5/3 Fe;_,S/FeS, 0.024 + 0.001

result of the oxidation of Fe*" to Fe®" and the simul-
taneous formation of vacancies.

The effect of decreasing is not significant for samples
with less than 12 mol% FeS, because the necessary lattice
parameter-reducing amount of Fe’* is not reached yet,
which is confirmed by Moessbauer data and will be dis-
cussed later. The resolution of data at about 10 mol%
FeS in ZnS is too close to the limit of accuracy.

First results of comparing 500 °C samples show the
same tendency as at 700 °C. Maximum ZnS—FeS solvus
yields about 19 mol% FeS for Feyo7S buffer at 500 °C.

Table 3 Lattice parameter data for ZnggFe(,S, calculated X-ray
density data based on Fe?"/Fe’" ratios and vacancy contents
corresponding to Moessbauer spectroscopy data (Table 4), log {S,
is calculated for 700 °C from Barton and Toulmin (1966)

[Zn;_.Fe,]S Buffer Log fS, ap in nm p (X-ray)
theor.
(g cm™)
700 °C Without Without  0.54189 (1)  3.9870 (1)
Fe/FeS —-11.4 (5) 0.54206 (1)  3.9834 (1)
x =02 Feq97S -4.9 (5 0.54191 (2) 3.9723 (2)
Fe,_,S/FeS, -0.97 (5) 0.54187 (1) 3.9684 (1)

Electronic states and valency data of Fe
within (Zn,Fe)S by Moessbauer spectroscopy

The valency and ratios of ionic Fe species of single- and
two-phase powder materials were determined by Mo-
essbauer spectroscopy. Within the single phase solid
solutions of 20 mol% FeS, the Fe*" content increases
from 0 to 5.4% and up to 7.3 mol% with increasing
sulfur fugacities from the Fe/FeS buffer — through the po
buffer — to the po/py buffer (Table 4).

In one non-equilibrium powder sample of a (Zn,Fe)S
solid-solution series, two signals with identical isomer
shift (0.65 mm s, corrected to d-Fe) were obtained. One
signal shows a quadrupole split of 0.60 mm s~', whereas
the other shows only a singlet (Fig. 2; Table 5). The
different signals correspond to two different solid-solu-
tion members (Zng 93Fey7)S and (Zng ggFeg 12)S deter-
mined by microprobe analysis. Because at the given fS,
only Fe’ " -containing sphalerite exists, the singlet-dou-
blet transition has to be attributed to a Fe—Fe-bonding
interaction above a critical Fe content in ZnS. This
transition from singlet to doublet spectra agrees with the
value for minimal Fe contents in sphalerite producing
CuFeS, DIS. Additionally, small amounts of pyrrhotite
were detected by microscopy and microprobe analysis,
but do not contribute to the Moessbauer signals.

Density data

Local shrinkage due to changes in valency state (Fe? "/
Fe’ ") and the formation of vacancies was examined by
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Fig. 2 Fitted Moessbauer spectra with two signals at identical isomer
shift

Table 4 Increasing content of Fe* " in (ZngsFey)S caused by increasing sulfur fugacity (buffer controlled experiments)

[Zn;_,Fe,]S Buffer Fe*™* (%) IS mm/s™) QS (mm/s™))  Fe’* (%) IS (mm/s™) QS (mm/s7h)
700°C
x =02 Fe/FeS 0 - - 100 0.64 0.49
Feg.07S 5.4 0.36 0.17 94.6 0.64 0.43
Fe,_,S/FeS, 7.3 0.39 0.20 92.7 0.66 0.44




density calculations. Density data were calculated on
the basis of the refined lattice parameters. The results of
the maximum Fe®" content causing simultaneously an
amount of vacancies being half of the Fe* " in order to
maintain charge balance (Table 1, 3). The type of lattice
distortion caused by the vacancies is reducing because of
the ionic bonds in (Zn, Fe)S. The calculated density
variations correlate with the lattice data. The calculated
densities for the buffered Zng 3Fe(»S compared to Zng g
Feq,S without buffering (Table 3), that means Zngg
Fey»S only containing Fe* ", vary up to about 0.5%.
These estimated differences will be examined in a future
experiment by using buffered (Zn, Fe)S single crystals.

Microstructural data by TEM

The coexistences of (Zn, Fe)S with exsolved Fe-S phases
were investigated to determine the solvus limits. Hereby
the solid solution limits of FeS in ZnS at 700 °C are
52 mol% for the Fe/FeS buffer, 21 mol% for the Feg 7S
buffer and 20 mol% for the Fe,_,S/FeS, buffer. Pyr-
rhotite exsolution was detected at 25 and 30 mol% at
the Feq97S and at the Fe,_,/FeS, buffer.

TEM studies of the pyrrhotite exsolutions showed
(Fig. 3) an orientation of the pyrrhotite {0001} parallel
to {111} of the sphalerite matrix. The exsolutions (black,
rounded phase) are abundantly surrounded by disloca-
tions (D in Fig. 3) in the matrix. Figure 4a, b shows
calculated diffraction patterns of pyrrhotite and
sphalerite. The comparison between computer simulated
(EMS Stadelmann program) and experimental diffrac-

Fig. 3 Relation between pyrrhotite exsolution and sphalerite matrix.
Multibeam TEM bright-field image (bd = [111]) with corresponding
diffraction pattern (SADP) for the sphalerite matrix and pyrrhotite as
well as for dislocations (D). Sample LZF 30/3, Philips CM 200,
U =200 kV
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S

g1: (1,0,-1¥ g2 (0,1,-1)

Fig. 4a— Relationship between calculated and experimental diffrac-
tion patterns of Fe;_ S and ZnS for the beam directions
bd(zss) = [111] and bdgei—vs) = [0001]. a Sphalerite. b Pyrrhotite.
¢ Superposition of both diffraction patterns

tion pattern confirmed pyrrhotite as second phase. The
superposition of both diffraction patterns (po and sph)
produces a diagram which is almost identical to the
experimental observed pattern (Fig. 4c) and its orienta-
tion correlation. The pyrrhotite modification showing
the best agreement was obtained with Fe,Sg (trigonal).

Discussion

The X-ray data of Fe-containing sphalerite reveal a
correlation between the dependence of sulfur fugacity,
the lattice parameters, the Fe®" and vacancy concen-
tration. These data specify and correct literature data of
sphalerite-FeS solid solutions which are predominantly
studied without strictly controlled S fugacities and in-
dicate that this system is sensitive to the experimental
procedures. Barton and Toulmin (1966) investigated the
buffers after completing their experiments. ‘““Various
pyrrhotite solid solution buffers” (> Fe/FeS, p. 822)
were responsible for their lattice parameters and explain
why their regression line plots differently to our data. In
the range between (Zn0A975FeoA025)S and (ZHOAgoFeoAl)S
the slope of both lines is almost parallel. At higher Fe
contents the effect of Fe’™ and vacancies leads to a
splitting of our line caused by controlled fS, and
confirms our atomistic model (Table 1).



190

Table 5 Isomer shift and quadrupol splitting of the two-phase
sample

[Zn,_,Fe,]S IS (mm/s™") QS (mm/s™")
0.07 + 0.01 0.65 0
0.12 + 0.01 0.65 0.60

The preparation of materials excluded pyrrhotite as
starting and coexisting phase with (Zn, Fe)S. Pyrrhotite
exsolutions (sample ZF30/3) indicate that the maximum
solubility of FeS in ZnS is achieved with the Fe,_,S/FeS,
buffer. It has to be assumed that it presents the upper
solubility limit. According to our experiments the max-
imum solubility of FeS in ZnS yields about 21 (+2)
mol% FeS for the Fe,_.S/FeS, buffer. As a result of
these data and of the fact of pyrrhotite exsolution within
sphalerite at 25 and 30 mol% FeS in ZnS, diffusion
experiments will further be focused on the solubility
range from (Zngg75Feg.025)S to (Zng goFeg20)S. The re-
gression for the Fe/FeS buffer at 52 + 1 mol% FeS
represents the maximum FeS solubility in ZnS under
these conditions.

Furthermore, the observed exsolutions of pyrrhotite
are useful for investigations referring to the character-
ization of lattice distortions.

Moessbauer spectra of Fe-containing sphalerites are
known from literature. Gerard et al. (1971) investigat-
ed five (Zn, Fe)S samples within the range of 0.4 to
62 mol% Fe in ZnS. If the sphalerite contains less than
6 mol% Fe, the spectra show only singlets. If the Fe
content exceeds 6 mol%, it shows a doublet (Keys et al.
1968; Gerard et al. 1971). These data agree with our
data (7 £ 1 mol%). Scott (1971) investigated samples
with 20.8 up to 43.6 mol% Fe in ZnS, which explains
why he did not obtain a singlet. In a non-equilibrium
experiment, different Fe-rich sphalerites could be mea-
sured simultaneously. It has to be assumed that in this
case of a singlet, the Fe ions are in the state of low spin
and thus show no interaction, but in the case of more
Fe-rich phases, the Fe ions are in the condition of high
spin and interactions take place and the signal changes
to a doublet. The obtained a-Fe corrected data of isomer
shift of Fe-containing ZnS (0.65 mm s™') agree with
literature data (Manning 1967; Gerard et al. 1971; Scott
1971). The change in the Moessbauer signal (between 7
and 12 mol% FeS in ZnS) agrees with the splitting of the
lattice parameters starting at about 10 mol% FeS in
ZnS.

Discussions about possibly ordering phenomena de-
pending on the Fe content, leading to these Moessbauer
signals, will be proved by neutron diffraction. First re-
sults by neutron diffraction (Schorr 2002, personal
communication) confirm lattice parameter data ob-
tained by X-ray diffraction.

The existence of Fe®> © within (Zn, Fe)S is described in
literature. Gerard et al. (1971) mentioned detection of
Fe’ " in “small amounts” (p. 2093) in Fe-rich ZnS, but
their research did not focus mainly on Fe?*. Bente and

Amthauer measured Fe’" in (Zn, Fe)S and confirmed
literature data. The splitting of the regression line of the
lattice parameter into three lines with different slopes is
caused by the oxidation of Fe’" to Fe’* and the si-
multaneous formation of vacancies depending on the
sulfur fugacity. Obviously, the critical Fe** content and
the minimal Fe® " /Fe?" ratios agree with the required
minimal Fe content for CuFeS,-DIS in sphalerite.

Conclusions

The lattice parameters of ZnS—FeS solid solutions, de-
pending on temperature and sulfur fugacity, verify the
hypothesis that increasing Fe content and decreasing
sulfur fugacity reveal an increase in the cell dimensions.
The increase in S- fugacity implies the increase in Fe®*.
The observed solid solutions can be used for solvus
phenomena as well as for the starting conditions and
mechanisms of diffusion-induced segregations, e.g. of
chalcopyrite.

The critical composition of (Zn, Fe)S that results in
quadrupole splitting of Moessbauer spectra corresponds
with the experimentally determined minimum content of
Fe required for chalcopyrite- or iss- DIS in sphalerites.
The interaction of Fe above ca. 7 mol% FeS in sphale-
rite obtained by Moessbauer spectroscopy is an essential
requirement for the formation of Cu-Fe clusters pre-
cursing DIS nucleation. Additionally, it has to be as-
sumed that for FeS contents below and above 7 mol%
in sphalerite, different diffusion mechanisms could be
suggested.

Further systematic studies will include experimental
investigations into local shrinkage and at temperatures
differing from 700 °C by means of experimentally de-
termined densities of crystals with high precision. These
local shrinkage data are used for mathematical simula-
tion of DIS (Blesgen et al. 2002).
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