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Abstract

Experimental constraints, petrologic studies, and theoretical analysis suggest that, energet-
ically, tetrahedrite-tennantite sulfosalts are remarkably well behaved multisite reciprocal solu-
tions. Fe-Zn exchange experiments (500°C) between tetrahedrite-tennantite and sphalerites
yield values of 2.59+0.14 and 2.07+0.07 kcal/gfw for the Gibbs energies of the reciprocal
reaction

Cu,yZn,Sb,S,; + Cu, ,Fe,As,S,; = Cu,Fe,Sb,S;; + Cu,y¢Zn,As,S,,
and Fe-Zn exchange reaction
1/2 Cu,,Fe,Sb,S,; + ZnS = 1/2 Cu,(Zn,Sb,S,; + FeS, respectively.

These results, plus petrologic studies of tetrahedrite-tennantite + sphalerite assemblages, and
preliminary experimental results at 435 and 365°C suggest that the above parameters are
insensitive to temperature and permit estimates for the Gibbs energies of the remaining two
reciprocal reactions of “ideal” tetrahedrite-tennantite ((Ag,Cu)sCu,(Fe,Zn), (As,Sb),S;,):
Cu,¢Zn,Sb,S,; + Ag,Cu,Fe,Sb,S,; = Cu,,Fe,Sb,S,5 + AgeCu,Zn,Sb,S,; and
AgcCu,Fe,Sb,S,3; + Cu,,Fe,As,S,3 = Cu,,Fe,Sb,S;; + AgsCu,Fe,S;; of 3.0+ 1.5 and
17 £ 5 kcal/gfw, respectively.

These considerations suggest that tetrahedrite-tennantites are the “Cadillac” of reciprocal
solutions and of petrogenetic indicators of hydrothermal mineralizing environments; they are
the sulfide analog of amphiboles, the “Rolls Royce” of reciprocal solutions and petrogenetic
indicators. In addition to providing a means for deducing aspects of the chemistry of many
hydrothermal mineralizing fluids, our results afford an improved basis for understanding
downstream chemical zoning in polymetallic base-metal sulfide and bonanza precious metal
deposits. In particular they provide strong evidence that crystallochemical control coupled
with As—Sb fractionation determines the distribution of silver in many zoned Pb-Zn-Cu-Ag

deposits.

Introduction

The sulfosalts of interest here, Fe- and Zn-bearing
tetrahedrite-tennantite solid solutions, are common constit-
uents of polymetallic base metal sulfide deposits (e.g., Riley,
1974; Barton et al., 1977; Wu and Petersen, 1977; Einaudi,
1977; Knight, 1977; Loucks, 1984) and bonanza precious
metal deposits (Hackbarth et al., 1981; Hackbarth and Pe-
tersen, 1983).' They are the most common economic ore
minerals of silver and often contain at least trace amounts

! Following Hellner (1958), Nowacki (1969), and Takeuchi and
Sadanaga (1969), we use the term sulfosalt to encompass all sul-
fides in which semimetals are bonded to three sulfurs in a pyrami-
dal arrangement. In the ensuing discussion sulfosalt solid solu-
tions commonly described using the names tetrahedrite, tennantite
(or binnite), and freibergite will be referred to as tetrahedrite-
tennantite, and, the names tetrahedrite and tennantite will be re-
served for tetrahedrite-tennantite with Sb/(As 4+ Sb + Bi) = 1
and As/(As + Sb + Bi) = 1, respectively.
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of Hg, Bi, Te, Cd, Pb, and Se. They typically approximate
the simple stoichiometry

(Cu,Ag)TR[Cu, 5(Fe,Zn,Cd,Hg,Pb), , TTE7(Sb,AsBI)IM(S.Se), 5

corresponding to an ideal tetrahedrite-tennantite structure
with 208 valance electrons per unit cell and full occupancy
of the 6 trigonal-planar (TRG), 6 tetrahedral (TET), and 4
semimetal (SM) sites in the 13-sulfur formula unit (e.g.,
Pauling and Neuman, 1934; Wuensch, 1964, 1966; Spring-
er, 1969; Kalbskopf, 1971, 1972; Hall, 1972; Charlat and
Levy, 1974; Pattrick, 1978; Johnson and Jeanloz, 1983;
Pattrick and Hall, 1983; Jeanloz and Johnson, 1984; John-
son and Burnham, 1985; Peterson and Miller, 1985). De-
spite their economic importance, very little is known about
the phase relations and thermochemistry of these minerals
other than for their synthetic analogues in the simple sys-
tems Cu-Sb-S and Cu-Sb-As-S, and Cu-Fe-Sb-S (e.g.,
Maske and Skinner, 1971; Skinner et al., 1972; Tatsuka
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and Morimoto, 1973, 1977a, 1977b; Luce et al,, 1977; Ma-
kovicky and Skinner, 1978, 1979). Although the synthetic
analogues have the same space group symmetry, 143m,
they typically deviate from the simple stoichiometry of the
classical formula, Cu,,,,Fe,_ (As,Sb),S,,, requiring the
additional comporient Cu, (As,Sb),S,; and/or
Cu,,(As,Sb), /38,3 to describe their composition for posi-
tive values of x (Tatsuka and Morimoto, 1977; Makovicky
and Skinner, 1978). Measurements of electrical resistivity
and optical absorption spectra suggest that tetrahedrite-
tennantites with 208 valence electrons per unit cell are
large-gap semiconductors, whereas those with between 204
and 208 valence electrons appear to be metallic (Johnson
and Jeanloz, 1983; Jeanloz and Johnson, 1984).

Our interest in tetrahedrite-tennantite solid solutions
derives, in part, from their potential to serve as sliding scale
indicators of the physicochemical environment of ore depo-
sition (e.g., Barton and Skinner, 1979). To date, pyrrhotite
and particularly sphalerite are the mineral solutions which
have been most widely applied to the study of hy-
drothermal ore deposits (e.g., Toulmin and Barton, 1964;
Barton and Toulmin, 1966; Boorman, 1967; Scott and
Barnes, 1971; Barton and Skinner, 1979). As noted by
Barton and Skinner (1979, p. 365), “the usefulness of sphal-
erite derives from its desirable quenching properties, ca-
pacity for a wide range of Fe—Zn substitution, widespread
occurrence in natural environments, and near ideality for
examination by optical and X-ray methods”. Among other
common ore minerals, tetrahedrite-tennantite is perhaps
the most promising as a chemical indicator of hy-
drothermal mineralizirig environments, because it has con-
siderable compositional variability, forms as a primary
mineral over a broad range of temperature—e.g., ca. 375°C
at Darwin, California (Czamanske and Hall, 1975) to
200°C at Topia, Durango, Mexico (Loucks, 1984)—and is
present as at least an accessory mineral in most Pb-Zn-
Cu-Ag deposits. Tetrahedrite-tennantite reacts slowly in
the laboratory (e.g., Skinner et al., 1972), and preservation
of marked compositional discontinuities ini natural growth-
zoned crystals demonstrates that initial compositions are
commonly retained in nature, at least at the lower temper-
atures of epithermal mineralization, <300°C (e.g., Yui,
1971; Wu and Petersen, 1977; Raabe and Sack, 1984;
Hackbarth and Petersen, 1984). Unfortunately, the chemi-
cal complexity of tetrahedrite-tennantite has thwarted at-
tempts to acquire the thermodynamic information neces-
sary to interpret the factors influencing its compositional
variation.

This paper reports results of Fe-Zn—Cu exchange experi-
ments between sphalerites and tetrahedrite-tennantite in
portions of the Cu-Fe-Zn-Sb-S, Cu-Fe-Zn-As-S, and
Cu-Fe-Zn—Sb-As-S systems at 500°C. Results of these ex-
periments bear on (1) elucidating the zoning mechanism
responsible for the covariance between (As/Sb) and (Fe/Zn)
ratios often observed in natural tennahedrites (e.g., Bush-
nell, 1983; Raabe and Sack, 1984), (2) defining the compo-
sition variables of sphalerite and tetrahedrite-tennantite in

the low-variance assemblage sphalerite + ISS? + arse-
nopyrite + tetrahedrite-tennantite and (3) defining
activity—composition relations for copper-bearing compo-
nents in sphalerite and ISS (e.g., Hutchison and Scott,
1981). Together with natural tetrahedrite-tennantite-
bearing assemblages (e.g., Loucks, 1984; Raabe and Sack,
1984) and preliminary results of similar exchange experi-
ments at 365 and 435°C, they provide a basis for devel-
oping a provisional calibration for the thermodynamic
mixing properties of (Ag,Cu)s(Cu,/3(Fe,Zn);;3)6(As,Sb),S 5
tetrahedrite-tennantite.

Experimental methods

Elements of purity exceeding 99.99% were used as starting ma-
terials for the synthesis of (ZnFe)S sphalerites and
Cu, o(Zn,Fe),(Sb,As),S,; tetrahedrite-tennantites. Homogeneous
tetrahedrite-tennantites with ratios of Fe/(Fe + Zn) of 0.00, 0.35,
0.60, 0.90 and 1.00, and As/(As + Sb) of 0.00, 0.65, and 1.00 were
synthesized from HCl-cleaned 0.5 mm diameter copper wire
(m5N-Johnson Matthey Puratonic, Alfa Ventron #400338), 2-
mm-diameter iron wire (m4N85-JM.P., A.V. #00027), antimony
ingot (m5NS, A.V. #00032), fire-polished lumps of arsenic (m6N,
A.V. #00034), and random pieces of sulfur (tSN5, A.V. #00318).
Tetrahedrites, tetrahedrite-tennantite, and tennantites were pre-
pared in 1.5 to 4 gm quantities by initially combining presynthes-
ized FeS with other elements (weighed accurately to 44 decimal
places) and with LiCl-KCl flux in evacuated silica tubes at 400°C
in one-atmosphere furnaces for times between 3 weeks and 2
months (Boorman, 1967; Kullerud, 1971). These charges were then
annealed at temperatures between 500° (tennantites) and 575°C
(tetrahedrites) for times between two and three months. The con-
tents of quenched charges were washed in distilled water to
remove flux, dried with acetone, and examined with the optical
microscope and electron microprobe. This examination revealed
that all tetrahedrites and tetrahedrite-tennantites with Fe/
(Fe + Zn) ratios of 0.00, 0.35, and 0.60 were homogeneous with
respect to Fe/Zn ratios, whereas the remaining tetrahedrite-
tennantites and tennantites were not. Conséquently, the tennan-
tites and iron-rich tetrahedrite-tennantites were rerun until homo-
geneity with respect to (Fe/Zn) ratio could be established from
electron microprobe analyses. Repeated attempts at 500°C syn-
thesis of Cu,,Fe,As,S,; were unsuccessful, but Springer (1969,
sample 13) reports a lower temperature natural tennantite that
closely approaches this composition.

Homogeneous sphalerites with Fe/(Fe + Zn) ratios of 0.005,
0.010, 0.020, 0.050, 0.100, 0.170, and 0.250 were prepared from
end-member ZnS sphalerite and FeS troilite by interdiffusion in
the presence of NaCl-KCl flux in evacuated silica tubes at 850°C
for times between 2 and 4 months. End-member ZnS was pre-
pared by combining H,-reduced zinc powder with excess sulfur at
500°C for 2 weeks, and then removing excess sulfur by rinsing
with carbon disulfide. Stoichiometric FeS was synthesized from
H,-reduced iron powder and sulfur crystals in evacuated silica
tubes at 800°C. To ensure FeS stoichiometry, the contents were
subsequently resealed with chunks of iron metal; following

2 ISS is the cubic, Cu-Fe disordered “intermediate solid solu-
tion” having the F43m sphalerite structure and a broad compo-
sition field in the central part of the Cu-Fe-S system above 200°C
(Cabri, 1973). Chalcopyrite is cubic only above 547°C (Yund and
Kullerud, 1966).
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Fig. 1. Fe~Zn exchange isotherms for tetrahedrite-sphalerite, tetrahedrite-tennantite-sphalerite, and tennantite-sphalerite assemblages
at 500°C. The vertical and horizontal axes represent the molar ratios of iron to zinc in sphalerite and sulfosalt. Arrows indicate the
direction of change of Fe/Zn ratios of sphalerite and tetrahedrite-tennantite during the exchange experiments. Tips of solid, shaded, and
open arrows represent sphalerite + tetrahedrite, sphalerite + tetrahedrite-tennantite, and sphalerite + tennantite assemblages, respec-
tively. Wavy line indicates approximate sphalerite compositions required to form ISS by reactions (1) and (2). Curve with dashed
extension represents the limit of the ISS + tetrahedrite-tennantite + sphalerite assemblage due to reactions to form arsenopyrite. Solid

lines represent calculated isotherms (see caption to Fig. 4).

quenching these chunks were removed from the disaggregated tro-
ilite with a magnet.

Seventy-seven combinations of synthetic sphalerites and
tetrahedrite-tennantite were selected to provide reversal brackets
on the Fe-Zn exchange isotherm at 500°C (see Table 1). Due to
the known refractory properties of sphalerite (e.g., Barton and
Toulmin, 1966), it was decided to “make tetrahedrite-tennantite do
the work” in attaining Fe-Zn exchange equilibrium, so in each
experiment sphalerite and tetrahedrite—tennantite were run in the
mass proportions 0.04 g sphalerite:0.005 g tetrahedrite. This ratio
corresponds to atomic proportions of about 60:1 in terms of
exchangable Fe + Zn. These mixtures were combined with LiCl-
KCl flux, sealed in silica tubes under vacuum, and heated in one
atmosphere furnaces for slightly over 5 months at 500°C, 10
months at 365°C, and 14 months at 435°C. During this period the
furnace temperatures were monitored regularly for controller drift
using reference chromel-alumel thermocouples calibrated against
the melting points of Se (217°C), Te (450°C) and Sb (631°C). These
temperature measurements demonstrate that the temperatures of
the charges were controlled within + 3° during the experiments.

The quenched products of the exchange experiments were
washed free of flux and mounted in cold-setting epoxy, polished,
and examined by reflected light microscopy and electron micro-
probe analysis. Electron microprobe analyses of the products of
the exchange experiments were accomplished utilizing the eight-
spectrometer ARL-SEMQ microprobe interfaced with a PDP-11/10
computer in the Department of Geology and Geophysics of the
University of California, Berkeley; microprobe analyses of the
starting materials for these experiments were accomplished with

the 3-spectrometer ARL-EMX microprobe formerly in the Hoffman
Laboratory of Harvard University. In operating both micro-
probes, operating voltages of 20 kV and sample currents near 0.03
puA (on MgO) were employed, and synthetic sphalerites and
tetrahedrite-tennantite of the compositions Zng ¢55F€0.0155,
Zn;.600F€0.4005 Cu,Zn,8b,S, 5, CuoFe,Sb,8,5, and
Cu, Fe, ,Zn, 3As,S,; were used as standards for sphalerites and
tetrahedrite-tennantite, respectively. MAGIC 1V corrections (Colby,
1972) were used to reduce the data. Based on intercomparison of
standards, it is believed that the analytical uncertainties are well
within the errors generally reported for microprobe analyses, less
than +2% relative for elements present in concentrations greater
than 5 wt.%, and less than +5% for elements present in con-
centrations between 1 and 5 wt.%. Microprobe analyses demon-
strate that the chlorine content of experimental sphalerites and
tetrahedrite-tennantites was undetectable in all cases (<0.004
Wt.o/o).

Experimental results

Tetrahedrite-tennantite and sphalerite were observed in
the products of all experiments at 500°C. In addition to
tetrahedrite-tennantite and sphalerite, the phases ISS and
arsenopyrite were observed in some runs. ISS was observed
in all charges which had sphalerites with initial X3ve of
0.10, 0.17, and 0.25. In these charges there is a direct corre-
lation between initial X3 and modal ISS produced. ISS
produced in the experiments occurs both as equant grains

and as an emulsion of fine specks and lamellae in original
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Table 2. Electron microprobe analyses of preliminary experiments that provide the tightest brackets on the Fe-Zn exchange isotherms
between sphalerite and tetrahedrite or tennantite at 435 and 365°C. Format as in Table 1.

EXP# Phase Fe/(Fe+Zn) S As Sb Fe In Cu Sum N
435-35 1O  0.600 25.25(22) 29,30(13) 5.57(08) 2,72(04)  37.85(07) 100.69 (3)
" SPH 0.050 33.46(05) 2.97(03) 64,05(18) 0.09(02) 100.57 (5)
435-42 TN 0.350 28,05(20) 20.17(12) 4,35(03) 4.69(05) 42.03(18) 99.29 (4)
" SPH 0.050 32.90(17) 2.87(06) 63.23(60) 0.09(05) 99.10 (4)
435-45 TD  0.000 24.84(23) 29.18(19) 5.,77(10)  3.32(02) 37.53(16) 100.64  (4)
- SPH 0.100 33.30(23) 5.39(13) 60.69(71) 0.07(03) 99.45 (3)
435-48 TD 0.900 25.07(34) 29.21(50) 4.12(07) 4,87(24) 37.34(29) 100.61 (6)
N SPH 0,100 32.75(22) 6.30(13) 61.60(60) 0.08(03) 100.73 (7}
435-55 TN  0.600 28.25(28) 20.44(19) 5.88(07)  3,75(31) 42.12(36) 100.43  (5)
" SPH 0,100 33.32(26) 5.64(15) 61.60(36) 0.21(11)  100.77 (5)
435-56 TN  0.900 28.04910) 20.37(31) 6.39(06) 3.21(05) 41.62(43) 99,64 (5)
= SPH 0.100 32.43(02) §.97(07) 59.88(20) 0.10(02) 98.38 (2)
435-57 TD 0.350 25.32(14) 29,49(16) 4.74(16) 4.82(32) 36.30(08) 100.66 (4)
L SPH 0.170 33.67( ) 6.69( ) 56.15( ) 0.31(25) 99.82 (9)
435-69 10  0.600 25.51(15) 29.58(22) 5.59)07) 3.77(13)  36.22(25) 100.67 (8)
" SPH 0,250 33.37( ) 14,19(08) 51.19(40) 0.25(08) 99.00 (8)
365-71 10 1.000 24.94(19) 29.50(12) 6.02(03) 2.90¢11) 37.40(17) 100.76  (3)
= SPH 0,250 33.47(33) 14,52(19) 51.16(37) 0.09(03) 99.24 (8)

sphalerite grains. Arsenopyrite was observed only in (1)
tennantite-bearing charges with initial X3s of 0.17 and
0.25, and (2) tetrahedrite-tennantite-bearing charges with
the initial X8 of 0.25. In tetrahedrite-tennantite- and
tennantite-bearing charges with X4 of 0.25, the original
sphalerite grains are so pervasively infected with the ISS
analogue of “chalcopyrite disease” (e.g., Barton, 1978; Hut-
chison and Scott, 1981) that it was not possible to obtain
adequate electron microprobe analyses of relict sphalerite
in these grains. Assuming chemical equilibrium, secondary
sphalerites that grew during the experiments suggest ap-
proximate values of the composition of sphalerite in the
four-phase assemblage in charges with initial X3FH of 0.25
and As/(As + Sb) of 0.65.

Results of electron microprobe analyses of the products
of the 500°C Fe-Zn exchange experiments are given in
Table 1. The main feature of the electron microprobe
analyses is that they demonstrate that the experiments pro-
vide tight reversal brackets on the 500°C isotherms for
Fe-Zn exchange between sphalerites and tetrahedrites,
tetrahedrite-tennantite and tennantites (Fig. 1). These data
demonstrate that, at a given Fe/Zn ratio in sphalerite, there
is a direct correlation between the Fe/Zn and As/Sb ratios
in tetrahedrite-tennantites. In contrast, experiments at 435
and 365°C did not produce similar tight reversal brackets
on the Fe-Zn exchange isotherms at these temperatures.
Accordingly, only preliminary results for experiments in
which tetrahedrite-tennantites exhibit significant changes in
Fe/Zn ratios (Fe-rich charges) are reported here (Table 2).
Inspection of Figure 1 also reveals that these experiments
provide brackets on the Fe/Zn ratios of sphalerites and
tetrahedrite-tennantites in the assemblage tetrahedrite-
tennantite + sphalerite + arsenopyrite + ISS. X in this
four-phase assemblage is 0.15940.003 for tennantite-
bearing charges; for tetrahedrite-tennantite with an As/
{As + Sb) ratio of 0.65, X¥¥ in the five-phase assemblage is
bracketed between 0.170 and 0.181 by experiments with
initial sphalerites with X35 of 0.17 and 0.25.

Although the experiments constrain the Fe-Zn exchange
isotherms, they do not do so for tetrahedrite-tennantites

which have the ideal formula of the initial tetrahedrite-
tennantites, Cu,o(Fe,Zn),(Sb,As),S,;, because they have
exchanged Cu with sphalerites initially on the Cu-free join
ZnS-FeS. The 52 microprobe analyses listed in Table 1
demonstrate that the Fe-Zn-exchanged tetrahedrite-
tennantites have molar (As + Sb)/S ratios well within ana-
lytical uncertainty of the 4/13 ratio of the ideal formula
([As + Sb]/S = (3.9975+0.0452)/13. However, relative to
the starting materials, all Fe-Zn-exchanged tetrahedrite-
tennantites are enriched in (Fe + Zn) and depleted in Cu
due to Fe—Cu and Zn—Cu exchange with sphalerites initial-
ly on the join FeS-ZnS, and due to the reaction of
tetrahedrite-tennantite and sphalerite to form ISS in iron-
rich charges. The average composition of all tetrahedrite-
tennantites calculated on a 4 semimetal basis (with stan-
dard deviations in parentheses), is

Cu9.720<o.21 1)(Fe’zn)2.273(0.167)(AS7Sb)4SI3.008(0.148)
which suggests that, to a first approximation, the reactions

Cu,Fe,(As,Sb),S,; + FeS

TD-TN SPH/ISS
= CuS + Cu,Fe,(As,Sb),S,, (1)
SPH/ISS TD-TN
and
Cu,Zn,(As,Sb),S,; + ZnS
TD-TN SPH/ISS
= CuS 4+ CuyZn,(As,Sb),S, 5 2
SPH/ISS TD-TN

adequately describe the removal of Cu to form the Fe-Zn-
exchanged tetrahedrite-tennantite. This inference is con-
firmed by microprobe analyses of ISS, which demonstrate
that ISS is on the composition plane CuS-FeS-ZnS, to a
close approximation. The average ratio of (Cu + Fe +
Zn)/(S + As + Sb) of all ISS’s is 0.992+0.028, with Sb
being a negligible constituent and As an almost negligible
constitutent of ISS.
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Fig. 2. Deviations of experimental tetrahedrite-tennantites from their initial “ideal” formulas, Cu, 4(Fe,Zn),(As,Sb),S, 3, as measured
by the quantities (10-Cu) and (Fe + Zn — 2) calculated on the assumption of four semimetals (right figure) and thirteen sulfurs (left
figure) per formula unit. Circles, squares, and stars represent tetrahedrites, tetrahedrite-tennantites, and tennantites, respectively. Solid
and open symbols differentiate sulfosalts that coexisted with ISS from those that did not, respectively. Large solid circles represent the
average of all tetrahedrite-tennantite microprobe analyses calculated on a four semimetal and a thirteen sulfur basis. Lines labeled 2:1
and 1:1 represents the linear arrays which would be defined by tetrahedrite-tennantites displaying the formulas Cug,_,,
(Fe,Zn), ,,)(As,8b),S, 5 and Cug - (Fe,Zn),, ,,(As,Sb),S, 4, respectively.

The progressive removal of Cu from tetrahedrites,
tetrahedrite-tennantites, and tennantites with increasing
XY is illustrated in Figure 2. From Figure 2 it may be
noted that although the average tetrahedrite-tennantite
plots near the (10 — Cu)/{(Fe + Zn — 2) = 1/1 line (i.e.,
the [Fe,Zn}(Cu)_, exchange direction), the data suggest
that a line of slightly greater slope relates tetrahedrites,
tetrahedrite-tennantite and tennantites in ISS-free and ISS-
bearing charges, respectively (i.e., there is a component of

the [(Fe,Zn)}(Cu,)_, exchange direction). Although the ex-
perimental results do not rule out the operation of the
(Fe,Zn)Cu,)_, exchange in tetrahedrite-tennantites, they
do suggest that at least a large component of the
(Zn,Fe)(Cu)_, exchange reaction is required to interrelate
Cu-rich and Cu-poor tetrahedrite-tennantites, because
available evidence indicates that Zn-rich sphalerites do not
depart significantly from ideal (Zn,Fe)S stoichiometry by
more than 0.1 atom% (e.g., Kullerud, 1953; Barton and

50

S e

s i ZnS

. S 9"‘5 o2 w_;n_ s

40

Fig. 3. Projection of [SS—sphalerite phase relations onto the composition plane CuS-FeS-ZnS. Tielines connect coexisting ISS and
sphalerite compositions. Vertices of triangle formed by dashed lines represent the compositions of phases in the assemblage ISS-
sphalerite-pyrrhotite determined from the calibration of Hutchison and Scott (1981) at 500°C.
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Skinner, 1979, p. 366) and ISS is close to the composition
plane CuS-ZnS-FeS. Thus, in subsequent discussion, we
will assume that our tetrahedrite-tennantites may be de-
scribed by the formula

Cuo- x)(Fe,Zn)(z +x(Sb,As),S 4

where x varies between 0 and 0.8 in the Fe-Zn exchanged
experimental products.? Inspection of Figure 2 reveals that
(1) the ordering of tetrahedrites, tetrahedrite-tennantites,
and tennantites in terms of x is tetrahedrites >
tetrahedrite-tennantites > tennantites at a given X354 ; and
(2) x increases progressively with XY in ISS-bearing
charges.

Unlike tetrahedrite-tennantites, initial and Fe-Zn ex-
changed sphalerites exhibit minor differences in Cu. Within
the analytical uncertainties for elements present in dilute
concentrations, values of X{r3 in sphalerites saturated with
ISS exhibit composition dependence similar to but slightly
greater than those given by the calibration of Hutchison
and Scott (1981) for sphalerites in the assemblages ISS-
sphalerite—pyrite and ISS-sphalerite—pyrite—pyrrhotite (Fig.
3). ISS was the principal sink for Cu removed from
tetrahedrite-tennantites in the experiments reported here.
The experiments provide tight bounds on ISS-sphalerite
tielines in the CuS-FeS-ZnS system for X>§ between
0.086 and 0.245. As shown in Figure 3, these data show
that relative to ISS in the assemblages ISS-sphalerite—
pyrite and ISS-sphalerite—pyrite-pyrrhotite (e.g., Hutchis-
on and Scott, 1981), ISS on the composition plane CuS—
FeS-ZnS in these experiments has a greater Cu/(Cu + Fe
+ Zn) ratio for the same value of X5.¢ in coexisting sphal-
erite.

Interpretation of exchange equilibria in experimental
products and natural assemblages

In a first approximation, it is convenient to interpret the

experimental data and natural assemblages in terms of a

thermodynamic formulation based on the simplified struc-
tural formula

(Ag,Cu)TRG(Cu2/3,(Fe,Zn) 1 /3)£ET(Sb,AS)iMS 13

for tetrahedrite-tennantites in the system Ag—Cu-Fe-Zn—

3 In detail, this inference cannot be correct for tetrahedrite-
tennantite in arsenopyrite-bearing charges, because arsenopyrite
has a S/As ratio considerably less than the 6/4 ratio that would be
required to form arsenopyrite by the reaction

10CugFe;As,S, 3 = 9Cu, Fe,As,S,; + SFeAs, ¢S, , + 7FeS
TD-TN TD-TN ASP SPH/ISS
Therefore at least some of the (Fe,Zn)}Cu,)_, exchange compo-
nent is required to interrelate tetrahedrite-tennantites in
arsenopyrite-bearing and -free charges due to the reaction
2Cu, Fe,As,S,, + 3FeS
TD-TN SPH/ISS

= 4FeAsS + CugFe;As,S,, + 12CuS.
ASP TD-TN ISS/SPH

SACK AND LOUCKS: THERMODYNAMIC PROPERTIES OF TETRAHEDRITE-TENNANTITES

Sb-As-S. As mentioned above, most natural tetrahedrite-
tennantite closely correspond to this formula, having negli-
gible departure from full S-site occupancy, only minor
amounts of Mn, Cd, Hg, Bi, and Te and, with few excep-
tions, less than six atoms of Ag per formula unit (e.g., Riley,
1974). It has been established that Ag is highly con-
centrated in trigonal-planar relative to tetrahedral sites, at
least at silver concentrations of several atoms/formula unit
(e.g., Kalbskopf, 1971, 1972; Johnson and Burnham, 1985;
Peterson and Miller, 1985). Although this site distribution
model may not be strictly correct (e.g., Pattrick, 1983), the
systematics of the ordering of Ag and Cu between tetra-
hedral and trigonal-planar sites are not known well enough
to justify a less restrictive model. In addition, it should be
noted that although metal ratios in some of the experi-
mental tetrahedrite-tennantites deviate substantially from
the simplified formula, it will be shown that it is unlikely
that these deviations significantly influence Fe-Zn par-
titioning between tetrahedrite-tennantite and sphalerite.
For the assumptions stated above, the simplest formu-
lation for the thermodynamic properties of tetrahedrite-
tennantites requires at least a second degree polynomial in
composition variables to describe the vibrational Gibbs
energy of tetrahedrite-tennantites, if it is to be consistent
with the Fe-Zn exchange data. These data indicate that the
As=Sb and Fe==Zn exchange reactions are coupled ener-
getically; at a given Fe/Zn ratio in sphalerite, an increase
in (As/Sb) is accompanied by an increase in Fe/Zn in
coexisting tetrahedrite-tennantite. Accordingly, we will pro-
visionally assume that the vibrational Gibbs energy of
tetrahedrite-tennantite may be adequately described by a
second degree Taylor’s series expansion about
Cu,oFe,Sb,S;; (X,) in terms of the mole fractions of
Cu,¢Zn,Sb,8,; (X3), Cu,oFe,As,8,3 (X3), and
Ag,Cu,Fe,Sb,S,; (X,) components. Such a formulation
(e.g., Sack, 1982) leads to the following expression for the
vibrational Gibbs energy of tetrahedrite-tennantites:

G* = G&,, oFersbasi (X 1) + G, oznssvas, (X 2)
+ G&, oFernsasi(X3) + GhoecuiFersbasi(Xa)
+ AG33(X )X 5) + AG3(X )X 4) + AGS(X3)X )
+ WEZL(X )1 — X ) + Wikse(X )1 — X3)
+ WX — X,) 3)

where the G¥’s are the vibrational Gibbs energies of the
linearily independent i components,

X, =3XTET, 4
Xy =1XGN, (5

and
X, = X35 ()

AG5;, AGS,, and AGS, are the standard state Gibbs ener-
gies of the reciprocal reactions

Cu,4Zn,Sb,8,; + CuyoFe,As,S,
= Cu,Fe,Sb,S,; + Cu,¢Zn,As,S,,, @)
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Cu,4Zn,S8b,S,; + AgsCu,Fe,Sb,S,,
= Cu,Fe,Sb,S,; + AgsCu,Zn,Sb,S,,, ®)

and

CuyoFe,As,S 5 + AggCu,Fe,Sb,S, ,
= Cu,oFe,Sb,S,, + AgsCu,Fe,As,S,,, 9)

and Wig,, Wi, and Wikg, are binary regular-solution-
type energy terms which describe deviations from linearity
in vibrational Gibbs energy along joins between end-
member components differing only in concentrations of Fe
and Zn, As and Sb, and Ag and Cu, respectively. An ex-
pression for the total Gibbs energy may be obtained by
combining (3) with an expression for the configurational
entropy of a tetrahedrite-tennantite with the “ideal” stoi-
chiometry

S = —R[2X, In (X,/3) +2(1 — X,) In (1 — X,)/3)
+4In(2/3)+4X;In X, + 41 - X3)In (1 — X;)
+6X,1In X, + 6(1 — X,)In (1 — X,)] (10)

through the relation
G=G*-T1S§C 1

From this relation for the Gibbs energy, the chemical po-
tential of any endmember component j may be readily ob-
tained by application of the Darken equation (e.g., Darken

and Gurry, 1953)
%)
X i/ P XX

where the n;’s are the mole fractions of the linearily inde-
pendent components Cu,Fe,Sb,S;;, Cu,,Zn,Sb,S,,,
Cu,oFe,As,S;3;, and AgsCu,Fe,Sb,S,; in tetrahedrite-
tennantite component j (e.g., these n; are = —2, +1, +1,
+ 1, respectively, for the component AgeCu,Zn,As,S; ;).

Applications of the Darken equation yield the following
expressions for the chemical potentials of the exchange
components, the exchange potentials (e.g., Thompson and
Thompson, 1976), of principal interest here:

=G+Yn(l-X (12)
i

= #CuloFezSIuSu)
= Gzare_, + RT In [X,/1 — X3)]
+ 1/2[AC_;°3(X 3) + AG3(X,)

ﬂZn(Fe)—l = l/Z(uCumanS!uSu

WL — 2X3)], 3)
Hagicwy-; = 1/6(ﬂA“Cu4F=sz4Su - ﬂC“NF’ZS”‘su)
i G-ZE(CII)—I +RT In [X4(1 - X4)]
+ 1/ 6[AG_°4(X 2+ AG3(X3)
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and
Hasisty-; = 1/MHcu,0Fesasisis — HeuroFessvasa)
= Giysny_, + RT In [X;/(1 — X3)]
+ 1/4[AG35(X ) + AG34(X)
W1 — 2X3)] (15)

where G- » Gagcn-r» a0d Gagesp)_, are the quantities

I/Z(G%u 10Zn28ba8S 3 — G%u 10Fe25b4S) 3),

=i =o
1/6(GAg5Cu4Fe;Sb4sl3 - GC\I“)FGZSB‘SlB)’

and

1/4(G%u 10Fe2As4813 — GE\IloFesz4Sl 3)’

respectively.

Zn(Fe) _, exchange equilibrium

The condition of Zn—Fe exchange equilibrium between
tetrahedrite-tennantites and sphalerites may be written as
(16)

TD-TN
Bzn(Fe) -,

= JZnFor-
where the Zn(Fe)~! exchange potential of tetrahedrite-
tennantite is defined by expression (13), and that for
(Zn,Fe)S sphalerites may be readily calculated from the
following expression for the Gibbs energy of sphalerite

SPH Ge SPH
G(Zn Fe)S — GFeSXFeS ZnS(1 = XFeS

- thxaz'; In XE + (1 — X2 In (1 — XE

X5 In 8 + (1 — XE58) In 9358 )]
given values for the activity coefficients Y and y3as.

Values for yi% and y3s (for FeS and ZnS components

referred to the F43m standard state) appropriate for 500°C
may be taken directly from Fleet's (1975) Gibbs—Duhem
integration of the data of Barton and Toulmin (1966) for
850°C because aiti-X Y relations are insensitive to tem-
perature from at least 340 to 850°C, (Barton and Toulmin,
1966; Scott and Barnes, 1971). Accordingly, if the trivial
concentration of Cu in sphalerite is ignored, the condition
of Zn(Fe)~! exchange equilibrium between tetrahedrite-
tennantite and sphalerite may be written as

X7us
RT In Kp=RT In [( m)( XSFP;')]

—RTIn (y;:;) + AGSuipey..,
ZnS

+ 1/2AG535(X 3) + 1/2AG54(X )

+ 12WEg(1 — 2X ;) (18)

where

G%u 10Fe28b481 3)

+ (G;es - _OZnS)'

AG_%n(Fe)-l = I/Z(G_%ulolnzsluslg -
(19)
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An examination of a plot of RT In Ky, versus Xg4 (Fig.
4) suggests that only two of the three energy parameters
which apply to Ag-free systems (X, = 0) are tightly con-
strained by the experimental data at 500°C. Values of 2.07
+ 0.07 and 2.59 +0.14 kcal/gfw are obtained for the energy
parameters AG3,r.,_, and AG3; from linear regression of
(18) for the data sets defining the reversal brackets on RT
In K, over the sphalerite composition range 0.04 <
XY < 0.25 and the assumption that WS, = 0. As shown
in Figure 4, these results describe all the experimental data

5.0p

TdTn
Sph
Zn

"X
" X

Zn

T
Fe
5
Fe.

X
X

RT In

2.0

L F— i
02 04 06 08 10 a2 14 16 18 20 .22 24

X Soh

FeS

Fig. 4. RT In K, (kcal/gfw) versus mole fraction of FeS in
sphalerite at 500°C. Arrows show the direction of change of RT In
K, during the exchange experiments; arrow tips represent sphal-
erite + tetrahedrite (solid), sphalerite + tetrahedrite-tennantite
(shaded), and sphalerite + tennantite (black) assemblages. Solid
curves represent the calibration of equation (13) for sphalerite +
tetrahedrite, sphalerite + tetrahedrite-tennantite, and sphalerite
+ tennantite assemblages for values of AGj ., , and AGS, of
20718 and 2.59 kcal/gfw, and the following expression for In
(VEeS /708"

In (ﬂ) = W(X)1 — 2X5H
;’i‘,’,’; FeS
where W(X) = 07285 — 09186(Xp) — 0.5295(Xp.5> —
0.1772%X p.5)°, and the coefficients of W(X) were determined from
the values of In (yPa/vie) for X&d =0.1, 0.2 and 0.3 given in
Table 1 of Fleet (1975), and the intercept defined by extrapolating
these data to X35 = 0 on a plot of In (PFH/y5re)/(1 — 2X g Vs.
XY The dashed curves bracketing the solid curves represent the
standard error associated with the energy term AGj ., , only,
+0.07 kcal/gfw.
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to an excellent approximation and are adopted here. De-
spite the success of the “ideal” reciprocal solution formu-
lation for tetrahedrite-tennantite in treating the Fe-Zn ex-
change data, we may not conclude, a priori, that
tetrahedrite-tennantite behaves ideally with respect to
mixing of Fe, Zn, and Cu on tetrahedral sites. Indeed, the
experimental data suggest that some consideration of non-
ideality in the mixing of Cu, Fe, and Zn in tetrahedrite-
tennantites is required, as the chords corresponding to con-
stant XM in Figure 4 appear to exhibit progressive
counterclockwise rotation, relative to those for “ideal” ten-
nahedrite, with increasing X3¥ over the X3 range of tight
reversal brackets on RT In Ky, for 0.04 < X¥¥ < 0.17; the
tetrahedrites exhibit the maximum deviation from the ideal
formula. These observations suggest that tetrahedrite-
tennantites which are enriched in Fe and Zn relative to
tetrahedrite-tennantites with the ideal formula have slightly
greater values of RT In K and would thus imply that the
values of AGy,.,_, and AG3; deduced from (18) are mini-
mum and maximum bounds on these energies, respectively.
However, we choose not to correct for any deviation from
the “ideal” tetrahedrite-tennantite formulation in treating
the Fe-Zn exchange data, because any deviations from this
formulation are well within the uncertainties of the analyti-
cal data and of the determinations of activity—composition
relations in sphalerite.

Given the values of AG3; and AGy,,,_, for 500°C, pre-
liminary reversals on the Fe-Zn exchange isotherms at 435
and 365°C, and composition and temperature data for na-
tural sphalerite + tetrahedrite-tennantite assemblages, it
should be relatively straightforward to develop a calibra-
tion for the temperature dependence of the distribution
coefficient for Fe-Zn exchange between sphalerites and
tetrahedrite-tennantites in both silver-free and silver-
bearing systems. Unfortunately, there is presently a paucity
of composition data on natural sphalerite + tetrahedrite-
tennantite assemblages, and the Fe-Zn exchange isotherms
at 435 and 365°C are not well constrained by the prelimi-
nary results. Thus any calibration developed from such
comparisons must be viewed as tentative. Nevertheless,
such comparisons do suggest that AG5, and AG3, ., , are
temperature insensitive over the range 200-500°C. Thus,
such comparisons suggest that the Fe-Zn exchange reac-
tion between sphalerite and tetrahedrite-tennantite could
be a useful geothermometer for a wide variety of poly-
metallic base-metal sulfide and bonanza precious-metal de-
posits, if the compositions of tetrahedrite-tennantites were
quenchable over this temperature range.

Approximate constancy of AG5; and AGy,,,_, over the
temperature range 200-500°C may be demonstrated from
comparison of the experimental results with composition
and temperature data for sphalerite + tetrahedrite-
tennantite assemblages from the Hock Hocking mine at
Alma, Colorado (Raabe and Sack, 1984) and a gold—quartz
vein from Alleghany, California (J. K. Bohlke, pers. comm.,
1984). Tetrahedrite-tennantites from both of these localities
have negligible concentrations of Ag, and they are close to
the “ideal” formula; tetrahedrite-tennantites from the Hock
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Hocking mine span virtually the entire range of X3u
Raabe and Sack (1984) have shown that the covariance of
In (Zn/Fe) and X5M exhibited by growth-zoned
tetrahedrite-tennantites from Hock Hocking mine is con-
sistent with fluid inclusion temperatures from sphalerites
(T = 249 + 7°C) employing the value of AG5; = 2.59 +0.14
kcal/gfw, and the assumption that the Fe/Zn ratio of sphal-
erite was constant during the growth of tetrahedrite-
tennantite. Microprobe analyses do not reveal composition
zoning in sphalerites, and they do not exhibit color zoning,
a sensitive indicator of composition zoning (e.g., Barton et
al, 1963; McLimans et al., 1980). Accordingly, we will
adopt the value of AG5, = 2.59+0.14 kcal/gfw from 200-
500°C as the basis for comparison of the experimental
Fe-Zn distribution coefficients with natural assemblages,
employing for Ag-free tetrahedrite-tennantites equation
(18) rewritten in terms of the variables In K, and (1/T),

Fs _ AG3
yT8 T 2RT

= AH%n(Fe)— 1 _1_ _ AS_OZn(Fe)_ 1
R T R

Such a comparison (Fig. 5) reveals that the simplest as-
sumption, that dAG5,/0T and 6Gy, 5., ,/0T are negligible,
is consistent with both the experimental data and natural
assemblages, to a first approximation. However, it does not
rule out positive values for ASy . ,, because (1) the
values of In Ky and ¢* defined by the data of Raabe and
Sack (1984) are quite uncertain given that Xiue < 0.003
and that there is a fair degree of uncertainty in the assump-
tion that 8AGS,/8T =0, (2) some of the tetrahedrite-
tennantites analyzed by Bohlke are in contact with sphaler-
ites with Xf:‘;'; > 0.02, and all of them are antimony-rich
[XSMAXSM + XMy = 0.14+0.03], and (3) the preliminary
constraints on the Fe-Zn isotherms at 365 and 435°C will
permit counter-clockwise (but not clockwise) rotation of
the ASy, r.)_, = O line through the brackets on 65 at 500°C
(in Fig. 5).

Despite the uncertainties associated with the assump-
tions that AG3; and AGjy,r,_, are constant, it may be
readily established that exchange of Ag for Cu in
tetrahedrite-tennantites significantly alters the Fe-Zn ex-
change isotherms from those in Ag-free systems. Ag-
bearing tetrahedrites in fissure veins from Topia, Durango,
Mexico (Loucks, 1984) (X}5¢ =0.58+0.08, T =215 +
20°C, XM = 0.022+0.013, and 0.06 < X8 < 0.13, for 8
tetrahedrite-tennantite-sphalerite assemblages) have values
of 6* significantly greater than those in Ag-free systems.
Comparison of the Topia data with the provisional calibra-
tion for the Fe-Zn exchange reaction in Ag-free systems
(Fig. 5) suggests that the magnitude of the stabilization of
Fe relative to Zn due to the exchange of Ag for Cu is
similar to that due to the exchange of As for Sb. Amending
(20) to include provision for this stabilization in Ag-bearing
tetrahedrite-tennantites,

0'* = AG—%n(Fe) 1
* RT

=InKp—1In (X,)

(20)

AG24

SRT X9 21
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Fig. 5. The variation of ¢} with (1/T) (°K)~*. Small circle and
associated error bar represent the experimental constraints at
500°C. Arrows indicate preliminary brackets from exchange exper-
iments at 435 and 365°C. Large circles represent the values of ¢f
defined by the natural sphalerite + tetrahedrite-tennantite assem-
blages reported by J. K. Bohlke (pers comm., 1984; In K, = 2.10
+0.20, X¥H = 0,022+ 0.004, and XX 3 + XM = 0.14+0.03
for three samples) and Raabe and Sack (1984) Fluid inclusion
studies establish a temperature of 249+ 7°C for the tetrahedrite-
tennantites assemblages reported by Raabe and Sack (1984). A
temperature between 240 and 280°C has been inferred for the
sphalerite + tetrahedrite-tennantite assemblages from Allegheny,
California. Although most oxygen isotope temperatures of mica-
carbonate-quartz assemblages give temperatures between 300 and
340°C for these deposits, fluid inclusion and petrographic studies
suggest that the later sulfides were deposited at lower temper-
atures (J. K. Bohlke, pers. comm., 1984). The star with associated
error bar represents the data of Loucks (1984) for tetrahedrites
with > 18 wt.% Ag. The line crossing Fig. 5 represents the calibra-
tion of equation (18) for values of AHy, ., ,» AHS3, AS7ae)_,» and
A5, of 20718 kcal/gfw, 2.5898 kcal/gfw, O Gibbs/gfw, and 0
Gibbs/gfw, and the expression for In (yfhe/75qs) given in the cap-
tion to Fig. 4.

permits an estimate for AG3, of 3.0+ 1.5 kcal/gfw for 215
+ 20°C and AGZn(Fe) , =207 + 0.07 kcal/gfw. This esti-
mate is probably an upper bound on AGS, for the reasons
cited above.

Ag(Cu)_, exchange equilibria

In principle, the variables which express the energetic
interdependence of the Ag(Cu)_; and As(Sb)_, exchange
reactions and nonideality due to the Ag(Cu)_, exchange,
AG3, and ?f}';g,,, respectively, may be assessed from natu-
ral assemblages utilizing the condition of Ag(Cu)_, ex-
change equilibrium. For this purpose expression (14) for
the Ag(Cu)_, exchange potential in tetrahedrite-tennantite
may be combined with equivalent statements for piaecu).,
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defined by coexisting sulfides or hydrothermal solutions. In
practice, however, it is evident that there is presently a
paucity of appropriate data, and that it will be necessary to
make several assumptions to derive estimates of the param-
eters AG3, and WS, Nevertheless, it is certain that AGS,
is a large positive number (i.e., AG3, » AG3; or AG3,) and
that the correlations between Ag and Sb commonly ob-
served in tetrahedrite-tennantite suites are largely crys-
tallochemically controlled rather than being simply “per-
missive” as suggested by Miller and Craig (1983). This con-
clusion is readlly evident from plots of Ag/(Ag + Cu) or Ag
versus Xg and could be anticipated from structural refine-
ments of tetrahedrite-tennantites (e.g, Wuench, 1964;
Wuench et al., 1966; Kalbskopf, 1972; Johnson and Burn-
ham, 1985; Peterson and Miller, 1985). Examination of Pb-
Zn-Cu-Ag sulfide deposits reveals that tetrahedrite-
tennantites often exhibit composition zoning in both time
and space. Both Sb and Ag tend to be concentrated in
earlier growth zones of individual crystals and at the distal
ends of paths of fluid flow (e.g, Goodell and Petersen,
1974; Wu and Petersen, 1977; Hackbarth and Petersen,
1984). In addition, correlations between Ag and Sb in
tetrahedrite-tennantites along paths of fluid flow typically
deviate from linearity on plots of Ag or Ag/(Ag + Cu)
versus X3 in a manner which would be predicted from
(14) for the assumption of constant Ag(Cu)_, exchange
potential and values of AG3, » AG;; or AGS,.

Despite the paucity of appropriate phase equilibrium
constraints, provisional values of AG3, may be obtained
from analysis of trends in RT In (X{ T"G/X ARGy versus X5M of
the growth zoned tetrahedrite-tennantite crystals reported
by Shimazaki (1974) and those from Julcani, Peru (Kane
and Peterson, 1985). If values of RT In (XZX%/XIRO) are
corrected to those which would correspond to a constant
value of the Zn(Fe)_, exchange potential in each sample,
trends in RT In (XE9/X %Y versus X3 of tetrahedrite-
tennantites are remarkably parallel, except for several sam-
ples from Julcani (Fig. 6). It is apparent that most of these
trends are strikingly parallel with the covariance trend
given by (14) for constant values of the Zn(Fe)_, and
Ag(Cu)_, exchange potentials and the assumptions that

AGS, = 3(AGs; + AGSY) 22

(i, AG3, = 16.8+4.5 kcal/gfw) and WkS, = 0.* Parallel-
ism of the trends of the tetrahedrite-tennantites of the
Kosaka and Shakanai Kuroko deposits is not surprising
because they contain the low-variance assemblage pyrite +
chalcopyrite + sphalerite + electrum (e.g., Eldridge et al.,
1983), an assemblage which defines (but does not buffer)
the Ag(Cu)_, exchange potential. Although the striking

* This result is equivalent to the assumption that g,, = g,,
+ 8,4 in a second degree Taylor’s series expansion for the vibra-
tional Gibbs energy in terms of composition variables XIET = X,
X =Xy, and XRO =X,

G* = g + 82(X,) + g5(X5) + g4(X,) + 223(X)(X;5) + 824(X,XX,)
+ 823(Xa)(Xa) + 822X2)* + 833(X3)? + £44(X0)?
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Fig. 6. Variation of the ratio of trigonally coordinated copper/
silver with arsenic content in semi-metal sites based on a suite of
electron microprobe analyses of natural tetrahedrite-tennantites in
samples from Kuroko massive sulfide and vein-type ore deposits.
Scatter within individual composition arrays due to the energetic
consequences of variation in Zn/Fe (by up to a factor of two) has
been removed by recalculating the measured Cu/Ag to the values
it would have if g, ., , remained constant at its minimum value
in the particular sample; i.e.,

RT In (XTS/XTRO)* = RT In (XIRG/XTRG

— (AG3/ODX T — X Zrrmin))]:

in kilocalories (cf. equation 14). Slopes of these linear arrays may
be compared with the theoretical slope of 2.8 kcal (= 16.8/6) pre-
dicted from equation 22. Data sources for Kuroko samples (low-
variance assemblages) are as follows: K-UN, Kosaka mine,
Uchinotai-Nishi orebody; and S-3, Shakanai mine, number 3 ore-
body, both from Shimazaki (1974). Data for vein-type samples
(high-variance assemblages) are as follows: C, Chitose epithermal
silver—gold vein, Hokkaido (Yui, 1971); all samples having a J
prefix are from Cu-Pb-Zn-Ag veins in the Mimosa vein system,
Julcani, Peru. Temperatures employed in the calculations are
300°C for Kosaka and Shakanai (Pisutha-Arnond and Ohmoto,
1983; Eldridge, Barton, and Ohmoto, 1983); 300°C for Julcani
(Petersen et al.,, 1977, p. 945); and 250°C for Chitose as a “ball-
park” estimate typical of this class of deposit. From the large data
set available for bismuthian tetrahedrite-tennantite from Julcani,
those samples chosen for illustration were selected for low Bi (<1
wt.%; usually <0.5 wt.%), relatively large range of As/Sb, and a
modest or small range of variation in Zn/Fe. All analyses for these
samples are plotted.

parallelism of RT In (XE3/X3%C) versus X3 covariation
curves and their linearity suggests that Wise, ~ 0 to a first
approximation, this conclusion cannot be advanced with
certainty because this assemblage does not guarantee that
the Ag(Cu)_, exchange potential was fixed to a single
value during hydrothermal mineralization. Certainly W}';g“
is considerably less than 10.1 kcal/gfw, the upper bound
deduced from the consideration that X, can assume all
values between zero and unity down to temperatures of at

least 150°C. Although the Julcani assemblages have higher
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variance in the phase rule sense, the accord between actual
and theoretical slopes is nevertheless striking. Therefore, we
consider the above to be compelling evidence for strong
influence of crystal energetics on Ag content in these
tetrahedrite-tennantite-bearing  suites, and tentatively
adopt a value of 16.8 +4.5 kcal for AG3,.

As(Sb) _, exchange equilibria

Very little may be inferred about As(Sb)., exchange
reactions between tetrahedrite-tennantites and other As-
and Sb-bearing phases based on presently available experi-
mental and petrological data. Perhaps the only inferences
that are secure are (1) that Wi, < 8.3 keal/gfw and (2)
that tetrahedrite-tennantites with intermediate Sb/
(As + Sb) ratios have greater As/Sb ratios than the hy-
drothermal solutions from which they precipitated. The
former inference is indicated by the observation that
tetrahedrite-tennantites spanning the entire range of
XM/(XSM + XM ratios are formed at temperatures as low
as 250°C (e.g., Raabe and Sack, 1984). The latter inference
is suggested by the observation that in paragenetic stages
in hydrothermal veins in which tetrahedrite-tennantite is
the only As- and Sb-bearing ore phase precipitated, it typi-
cally evolves towards greater X /(X3 + X3y) ratios along
the direction of flow of the mineralizing solutions. Because
the Gibbs energies of appropriate tetrahedrite-tennantites
are unknown, quantitative modelling of their compo-
sitional variations in epithermal deposits is premature.
However, some constraints on As(Sb)_,; exchange reactions
between tetrahedrite-tennantites and hydrothermal fluids
may be obtained by comparison of evaporative frac-
tionation calculations for model tetrahedrite-tennantite-
bearing solutions with compositional variation trends of
tetrahedrite-tennantite in hydrothermal vein deposits.
These calculations illustrate the important role that site
interactions in the crystal play in influencing the down-
stream trends in chemical zoning of the ore deposit.

Hackbarth and Petersen (1984) have summarized com-
position zoning trends of tetrahedrite-tennantites from the
Galena, Coeur, Sunshine, and Crescent mines in the Coeur
d’Alene district in northern Idaho and from mines in the
Casapalca, and Orcopampa districts in Peru. From their
studies of effectively monomineralic crustification bands of
tetrahedrite-tennantites, they have established probable
temporal and spatial compositional zoning patterns, have
identified Ag/(Ag + Cu) — Sb/(Sb + As) curves which en-
close spatial composition zoning trends (Fig. 7), and have
interpreted these zoning trends in terms of a general model
of fractional crystallization. In their model it is assumed (1)
that the As(Sb)_,, Ag(Cu)_,, and Zn(Fe)_; exchange reac-
tions between tetrabedrite-tennantite and hydrothermal
fluid are energetically independent, (2) that the distribution
coefficients for As(Sb)_,; and Ag(Cu)_, exchange between
these phases,

Kpy = <n{[gMN 2 = X4 Do) (23
nfo ™ )\ k) = (T — %) + 273 |\ mk
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Fig. 7. Tetrahedrite-tennantite fractional crystallization curves
expressed in terms of molar ratios Ag/(Ag + Cu) and Sb/
(As + Sb). The initial metal and semimetal contents of the fluids
are plotted as open triangles; these are 1 =
Ago sCuy sFeg sZn, sAS; 08y 081300 11 = Ag; sCuq sFe, 5
Zny sAS; oSb; 08,300 2 = Alz oClyeFegs Zny sASy.sSbs S50, 3
= ARy sCugsFeys Zn; sAsy sSbysSi30 4 = Agy sCug sFeg s
Zn, sAs; oSb3.08)3.00 and 5 = Ag,.0Cug oFeos
Zn, (A8, Sby Si1s0. Tics on  corresponding tetrahedrite-
tennantite fractional crystallization curves indicate the fraction of
the initial metals and semimetals crystallized, in increments of 0.1.
In the calculations estimates of compositions of tetrahedrite-
tennantite crystallized over 1/1000 step increments were obtained
by averaging tetrahedrite-tennantite compositions calculated by
iterative solution of equations (25/27) for the fluid composition
at the beginning of the increment with that which would obtain if
tetrahedrite-tennantite of this composition were crystallized over
the entire increment. Values of T, AGS;, AG3,, AG3,, o/RT, b/RT,
and ¢/RT used in these calculations were 260°C and 2.59, 3.00,
16.8, 0.0, —1.3, —0.6 kcal/gfw respectively. Tic-free curves repre-
sent the bounds on composition trends for tetrahedrite-tennantites
from zoned vein deposits as given by Hackbarth and Petersen
(1984). Arrows indicate the sense of downstream composition
change in tetrahedrite-tennantite.

and

= <n§.'f “‘) (mki") _ [(1 - X 3)] (mk‘s°> (24)
P2 A0k ™ \mg? Xy  J\mg?

are constant, (3) that surface equilibrium obtains between
hydrothermal fluid and each successive batch of
tetrahedrite-tennantite it crystallizes, (4) that after crys-
tallization tetrahedrite-tennantites do not react with hy-
drothermal fluid, and (5) that changes in the composition
of the hydrothermal fluid are due to the crystallization of
tetrahedrite-tennantite alone. In their analysis Hackbarth
and Petersen (1984) demonstrate that although both Kp,
and Kp, must be less than unity to predict observed com-
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position zoning trends from probable hydrothermal fluids,
a wide range of values of Ky, and K, (between 0.1 and
0.9) are required for this purpose. The consistency between
the observation that Ky, and Ky, are highly variable and
the extents of energetic coupling among the As(Sb)_,,
Ag(Cu)_, and Zn(Fe)_, exchange reactions inferred on
preceding pages is readily appreciated from inspection of
the corresponding conditions of exchange equilibrium be-
tween tetrahedrite-tennantite and hydrothermal fluid writ-
ten in an appropriate format for comparison with (23) and
(24):

5/3—X

1/Kp, = [—((f = xﬂ

exp [[a + 1/6AG3(X,) + AGS(X5)JRT],  (25)
Koz = exp [[b + VA(AGS,(X,) + AG3(X)}/RT]

26)
and
(1 — X,) mbe
— exp [[c + 1/2AGH(X3) + AG(XJYRT]  @7)

where the exchange potentials in the hydrothermal fluid
are defined by the expressions

l‘kls?sm_, = ﬂils'(lgb)_l
mL]Q LIQ
+RT In ( Q;Q) +RT In (VQ;’Q), (28)
Mg, Ysb
#klg((zCu)fl = /"?\]E:&)ﬂ
mLiQ LIQ
+RT In < Q:Q> +RT In (V—;j;a) (29)
mCu Ycu
and
ﬂliL?Fe)_1 = #%lﬂzge)_l
leQ LIQ
+RTIn ( f;‘Q> +RT In (Vf;“,), (30)
Mg, YFe
a, b, and c are
a= 1/6(”Zg5Cu4Fesz4S|3 — MCu\oFe18bsS13)
Ny
~ (stlea. + RT (3%). e
yCu
b= 1/4(ﬂ€:u10Fe;As‘s” - ﬂgumFesz4sn)
oy
= (#Z';('%)_l + RT In (L—fq)) (32)
Ysb
and
¢ = 1/2(“Eulolnzsb4513 - #EumFezSthu)
Vin:
- (ﬂ;{-‘;:ge)—l + RT ]n <7L_;‘Q))’ (33)
Fe
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and it has been assumed that tetrahedrite-tennantite is an
“ideal” reciprocal solution.®

It is readily demonstrated that most of the downstream
compositional variation trends exhibited by tetrahedrite-
tennantites from essentially monomineralic crustification
bands in zoned hydrothermal ore deposits may be repro-
duced by an heuristic fractionation model in which con-
stant values of the coefficients a, b, and ¢ in (25)«27) are
employed. In the simplest such model of perfect frac-
tionation an average temperature (T = 260°C) is chosen,
and tetrahedrite-tennantite is crystallized from solutions
having ratios of the sums (Ag+ Cu), (Fe + Zn), and
(As + Sb) equal to those of the stoichiometric formula for
“ideal” tetrahedrite-tennantite. The composition of
tetrahedrite-tennantite crystallized at each step of frac-
tionation is calculated by iterative solution of (25)27).
Comparison of the results of trial calculations with space-
time envelopes on Ag/(Ag + Cu) — Sb/(As + Sb) frac-
tionation paths in zoned hydrothermal vein deposits
(Hackbarth and Petersen, 1984) allows deduction of ap-
proximate values of a, b, and c.

Lacking quantitative fluid temperature-composition
data, the schematic representation of aqueous species pre-
cludes recovery of exact values of the coefficients a, b, and ¢
by this numerical simulation example, but it suggests sev-
eral probable bounds on these coefficients. Because AGS,
and AG3; are positive and the sense of downstream zoning
requires that tetrahedrite-tennantites with intermediate
Sb/(As + Sb) ratios have lower values of this ratio than the
hydrothermal fluids that crystallize them, the coefficient b

% In order to preserve generality, relations (28)-(33) are repre-
sented in schematic form. It is well established that for the acidic
brines implicated in formation of most hydrothermal silver-base
metal sulfide deposits, chloride complexes of Ag, Cu, Zn, and
possibly Fe are likely to predominate greatly over simple ions.
Work by Helgeson (1969), Crerar and Barnes (1976), Seward
(1976), and Crerar et al. (1978) indicate that over the range of
salinities pertinent to these ore-forming solutions, the predomi-
nant chloride complexes of silver have higher ligand numbers than
the predominant complexes of copper in the same solution, and
zinc forms chloride complexes of higher ligand number than iron.
Presently available data (Helgeson, 1969; Crerar et al., 1978) sug-
gest that in a 2 molal NaCl solution at 260°C, Zn-Fe exchange
between tetrahedrite-tennantite and predominant aqueous species
might be described by

1/2Cu, ,Fe,Sb,S,, + ZnCl; 2
= 1/2Cu(Zn,Sb,S,, + FeCl* + 3CI-,

in which case the Zn-Fe distribution coefficient for that fluid and
tetrahedrite-tennantite could be recovered by setting pg, g, , =
UZnc1,-2 — Mpecr+ — 38—, the right-hand term would become RT
In (yZnCh*Z/’yFeCl*'ygl’)’ and

X; (Mp)Ymd,)
1-X,

¢=—RTIn

Mzact, -2

The exchange distribution parameters a and ¢ respond to salinity
variations only to the extent that the difference in ligand numbers
of the exchange pair varies with salinity.
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in (26) must be negative. Values of b in the range of — 1.0
to —1.5 kcal/gfw appear to give adequate fits to down-
stream covariation trends in Ag/(Ag + Cu) and Sb/
(As + Sb) in tetrahedrite-tennantites from the Casapalca
and Coeur d’Alene deposits for a = ¢ = 0. Values of b in
this range seem reasonable, because the form of
tetrahedrite-tennantite Ag/(Ag + Cu) — Sb/(As + Sb) frac-
tionation curves are fairly insensitive to values of ¢, and a
must be a fairly small number in absolute value relative to
the absolute value of b. For a given value of b, comparable
values of a are not permitted because they lead to the
development of unnatural negative correlations between
Ag/(Ag + Cu) and Sb/(As + Sb) at advanced stages of crys-
tallization of many of the tetrahedrite-tennantite bulk com-
positions investigated. Alternatively, positive values of a
comparable in absolute value to b are not permitted be-
cause they do not allow duplication of the left-hand en-
velope on tetrahedrite-tennantite fractionation curves in
Figure 7 for reasonable tetrahedrite-tennantite bulk com-
positions, by virtually excluding Ag from tetrahedrite-
tennantite crystallized in the early stages of fractionation.
To be consistent with the observation that virtually mono-
mineralic tetrahedrite-tennantite fractionation paths in the
Coeur d’Alene district do not exhibit prominent zoning in
Zn/(Zn + Fe) (e.g., Hackbarth and Petersen, 1984), values
of ¢ must satisfy the inequality b < ¢ < 0. Values of ¢ near
these lower and upper bounds lead to tetrahedrite-
tennantite fractionation paths characterized respectively by
decreasing and increasing Zn/(Zn + Fe) with increasing
degree of crystallization.

Although, in detail, many of the assumptions of the
model given above cannot be correct, even for stages of
vein mineralization dominated by tetrahedrite-tennantite
crystallization, agreement between spatial tetrahedrite-
tennanite composition zoning trends observed in vein ore
deposits and those predicted by the model suggests that it
provides a useful paradigm. The conditions in the preced-
ing calculations that are most unlikely to be fulfilled when
applied to paragenetic stages of hydrothermal deposition
are that only tennahedrite is crystallized and that the fluid
has the ratios of (Ag+ Cu)/(As + Sb) and (Fe + Zn)/
(As + Sb) of tetrahedrite-tennantites with the “ideal” for-
mula. In cases in which other sulfides are precipitated with
tetrahedrite-tennantite, spatial  zoning trends of
tetrahedrite-tennantite will differ from those given by the
model in a predictable manner. For example, where pyrite
and sphalerite are coprecipitated with tetrahedrite-
tennantite, the sulfidation trajectory will influence spatial
zoning trends of (Fe/Zn) in tetrahedrite-tennantite, as dg.g
is reciprocally related to In fg,. Where arsenopyrite is co-
precipitated with tetrahedrite-tennantite, the spatial vari-
ations of Ag/(Ag + Cu) versus Sb/(As + Sb) ratios
tetrahedrite-tennantite will probably show enhanced con-
cavity similar to curves 3 or 4 in Figure 7. Finally, copreci-
pitation of chalcopyrite will result in more positive concave
upward slopes of tetrahedrite-tennantite fractionation
curves than those displayed on Figure 7, because it will
increase the Ag/Cu ratio of the fluid relative to that due to
tetrahedrite-tennantite precipitation alone. In addition, as
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noted by Hackbarth and Petersen (1984), ratios of
(Cu + Ag)/(As + Sb) in the fluid greater and less than those
of tetrahedrite-tennantite with the “ideal” formula will
yield tetrahedrite-tennantite fractionation paths
characterized by smaller and greater slopes d(Ag/[Ag +
Cu])/d(Sb/[As + Sb]), respectively. The remaining assump-
tions are less likely to result in serious discrepancies be-
tween tetrahedrite-tennantite fractionation paths observed
in hydrothermal deposits and those predicted by the
model.

Although exact precipitation mechanisms (e.g., cooling,
dilution, boiling, change in chemistry by wallrock reaction,
etc.) and fluid chemistries vary among and within deposits,
tetrahedrite-tennantite zoning systematics along flowpaths
are not likely to be sensitive to likely ranges of temperature
or pH variations given the large relative magnitude of crys-
tal energetic effects. However, due to differential com-
plexing of metals with chloride in aqueous solutions,
changes in fluid salinity along the flowpath (e.g., due to
dilution or boiling) may strongly influence downstream
zoning trends in mineral chemistry. For the exchange reac-
tion

Cu,oFe,Sb,S;5 + 6AgCl;
= Ag,Cu,Fe,Sb,S,; + 6CuCl° + 6CI",

Jlog [(X /X 1)TD/ (aAgCl—/ ac,c)LIQ _

-1
0 log ac,-

Thus, for a fluid fractionally precipitating tetrahedrite-
tennantite along its flow-path, isothermal dilution from
10.5 to 8.5 wt.% NaCl would tend to cause (Ag/Cu)fp® to
increase by 26%. Fluid inclusion studies have demon-
strated that dilution of ascending metalliferous brines by
heated, dilute groundwaters has been influential in the de-
velopment of several tetrahedrite-tennantite-bearing, epi-
thermal silver—base-metal vein deposits (e.g., Hayba, 1984;
Robinson and Norman, 1984; Loucks, in prep.).

Although the hydrologic and chemical complexity of hy-
drothermal ore-forming processes present formidable
challenges to quantitative interpretation of zoning trends in
ore deposits, the zoning patterns may, on the other hand,
be useful in discriminating the relative importance of a
choice of operators. For example, thermochemical evalu-
ation of model parameter ¢’ for the case of a 2m NaCl
solution at 260°C (see footnote 5), employing our value of
2.07+0.07 kcal for the tetrahedrite-sphalerite Zn-Fe ex-
change potential, Crerar et al. (1978) for stabilities of fer-
rous chloride complexes, Helgeson (1969) for zinc chloride
complexes and solubility products of sphalerite and troilite,
Fleet (1975) for the conversion of FeS standard state from
troilite to sphalerite structure, and using activity coef-
ficients for aqueous complexes calculated according to Hel-
geson et al. (1981), predicts (Fe/Zn)"™(Fe/Zn)'? ~ 0.6,
which is in good agreement with constraints (0.5-0.8) ob-
tained independently by iterative empirical fitting of a, b,
and ¢ parameters in (25}+27) to Hackbarth and Petersen’s
(1984) trends of Ag—Cu, Zn—Fe, and Sb-As co-variation
along nearly monomineralic tetrahedrite-tennantite parage-
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netic stages of deep-seated veins in the Caspalca and Coeur
d’Alene districts. According to Rye and Sawkins (1974),
tetrahedrite-tennantite at Caspalca precipitated from fluids
having 0.9-2.6 m NaCl-equivalent salinity, and Leach and
Hofstra (1983) and Bijak and Norman (1983) report fluid
salinities in the range 1.3-3.0 m NaCl-equivalent for
tetrahedrite-tennantite bearing Coeur d’Alene veins. The
crystal/fluid Fe/Zn partition ratio of ca. 0.6 calculated for a
fluid of constant 2 m NaCl salinity (see footnote 5), con-
sidered together with the mutual interaction energies
(equations 25-27), predicts the flat trend of downstream
Zn-Fe zoning observed in these As—Ag-zoned deposits by
Hackbarth and Petersen (1984) and Wu (1975). According
to the Zn—Fe exchange reaction in footnote 5,

d log [(XJEY/XTET)™-TD) (azncre2-/Orecr+ ] _

0 log ag,-

-3

over moderate ranges of salinity variation, so failure to
observe in those veins this rather dramatic downstream
Zn/Fe zoning that should accompany substantial dilution
or evaporation of ore fluids implies that downstream evo-
lution of fluid salinity was not a significant factor in ore
formation in those veins; rather, successive batches of fluid
varied in salinity over the quoted range, but each batch
retained its integrity downstream over the distance (> 1
km) examined in the zoning studies. Such an inference from
zoning trends with respect to operators inducing ore depo-
sition would be in accord with the reported lack of evi-
dence in fluid inclusions for H,O evaporation during
tetrahedrite-tennantite deposition at Casapalca or the
Coeur d’Alene silver belt, and lack of evidence in fluid
inclusion and quartz 6D and §'80 data for significant
mixing of compositionally contrasting fluids during
tetrahedrite-tennantite precipitation at Casapalca (Rye and
Sawkins, 1974) or the Coeur d’Alene silver belt (Yates and
Ripley, 1983).

Despite the physico-chemical complexity of hy-
drothermal mineralization processes, the agrement between
predicted tetrahedrite-tennantite composition zoning
trends (Fig. 7) and spatial zoning trends exhibited by
tetrahedrite-tennantites  precipitated in mineralization
stages dominated by tetrahedrite-tennantite precipitation
suggests that the inferences about the extents of energetic
coupling between the Ag(Cu)_,, As(Sb)_,, and Zn(Fe)_,
exchange reactions in tetrahedrite-tennantite are substan-
tially correct, and that these effects are of sufficient mag-
nitude that they exert a major control on tetrahedrite-
tennantite fractionation trends.

Cu-Fe exchange equilibria

To this point we have explicitly assumed that most natu-
ral tetrahedrite-tennantites tend toward the “ideal” stoichi-
ometry with 208 valence electrons per unit cell, a limiting
stoichiometry consistent with both the requirements of an
ionic model and the conditions for minimum energy sug-
gested by a brillouin-zone model (e.g., Johnson and Jean-
loz, 1983). Although this limiting stoichiometry may define
an energy minimum, it does not represent a natural limit
for the substitutions of Fe and Zn for Cu, because
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tetrahedrite-tennantites with both more and less than 208
valence electron per unit cell are found in nature (e.g.,
Charlat and Levy, 1974; Sandecki and Amcoff, 1981;
Miller and Craig, 1983; Loucks, 1984) and are produced in
the laboratory (e.g., Taksuka and Morimoto, 1977b; Sack
and Loucks, 1983). Although both the ionic model and
band theory predict that the vacancy-coupled substitutions
OFe(Cu,)_, and [1Zn(Cu,)_; should govern deviations
from the “ideal” stoichiometry, the experimental data sug-
gest that large components of the Fe(Cu)_, and Zn(Cu)_,
substitutions are required to explain deviations from the
“ideal” formula towards copper-poor compositions, at least
in tetrahedrite-tennantites in charges which did not form
arsenopyrite. Therefore, the compositions of these
tetrahedrite-tennantites are largely controlled by the con-
ditions of Fe(Cu)_, and Zn(Fe)_, exchange equilibria,
their compositions and thermodynamic properties may
be described in terms of the mole fractions of the com-
ponents Cu,,Fe,Sb,S;5, (X;), Cu,¢Zn,Sb,S,;, (X,),
Cu,,Fe,As,S:;, (X;), and CuyFe;Sb,S,;, (X;), and, in
principle, analysis of the conditions of Fe(Cu)_, exchange
equilibrium among tetrahedrite-tennantite, ISS, and sphal-
erite should aid in assessing the effects that deviations from
“ideal” stoichiometry have on the Fe(Zn)_, exchange reac-
tion between tetrahedrite-tennantite and sphalerite.

Unfortunately, the Fe—Cu exchange equilibria involving
tetrahedrite-tennantite, ISS, and sphalerite are unreversed
and may therefore be used in a qualitative fashion only.
Nevertheless, the distribution coefficient for Fe(Cu)_, ex-
change between tetrahedrite-tennantite and ISS is a simple
function of X3P~ ™ and XIP~™ (see Fig. 8) or (Cu/Fe) ratio
in ISS. In addition, approximate relative values of ug c,)_,
may be defined for charges containing ISS, sphalerite, and
tennantite-tetrahedrite because ISS’s (in tetrahedrite-
bearing charges) and sphalerites are on the composition
plane CuS-FeS-ZnS, to a close approximation. For exam-
ple, graphical integration of the approximation

IS ISS 1SS ySPH
dluFe(Cu) L I:(XFESS ;SXCUS) - <X[Zs;SX§|:f[):| dﬂ%';ls-l
=t Xe&os X&nsX

CuS“* ZnS

(34
utilizing the a¥fH-X¥Y relations given by Fleet (1975) sug-
gests that an upper bound on the average slope dug.cy).,/
dpg.s for the ISS-tetrahedrite-tennantite-sphalerite assem-
blage is about 2.6.° This bound suggests that ISS displays
strong negative deviations from ideality with respect to the

¢ This approximation is the result of making the substitutions

SPH SPH
duSPH = X¥es duSPH _ @ dpsee
Hzas = —| Ssph | GHFes seH | GHcus
Zn$ ZnS

dpf = dugls,

dugis = dpgns
and duR = dufls
into the Gibbs—-Duhem equation for ISS, and neglecting the term
HX X ERV(XEsX 70 dudis

in the resulting expression.



SACK AND LOUCKS: THERMODYNAMIC PROPERTIES OF TETRAHEDRITE-TENNANTITES 1285

50 L 1.00
xTD—TN
5

Fig. 8. RT In K_ (kcal/gfw) as a function of XTP~™ for tetra-
hedrite + ISS + sphalerite assemblages (solid stars) and “tennan-
tite” + ISS + sphalerite assemblages (open stars) at 500°C. Error
bars represent the standard errors associated with calculating RT
In K, and X5P>™ according to the following three assumptions
consistent with the formula Cu,,,_x,(Fe,Zn), , x(As,Sb),S;;: (1)
(Cu+Fe+2Zn)=12; X,=(Zn/2); Xs=(10—Cu), (2)
(As +Sb)=4; X,=(Zn/2); X;=(10—-Cu), and (3) S=

= (Zn/2); X5 = (Fe+ Zn —2). The calibration of (36) for
Cu—Fc exchange between ISS and tetrahedrite is based on the
values of AG?, WIET  and WES.,, and [2(WEer, — WiE) + 172
WEEZ ] of 2.36, 0.64, 0.00 and 0.00 kcal/gfw. Calibration of (36) for
Cu-Fe exchange between tennantite and As-free ISS is based on a
value of AG5s = —0.40 kcal/gfw obtained by utilizing the values
of WIEL, WES_, and AG? given above and the following empirical
correction for the effect of the As/(As + S) ratio of ISS on RT In
K.:

RT In K, = RT In K* + B(As/[As + S])'®

where K_and K? represent tennantite + ISS + sphalerite assem-
blages which have As-free and As-bearing ISS, respectively, and
the value of B defined by the experimental data is +13.77
kcal/gfw. Numbers adjacent to data points for tennantite-ISS as-
semblages give the S/(As + S) ratio of the ISS.

mixing of Cu and Fe. The inferred stabilization of coupled
Cu and Fe substitutions on adjacent sites in ISS is support-
ed by the formation of several ordered compounds (e.g.,
chalcopyrite and cubanite) on the FeS—CuS join; the de-
duction that W7EL, > WIE ~ 0 > WEEL would be
consistent with the observed topology of sphalerite-ISS
tielines on the CuS-FeS-ZnS composition plane (e.g.,
Kojima and Sugaki, 1984; Fig. 3) if it were assumed that
the thermodynamic properties of such ISS’s and sphalerites
exhibit ternary regular solution behavior.

In addition, the upper bounds on relative values of
MFecuy_, Provided by graphical integration of (34) suggest
that tetrahedrites may exhibit slight negative deviations
from ideality with respect to Fe(Cu)_, exchange. Following

the procedures and assumptions about site occupancies
given above, we may write the following expressions for the
distribution coefficients for Zn(Fe)_, and Fe(Cu)_, ex-
change between Ag-free tetrahedrite-tennantite and sphal-
erite, and between Ag-free tetrahedrite-tennantite and ISS:

- AG3, VEeb
RT In Kp = AGlugy, + 5 (X3) + RT In sy

ZnS

TET

w
- % (1 —2X,) + (WEF. — WEia

+ 1/4 WEZ XX 5) (35)
and
XT-ET TD-=IN XFCS
Rl P B [(x;f*) (x)]
= AG? + AG35(X5) + WEE( — 2X,)
+ [2WEF — Wf:f{..) +1/2 Wiz,
“(Xp) ~ Wl — 2XT (36)
where
= (Gus — Ghes) + (GlusFessbusis — GluioFessbisis)
+ (WEza — W — WEZNXT0s (37
and

AG;5 = (G%ugFesAuSm + GE“[OFGZSI"S[J)
- (G%\IQFQJSb‘Sl3 + G(oinloFezAsa.Sl;)' (38)

It may be readily shown that the inferences that Wigs, < 0,
WTIET ~ 0, and WEEL, = 0 would be consistent with (35)
and the observation that the experimental data suggest
more negative values of the derivative RT(d In Kp/d X3o8
with increasing X 5, because the derivatives dX,/d X are
about equal for tetrahedrites tetrahedrite-tennantites and
tennatites but dXIP/dXxFH > dxT>-™AXFY > dxTV
dX¥Y Similarly analysis of ISS + tetrahedrite-tennantite
assemblages utilizing (34) suggests that AG3; is slightly
negative (Fig. 8). However, given the uncertainties in all of
the above, we consider that the presently available data do
not provide a compelling case for adoption of an assump-

tion other than that

AG35 = uFe = W;Egn = Wgt:;n ~0 (39)

Discussion

From the preceding analysis, it is apparent that
tetrahedrite-tennantite sulfosalts rank among the true “Ca-
dillacs” of reciprocal solutions, have the potential to be
among the most important of petrogenetic indicators of
hydrothermal mineralization environments in polymetallic
base-metal sulfide and bonanza precious metal deposits,
and, despite their structural and chemical complexity, are
remarkably well behaved energetically. It has been inferred
that, to an excellent first approximation, the energetic cou-
pling between the three principal substitutions on the metal
and semimetal sites in tetrahedrite-tennantites—
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(Ag==Cu)™S, (Fe==Zn)™T, and (As==Sb)*™™, respectively—
may be simply described in terms of an “ideal” reciprocal
solution model (e.g., Wood and Nicholls, 1978; Sack, 1982)
with values of 2.5940.14, 3.0+ 1.5, and 16.84 5.0 kcal/gfw
for the standard state Gibbs energies of reciprocal reac-
tions (7}9). The inferences that AG5; ~ AGS, and
AGS, » AG5; may be readily rationalized crystallogra-
phically. Structure refinements of tetrahedrite-tennantites
(Wuench, 1964; Wuench et al, 1966; Kalbskopf, 1972;
Johnson and Burnham, 1985; Peterson and Miller, 1985)
indicate that both the Ag(Cu)_; and As(Sb)_, exchanges
produce slight compression and increasing regularity in
shape of the tetrahedral metal site (Cu(1)) and a decrease in
the size of the pyramid defined by semimetal-sulfur link-
ages. However, these substitutions have opposing effects on
the trigonal-planar metal sites containing Ag and Cu
(Cu(2)); the Ag(Cu)_, and As(Sb)_, exchanges respectively
increase and decrease the areas available for metal coordi-
nation and anisotropic thermal motion. Because the
changes in metal-sulfur distances due to these exchanges
are significantly larger for Cu(2) metals than for Cu(l)
metals, and Ag™ has a larger radius than Cu* in trigonal
coordination by sulfur (Shannon, 1981), a large value of
AG3, relative to AG3, and AGS, is consistent with these
crystallographic data.

Although the data examined suggest that tetrahedrite-
tennantites may be remarkably simple energetically, it is
clear that many uncertainties in their thermodynamic
properties need to be addressed before they may be used to
place quantitative constraints on ore forming processes. In
particular, it will be necessary to characterize the thermo-
dynamic properties of at least one endmember tetrahedrite-
tennantite before quantitative mass-transfer calculations
may be attempted (e.g., Helgeson and Murphy, 1983). In
addition, there are presently large uncertainties in AG3,
and AGS, and the partial derivatives 0AG3,/0T, 0AGS,/
0T, and 0AGY, 5., /0T. Even though the experimental re-
sults indicate that deviations from thermodynamic ideality
due to the Fe==Zn substitution may be negligible, devi-
ations from ideality due to the substitutions As==Sb and
Ag=Cu in semimetal and trigonal-planar sites have yet to
be quantified. Uncertainties in AG5, and AG3, derive, in
part, from uncertainties in the structural role of silver in
tetrahedrite-tennantites and the paucity of phase-petrologic
studies on the appropriate natural assemblages. Although
the analysis given here suggests that deviations from ideal-
ity due to the As==Sb and Ag=Cu substitutions may be
small, this suspicion cannot be advanced with certainty
until the appropriate experiments and/or phase petrologic
studies of the critical natural assemblages are performed.
Lastly, the bonding mechanisms in tetrahedrite-tennantites
are poorly understood (e.g., Johnson and Jeanloz, 1983;
Jeanloz and Johnson, 1984). It is anticipated that further
characterization of the Gibbs energies of reciprocal reac-
tions in Mn-, Cd-, Hg-, and Bi-bearing tetrahedrite-
tennantites may provide additional insights into bonding
mechanisms.

Despite present uncertainties in the analysis of the ther-
modynamic properties of tetrahedrite-tennantites, it is clear
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that they should be useful in refining the thermochemical
interpretations of many ore-forming environments due to
their capacity for a wide range of substitutions of semime-
tals and metals and adjustable stoichiometry. Given the
thermodynamic properties of tetrahedrite-tennantites and
ions in hydrothermal fluids, salinity and temperature data
from fluid inclusions, and specification of the activities of
one or more elements or ions through mineral-fluid equi-
libria, the composition of tetrahedrite-tennantites could be
used to define the concentrations of many base metal and
semimetal ions in the hydrothermal fluid. Combined with
models for hydrothermal transport coupled with chemical
reaction (e.g., Lichtner, 1985), such information would be
invaluable in assessing precipitation mechanisms and min-
eralization potential in silver-bearing base-metal sulfide de-
posits of hydrothermal origin. Even in the absence of all
the requisite information for this purpose, studies of com-
positional zoning in tetrahedrite-tennantites provide a
basis for establishing spatial and temporal trends in metal
and semimetal ratios of hydrothermal fluids and assessing
models of ore deposition. Studies of metal ratios and com-
positional zoning in tetrahedrite-tennantite offer significant
promise as guides to exploration and mine development,
where variations in metal ratios in tetrahedrite-tennantite
parallel those in bulk ore samples or tetrahedrite-
tennantite is the principal ore phase (e.g., Goodell and Pe-
tersen, 1974 ; Petersen et al., 1977; Wu and Petersen, 1977;
Hackbarth and Petersen, 1984). For example, in cases
where silver mineralization is dominated by tetrahedrite-
tennantite crystallization, fractionation calculations of the
type illustrated in Figure 7 might be compared with metal
ratio maps for bulk ore samples to predict grades as well as
locations of undiscovered ore in a partially developed dis-
trict.

Summary

Experimental constraints, petrologic studies, and theo-
retical analysis suggest that, energetically, tetrahedrite-
tennantite sulfosalts are remarkably well behaved multisite
reciprocal solutions. Fe-Zn exchange experiments (500°C)
between tetrahedrite-tennantites and sphalerites yield
values of 2.59 +0.14 and 2.0740.07 kcal/gfw for the Gibbs
energies of the reciprocal reaction

Cu,9Zn,Sb,S, ;5 + Cuy Fe,As,S,,
= Cu,oFe,Sb,S,; + Cu,4Zn,As,S,;
and Fe—Zn exchange reaction
1/2 Cu,4Fe,Sb,S,3 + ZnS = 1/2 Cu,4Zn,Sb,S,; + FeS,

respectively. These results, plus petrologic studies of
tetrahedrite-tennantite + sphalerite assemblages, and pre-
liminary experimental results at 435 and 365°C suggest
that the above parameters are insensitive to temperature
and permit estimates for the Gibbs energies of the remain-
ing two reciprocal reactions of “ideal” tetrahedrite tennan-
tites ((Ag,Cu)sCuy(Fe,Zn),(As,Sb),S;3): Cu;9Zn,Sb,S,; +
Ag,Cu,Fe,Sb,S,; = Cu,,Fe,Sb,S,; + AggCuyZn,Sb,S,,
and  Ag¢Cu,Fe,Sb,S;,; + Cu, Fe,As,S,, =
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Cu,,Fe,Sb,S,; + AgcCu,Fe,As,S;; of 3.0+1.5 and
17 + 5 kcal/gfw, respectively.
These considerations suggest that tetrahedrite-

tennantites are the “Cadillac” of reciprocal solutions and of
petrogenetic indicators of hydrothermal mineralizing envi-
ronments; they are the sulfide analog of amphiboles, the
“Rolls Royce” of reciprocal solutions and petrogenetic in-
dicators. In addition to providing a means for deducing
aspects of the chemistry of many hydrothermal mineral-
izing fluids, our results afford an improved basis for under-
standing downstream chemical zoning in polymetallic
base-metal sulfide and bonanza precious metal deposits. In
particular they provide strong evidence that crys-
tallochemical control coupled with As-Sb fractionation de-
termines the distribution of silver in many zoned Pb-Zn-
Cu-—-Ag deposits.
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