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Abstract

Galena-tetrahedrite intergrowth textures have been observed in some quenched run products of melting experiments conducted at 500
and 600°C in the systems ZnS-PbS-FeS-Cu,S-Sb,S; and ZnS-PbS-FeS-Cu,S-Sb,S;-As,S;, using the evacuated silica-tube method. At
600°C the intergrowth formed an interface between sulfide melt and galena, whereas at 500°C it existed as inclusions partially embedded
or completely embedded within tetrahedrite. At 600°C tetrahedrite was absent in PbS-bearing experiments, instead galena and melt were
a part of the equilibrium phase assemblage. From the disposition of the galena—tetrahedrite intergrowths at 500°C it is evident that dro-
plets of galena—tetrahedrite melt coexisted with tetrahedrite or tetrahedrite + galena and gave rise to these intergrowths upon quenching.
The intergrowths coexisting with galena probably represent compositions on the galena-rich liquidus in the galena—tetrahedrite binary
and those coexisting with tetrahedrite represent points on the tetrahedrite-rich liquidus. A eutectic at galena:tetrahedrite = ~30:70, very
close to 500°C is apparent. It is clearly indicated that galena-tetrahedrite intergrowths can be formed by sulfide partial melting, and

could be used as a potential indicator of partial melting in metamorphosed sulfide ore deposits.
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Introduction

Intergrowth textures of sulfide minerals have been observed
extensively: e.g. bornite-chalcocite (Schwartz, 1939; Ramdohr,
1969; Cook et al., 2011), bornite-galena (Kouzmanov, 2004),
sphalerite—chalcopyrite (Govindarao et al., 2018 and references
therein), galena-stromeyerite (Schwartz and Park, 1932; Ramdohr,
1969), galena—cosalite (Anderson, 1934; Ramdohr, 1969) and
galena—pyrargyrite (Anderson, 1934; Ramdohr, 1969). Symplectitic
or myrmekitic intergrowth of galena and tetrahedrite (Fig. 1)
has been also observed in many sulfide ore deposits (Lindgren,
1930; Anderson, 1934; Basu et al., 1984; Gemmell et al., 1989;
Cook, 1996; Cook et al., 1998; Brueckner et al., 2016). Ramdohr
(1969) suggested more than six mechanisms for the formation
of such intergrowths. For the formation of galena-tetrahedrite
intergrowths, hydrothermal replacement (Lindgren, 1930; Anderson,
1934) and co-precipitation (Gemmell ef al.,, 1989) are the mechanisms
most favoured. In contrast, galena-tetrahedrite intergrowths at
Sulitjelma and Bleikvassli hydrothermal ore deposits, Norway,
were interpreted as formed by the breakdown of meneghinite to
galena and tetrahedrite in the presence of a Cu-Fe-(Ag) fluid
(Cook, 1996; Cook et al., 1998). Ambiguity arises in interpreting
these intergrowth textures, especially when encountered in meta-
morphosed sulfide ore deposits in which metamorphic recrystallisa-
tion obliterates primary textural features. Galena and tetrahedrite
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from Rajpura-Dariba hydrothermal ore deposit, India have inter-
growth textures, which were surmised to have formed through the
breakdown of complex sulfosalt minerals or through oriented min-
eral growth from hydrothermal solution or sulfide melt (Basu et al.,
1984). Note that Pruseth et al. (2014, 2016) decscribed evidence of
sulfide melting and melt fractionation during amphibolite-facies
metamorphism of the Rajpura-Dariba polymetallic sulfide ores.
Frost et al. (2002) also proposed the partial melting of the
Sulitjelma and Bleikvassli sulfide ore deposits during medium-
and high-grade metamorphism. In view of the growing acceptance
of sulfide anatexis as a viable geological process (Mavrogenes et al.,
2001; Frost et al., 2002, 2005, 2011; Tomkins and Mavrogenes, 2002,
2003; Sparks and Mavrogenes, 2005; Tomkins et al., 2007; Mishra
and Bernhardt, 2009; Pruseth et al, 2014, 2016; Govinda Rao
et al., 2017; Matt et al., 2019) it is necessary to evaluate if sulfide par-
tial melting could be responsible for the formation of these inter-
growths. This work describes the results of experiments in the
system  ZnS-PbS-FeS-Cu,S-Sb,S;  and  ZnS-PbS-FeS-Cu,S-
Sb,S;—-As,S;, conducted at 500 and 600°C using the evacuated silica-
tube method.

Experimental and analytical methods

All experiments were conducted using the evacuated silica tube
method as described by Scott (1974) and Pruseth et al. (1997).
High-purity (>99% SiO,) silica tubes of 6 mm internal diameter
and 1 mm wall thickness were used. Generally, the evacuated sil-
ica ampules had a length of ~2 cm, with the charge confined to
~0.5 cm at one end, the rest being occupied by a snugly fitting
filler rod of the same material as the silica tube. Samples were
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Fig. 1. Microphotograph of a typical tetrahedrite-galena intergrowth texture. Sample
from Rajpura-Dariba, Rajasthan, India.

heated in a Lenton (UK) box furnace with inbuilt EUROTHERM
temperature controllers, and the temperature in the hot zone of
the furnace was externally monitored by a Pt-PtgyRh;, thermo-
couple. The temperature in the hot zone of the furnace was main-
tained within +2°C of the set temperature. High-purity elemental
Zn, Fe, Pb, Cu, Sb and S from Alfa Aesar (Thermo Fisher
Scientific, UK) were used for the synthesis of ZnS, FeS, PbS,
Cu,S and Sb,S; end-member phases. Zinc ingots were abraded
to a fine powder and reacted with sulfur at 400°C for 2 days
and at 500°C for 5 days for synthesising the ZnS phase.
Compared to Zn metal, ZnS is extremely refractory, with a melt-
ing temperature of 1680°C (Mavrogenes et al., 2001). Therefore, if
Zn ingots are used directly, ZnS formed at the surface prevents the
Zn at the core of the individual ingots from further reaction. The
use of fine filings of zinc helps circumvent this problem. The PbS
phase was prepared from pieces of pure Pb metal, cut from a sheet
after removing the thin oxidised coating, by reaction with sulfur at
500°C for 8 days. For the synthesis of the FeS phase, iron powder
was reduced in a hydrogen flow at 750°C for 4 hours then heated
with stoichiometric proportions of sulfur at 400°C for 4 days and
further at 600°C for 5 days. For the synthesis of the Cu,S phase, a
copper rod was abraded to fine grains, which were briefly cleaned
with dilute HCI and washed with distilled water. These copper fil-
ings were reacted with sulfur initially at 200°C for 2 days and
finally at 400°C for 9 days. Both the FeS and Cu,S phases are
non-stoichiometric and have cation deficiencies. Thus, to obtain
stoichiometric FeS and Cu,S phases, a few larger pieces of Fe
and Cu were reacted with the respective finely powdered synthesis
products as a final step. The unreacted remnant pieces were
removed by gently grinding the final synthesis products under
acetone and picking the resistant grains out. Pure Sb metal was
reacted with sulfur at 500°C for 8 days for the synthesis of the
Sb,S; phase. The successful synthesis of the end-members was
ascertained by matching the X-ray diffraction patterns of these
phases with the corresponding patterns in the ICDD reference
data base [www.icdd.com/]. The pure crystalline As,S; phase pro-
cured from Alfa Aesar was used directly in the experiments.
Experiments were conducted at 500 and 600°C with accurately
weighed different amounts of ZnS, PbS and FeS with 5 mol.%
of Cu,S and either 5 or 10 mol.% Sb,S; in the system ZnS-
PbS-FeS-Cu,S-Sb,S;. In the system ZnS-PbS-FeS-Cu,S-Sb,S;-
As,S;, the proportions of ZnS, PbS and FeS together comprise
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90 mol.% of the bulk; 5 mol.% of Cu,S; and 2.5 mol.% each of
Sb,S; and As,S; make up the rest. The starting bulk compositions
were chosen in order to check the effect of incorporating Sb,S;
and As,S;, in addition to Cu,S, on melting in the system
ZnS-PbS-FeS. The ternary eutectic in the pure ZnS-PbS-FeS
system is determined at 800°C (Mavrogenes et al., 2001), though
the incorporation of Cu,S results in the reduction of the melting
temperature and a quaternary eutectic has been reported at
~593°C (Pruseth et al., 2014). One run was conducted with
5 mol.% each of Cu,S and Sb,S; on the ZnS-FeS binary of the
ZnS-PbS-FeS system to check the nature of melting in the
absence of PbS.

The run products, mounted in cold-setting epoxy, were
ground, polished and analysed with a CAMECA SX100 electron
probe micro-analyser (EPMA) and back-scattered electron
(BSE) images were obtained with a JEOL JSM6490 scanning elec-
tron microscope (SEM) at the Department of Geology and
Geophysics, IIT, Kharagpur, India. The typical operating condi-
tions on the EPMA were 20 kV accelerating voltage, 20 nA
beam current and 1 um beam diameter. The quenching of melt
produced by partial melting of the starting materials was not suc-
cessful because of the crystallisation of quench crystals, hence the
average composition of the quenched melt in each run, measured
using a rather large beam diameter (20 um) under similar condi-
tions, was assumed to be the closest possible representative com-
position of the quenched melt. The X-ray lines used for the
analysis of S, Fe, Cu, Zn, As, Sb and Pb are SKo, FeKo, CuKao,
ZnKo, AsLa, SbLo. and PbMa, respectively. Natural and synthetic
standards used for calibration were: pyrite for Fe and S; sphalerite
for Zn; galena for Pb; GaAs for As; stibnite for Sb; and pure Cu
metal for Cu. All the standards were from P&H Developments
Ltd. (UK). All elements were analysed for ten seconds on the
peak and five seconds each on either side of the peak. The ZAF
corrections were made by the program available with the
CAMECA SX-100 operating software. Counting errors were lim-
ited to 0.01%.

Results

The bulk compositions of all the experimental runs, the respective
durations of the experiments and the EPMA of the equilibrium
phases obtained in the system ZnS-PbS-FeS-Cu,S-Sb,S; and
ZnS-PbS-FeS-Cu,S-Sb,S;-As,S; are given in Table 1 and
Table 2, respectively. All mineral abbreviations in the tables and
figures are after Whitney and Evans (2010).

The system ZnS-PbS-FeS-Cu,S-Sb,S;

Three experimental runs (G3, G4 and G9) conducted at 600°C
contain 5 mol.% each of Cu,S and Sb,S;, with varying propor-
tions of PbS, FeS and ZnS in two runs (G3 and G4) and with
50 mol.% ZnS and 40 mol.% FeS in one run (G9). Significant
melting occurred in runs G3 and G4, whereas only a small
amount of melt, which could not be analysed, is observed in
the PbS-free run G9. The melt compositions together with the
corresponding bulk compositions are plotted in Figs 2a and 2b,
and the representative SEM-BSE images of stable run products
are shown in Figs 3a—c. The melt composition in the respective
run products is the average of EPMA of several areas obtained
using a defocused beam of 20 pm. The resultant sulfide melts
are enriched in Pb (37.07-38.11 wt.%), Cu (18.67-25.37 wt.%)
and Sb (17.28-20.06 wt.%) relative to Fe (0.82-3.43 wt.%) and
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Table 1. Details of the run compositions from EPMA of different phases obtained in the system ZnS-PbS-FeS-Cu,S-Sb,S;*.
Mol % X Weight % Formula
Duration

Run PbS FeS ZnS Cu,S Sb,S; (Days) S Fe Cu Zn Sbh Pb Total S Fe Cu Zn Sb Pb Phase (n)

600°C

G3 495 135 270 5.0 5.0 8 35.10 15.77 0.35 49.65 n.d. n.d. 100.86 1 0.26 0.00 0.69 Sp (8)
(0.18) (0.13) (0.06) (0.09)
13.96 0.02 0.28 0.10 0.79 86.00 101.15 1 0.00 0.01 0.00 0.01 0.95 Gn (8)
(0.13) (0.03) (0.06) (0.12) (0.05) (0.86)
20.70 343 18.67 0.33 20.06 38.11 101.31 1 0.10 046 0.01 0.26 0.28 Melt (9)
(0.14) (0.23) (1.83) (0.12) (0.87) (1.05)

G4 23.0 5.0 63.0 5.0 5.0 8 33.87 3.33 0.28 63.45 n.d. n.d. 100.92 1 0.06 0.00 0.92 Sp (12)
(0.37) (0.08) (0.14) (0.56)
14.14 n.d. 0.52 0.51 0.64 8598 101.79 1 0.02 0.02 0.01 0.94 Gn (10)
(0.09) (0.08) (0.32) (0.06) (0.82)
19.76 0.82 25.37 0.73 17.28 37.07 101.02 1 0.02 0.65 0.02 0.23 0.29 Melt 1 (8)
(0.40) (0.11) (1.34) (0.18) (0.40) (0.50)

G9 0.0 40.0 50.0 5.0 5.0 10 35.22 24.50 1.73  39.96 n.d. 101.40 1 040 0.02 0.56 0.00 Sp (7)
(0.24) (0.23) (0.07) (0.49)
3596 41.63 15.45 8.28 n.d. 10132 3 199 0.65 0.34 0.00 Cbn (6)
(0.13) (0.11) (0.35) (0.28)
25.68 5.91 35.40 3.28 30.14 10041 13 1.72 9.04 0.81 4.02 0.00 Ttr (10)
(0.27) (0.38) (0.41) (0.30) (0.43)

500°C

G10 495 135 270 5.0 5.0 17 34,58 15.83 0.49 48.65 n.d. n.d. 99.55 1 0.26 0.01 0.69 Sp (9)
(0.37) (0.84) (0.28) (0.91)
13.80 n.d. 0.21 0.36 0.25 86.59 101.21 1 0.01 0.01 0.00 0.97 Gn (7)
(0.35) (0.13) (0.29) (0.09) (0.73)
25.34 482 37.36 3.33 2944 nd. 100.28 13 142 9.67 0.84 398 Ttr (7)
(0.28) (0.32) (0.63) (0.79) (0.56)

Gl1 40.0 38.0 120 5.0 5.0 17 3490 2226 0.59 41.62 n.d. n.d. 99.36 1 0.37 0.01 0.58 Sp (4)
(0.23) (0.64) (0.01) (0.67)
13.85 0.23 0.17 0.18 0.71 8596 101.11 1 0.01 0.01 0.01 o0.01 0.96 Gn (8)
(0.11) (0.06) (0.08) (0.13) (0.08) (0.42)
3557 43.14 16.77 4.36 n.d. n.d. 99.84 3 2.09 0.71 0.18 Cbn (8)
(0.63) (0.70) (0.29) (0.12)
17.66 0.38 2.05 0.20 1861 61.47 10037 24 030 141 0.13 6.66 1293 Mgt (6)
(0.34) (0.12) (0.13) (0.11) (0.46) (0.96)

G12 380 36.0 11.0 5.0 10.0 18 34.63 20.46 0.51 44.30 n.d. n.d. 99.91 1 034 0.01 0.63 Sp (5)
(0.80) (1.67) (0.18) (0.53)
13.49 0.16 0.16 0.12 0.74 85.25 99.93 1 0.01 0.01 0.00 0.01 0.98 Gn (7)
(0.16) (0.08) (0.09) (0.05) (0.05) (0.97)
3495 4280 17.12 4.53 n.d. n.d. 99.40 3 211 0.74 0.19 Cbn (12)
(0.36) (0.56) (0.15) (0.21)
17.57 0.24 2.09 0.26 1857 61.93 10066 24 0.19 144 0.17 6.68 13.09 Mgt (12)
(0.31) (0.10) (0.10) (0.19) (0.30) (0.80)

‘n.d.” stands for not detected. Melt compositions were obtained using a defocussed beam of 20 um in diameter. Abbreviations: Cbn-cubanite, Gn-galena, Mgt-meneghinite, Po-pyrrhotite,

Sp-sphalerite, Ttr-tetrahedrite

*The compositions of the phases are averages of the number of analyses (n) indicated and the respective standard deviations are given in parentheses

Zn (0.33-0.73 wt.%). The melts are S deficient over the total wt.%
of metals (Zmetals) (Table 1). The other stable phases present are:
galena, sphalerite and native Sb in G3 and G4; and sphalerite,
Zn-bearing cubanite (containing 3.31-8.28 wt.% Zn), tetrahedrite
and native Sb in G9. A phase similar to Zn-bearing cubanite was
obtained in a previous investigation and was referred to as an ISS
(intermediate solid solution) of cubanite (CuFe,S;) composition
containing significant Zn (Kojima and Sugaki, 1984). We have
referred to this phase as cubanite, as irrespective of differences
in composition, the total cation number tends to equal three
when normalised to three S atoms. Note, however, that this
phase might be equivalent to Zn-bearing isocubanite, as cubanite
changes irreversibly from hexagonal to cubic symmetry at 210°C
(Cabri et al., 1973; Putnis, 1977). However, in the absence of
structural details, we have called it simply ‘cubanite’. Although
Zn replaces Fe in Zn-bearing cubanite, and it sounds more natural
considering the disordered sphalerite-like structure of isocubanite
(Fleet, 1970; Szymanski, 1974), a strong negative correlation
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between the Cu and Zn in it is evident. The absence of any evi-
dence of disequilibrium, such as compositional zonation in the
solid phases and intra-grain and inter-grain homogeneity of the
run products, as evident from numerous EPM spot analyses, indi-
cate attainment of chemical equilibrium. Reproducibility of results
in experiments involving similar bulk compositions, although of
different duration of heating, further indicate attainment of equi-
librium. In G3 and G4, tiny galena grains, seen rimming the
sphalerite (e.g. Figs 3a and 3b), contain up to 0.7-2.2 wt.%
Zn, 1.2-2.8 wt.% Cu, 0.8-1.7 wt.% Sb and 0.1-0.7 wt.% Fe.
As shown in Fig. 3b, the presence of two melts in G4 is
evident. Melt 1 crystallised to a fine-grained assemblage and has
a composition similar to tetrahedrite with excess Pb. Melt 2
crystallised to an intergrowth of coarse-grained galena with com-
position Pbyg 93Cug 0sZng 0sSbg 02S and tetrahedrite of composition
Cug[Cus e6(Feg.67Zn0.51Pbg.77)51.95]5b4.03512S (Fig. 3b). The for-
mula for tetrahedrite is after Biagioni et al. (2020), who suggest
the structural formula Ag(B4C,)D4Y,Z, in which the sites A
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Table 2. Details of the run compositions from EPMA of different phases obtained in the system ZnS-PbS-FeS-Cu,S-Sb,S;-As,Ss.

Mol % Weight % Formula
PbS FeS ZnS Cu,S Sb,S; As,S; Duration (days) S Fe Cu Zn As Sb Pb Total S Fe Cu Zn As Sbh Pb Phase (n)

600°C

G51 135 495 27.0 5.0 2.5 2.5 10 3453 21.27 1.40 42.78 n.d. n.d. n.d. 9998 1 0.35 0.02 0.61 Sp (12)
(0.29) (0.38) (0.12) (0.48)
13.75 0.12 0.12 0.23 0.01 0.84 85.56 10064 1 0.01 0.00 0.01 0.00 0.02 0.96 Gn (7)
(0.18) (0.07) (0.06) (0.13) (0.01) (0.09) (0.73)
38.55 58.95 1.96 0.17 n.d. n.d. n.d. 9963 1 0.88 0.03 0.00 Po (5)
(0.18) (0.24) (0.21) (0.18)
35.87 40.16 16.60 7.62 n.d. n.d. n.d. 100.25 3 193 070 031 Cbn (9)
(0.36) (0.38) (0.28) (0.21)
20.65 5.03 7.66 0.53 10.08 17.04  40.90 101.89 1 0.14 0.19 0.01 021 0.22 0.31 Melt (8)
(0.57) (0.65) (0.47) (0.15) (1.38) (0.89) (1.04)

G52 104 158 63.9 5.0 2.5 2.5 10 3330 9.88 0.44 55.74 n.d. n.d. n.d. 9935 1 0.17 0.01 0.82 Sp (7)
(0.27)  (0.18) (0.11) (0.21)
14.24 0.37 1.54 1.14 0.28 191 81.65 101.14 1 0.02 0.05 0.04 0.01 0.04 0.89 Gn (5)
(0.34) (0.10) (0.18) (0.33) (0.13) (0.23)  (0.96)
21.00 214 13.23 1.00 8.45 12.83  41.33 9998 1 0.06 032 0.02 0.17 0.16 0.30 Melt (9)
(0.30) (0.25) (0.67) (0.63) (0.65 (0.71) (0.53)

G53 495 135 270 5.0 2.5 2.5 10 33.95 14.04 0.88 50.54 n.d. n.d. n.d. 9940 1 0.24 0.01 0.73 Sp (15)
(0.25) (0.22) (0.07) (0.25)
13.66 0.03 0.16 0.12 0.01 0.54 85.57 100.07 1 0.00 0.01 0.00 0.00 0.01 0.97 Gn (12)
(0.21)  (0.04) (0.07) (0.15) (0.01) (0.05) (0.75)
3539 3698 20.77 6.29 n.d. n.d. n.d. 9942 3 1.80 0.89 0.26 Cbn (4)
(0.31) (0.40) (0.16)  (0.10)
21.02 284 12.54 1.05 7.75 12.27  42.76 10023 1 0.08 030 0.02 0.16 0.15 0.31 Melt (7)
(0.49) (0.65) (1.40) (0.74) (1.27) (1.54) (1.41)

G54 22.5 45 63.0 5.0 2.5 2.5 10 3339 324 0.22 62.76 n.d. n.d. n.d. 9961 1 0.06 0.00 0.92 Sp (11)
(0.41) (0.09) (0.06) (0.52)
13.80 n.d. 0.24 0.30 n.d. 0.63 85.99 10097 1 0.01 0.01 0.01 0.96 Gn (8)
(0.12) (0.09)  (0.22) (0.08)  (0.69)
20.09 0.86 13.62 2.01 8.54 12.16  42.43 99.71 1 0.02 034 0.05 0.18 0.16 0.33 Melt (6)
(1.04) (0.14) (1.05) (0.49) (0.59) (0.93) (1.53)

500°C

G55 13,5 495 27.0 5.0 2.5 2.5 27 34.33 15.02  0.40 51.19 n.d. n.d. n.d. 10094 1 0.25 0.01 0.73 Sp (10)
(0.59) (0.57) (0.07) (0.79)
13.33 0.31 0.14 0.53 n.d. 0.76 85.88 10096 1 0.01 0.01 0.02 0.01 1.00 Gn (4)
(0.10) (0.07) (0.12) (0.16) (0.05)  (0.78)
3445  40.69 19.92 3.95 n.d. n.d. n.d. 99.01 3 2.05 0.88 0.17 Cbn (11)
(0.90) (0.27) (0.60) (0.17)
17.43 0.78 1.51 0.95 1.47 17.62 61.22 10097 24 073 108 069 085 635 1295 Mgt (6)
(0.19) (0.17) (0.13) (0.34) (0.07) (0.33) (0.45)

798
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G56 104 158 639 50 25 25 27 3362 928 010 5746 nd. nd.  nd. 10045 1 016 000 0.84 Sp (12)
(0.39) (0.30) (0.16) (0.67)
3391 3679 2452 377 025 nd.  nd. 9925 3 187 1.09 0.6 0.01 Cbn (8)
(0.48) (0.78) (0.43) (0.21)  (0.08)
2635 549 3996 408 1091 1437 nd. 10114 13 155 995 099 230 1.87 Ttr-Tntss (9)
(0.32) (0.54) (0.87) (0.60) (0.81) (0.67)
1691 013 008 145 447 980  67.90 10074 23 010 0.06 096 260 351 1429 Geo (7)
(0.26) (0.12) (0.08) (1.19) (0.26) (0.29) (1.18)

G57 495 135 270 50 25 25 27 3367 930 027 5642 nd.  nd.  nd. 9966 1 016 000 0.82 Sp (11)
(0.56) (0.29) (0.10) (0.68)
1352 007 021 040 nd. 059 8587 10066 1 000 001 0.01 001 098 Gn (9)
(0.26) (0.10) (0.15)  (0.24) (0.04)  (0.37)
3452 3715 2368 331 068 nd  nd. 9933 3 185 104 0.4 0.03 Cbn (7)
(0.68) (0.57) (0.68) (0.17) (0.85)
2759 503 3931 346 1107 1410 nd. 10061 13 136 935 080 223 175 Ttr-Tntss (9)
(0.31) (0.18) (0.66) (0.14) (0.51) (0.24)
1747 024 028 062 464 955 6859 10139 23 018 0.19 040 261 331 1397 Geo (8)
(0.29) (0.23) (0.24) (0.53) (0.23) (0.37) (0.67)

G58 225 45 630 50 25 25 27 3371 240 012 6524 nd.  nd.  nd. 10124 1 004 000 0095 Sp (12)
(0.43) (0.49) (0.10) (1.02)
1363 001 032 037 00l 063 8578 10075 1 000 000 00l 001 001 097 Gn (8)
(0.15)  (0.02) (0.25) (0.15) (0.01) (0.06) (0.41)
3508 3736 2407 340 021 nd. nd. 10011 3 183 104 0.4 001 Cbn (5)
(0.12) (0.01) (0.21) (0.16) (0.12)
2718 310 3953 549 1062 1462 nd. 10064 13 0.87 954 127 217 184 Ttr-Tnt, (18)
(0.36) (0.41) (0.58) (0.71) (0.40) (0.28)
1742 nd. 038 086 449 985  67.67 10065 23 025 056 254 343 13.83 Geo (10)
(0.16) (0.40) (0.38) (0.16) (0.23) (0.43)

‘n.d.” stands for not detected. Melt compositions were obtained using a defocussed beam of 20 um in diameter. Abbreviations: Cbn - cubanite, Geo - geocronite, Gn - galena, Mgt - meneghinite, Po - pyrrhotite, Sp - sphalerite, Ttr-Tntg - tetrahedrite-
tennantinite solid solution
*The compositions of the phases are averages of the number of analyses (n) indicated and the respective standard deviations are given in parentheses
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Fig. 2. Run and melt compositions of the experiments at 600°C (G3, G4 and G9) and 500°C (G10-G12) projected in the ZnS-PbS-FeS-Cu,S (a) and ZnS-PbS-FeS-
Sb,Ss (b) quaternary diagrams. Filled circles represent bulk compositions and the open circles represent corresponding melt compositions. The lengths of the sticks

are proportional to the Cu,S and Sb,S; contents.

Fig. 3. BSE images showing stable phase assemblages in the runs G3, G4 and G9 (a-c, respectively) at 600°C and in the run G10 (d) at 500°C. Development of fine

intergrowth of galena and tetrahedrite from melt 2 is seen in (b).

and B are occupied by Cu or Ag, C by Zn, Fe, Hg, Cd, Mn and Cu;
D by Sb, As, Bi and Te; and Y and Z by S and Se. The presence of
considerable Pb in the C site is a deviation from the suggested C
site occupancy by cations such as Zn’*, Fe*", Hg*", Cd**, Mn*",
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Cu®*, Cu" and Fe’*. The incompatibility of Pb*" arises from its
relatively larger size (Biagioni et al., 2020), however, rapid crystal-
lisation from a melt in this case seems to have resulted in the
incorporation of Pb. Similar incorporation of incompatible Zn
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and (c) ZnS-PbS-FeS-Sb,S; quaternary diagrams. Filled circles represent bulk compositions and the open circles represent melt compositions. The lengths of the

sticks are proportional to the Cu,S, Sb,S; and As,S;z contents.

in galena, having formed from melt, is observed in this present
investigation and has been also documented by Mavrogenes
et al. (2013) in their experimental study.

The starting bulk composition of the three experimental runs
(G10-G12) at 500°C are projected in Figs 2a and 2b. In G10, the
bulk composition is similar to that of G3 at 600°C. No melt is
encountered in any of the run products. Sphalerite and native
Sb are common to all the run products. Although galena + tetra-
hedrite are stable in G10 (Fig. 3d), galena + Zn-bearing cubanite +
meneghinite are stable in G11 and G12.

The system ZnS-PbS-FeS-Cu,S-Sb,S3-As,S3

At 600°C, considerable melt is obtained in all four experiments
(G51-G54). The composition of the melts together with the cor-
responding starting bulk compositions are projected in Figs 4a—c
and are given in Table 2. In common with the experimental runs
G3 and G4, the resultant melts are S-deficient over Xmetals and
are richer in Pb (40.90-42.76 wt.%), Sb (12.16-17.04 wt.%), Cu
(7.66-13.62 wt.%), As (7.75-10.08 wt.%) and relatively poorer
in Fe (0.86-5.03 wt.%) and Zn (0.53-2.01 wt.%). Other than
melt, sphalerite and galena are common to all the run products
at 600°C. In addition, pyrrhotite + Zn-bearing cubanite are
obtained in G51, and Zn-bearing cubanite in G54. As in the
experimental runs G3 and G4, tiny crystals of galena appear in
the quenched melt. Galena also forms rims along the boundary
of sphalerite in contact with melt (Figs 5a and 5b). These galena
are more enriched in Zn (0.84-2.45 wt.%), Cu (0.31-2.30 wt.%),
Fe (0.07-0.68 wt.%) and Sb (1.02-2.62 wt.%), compared to the
unmelted residual galena.

The four experimental runs G55-G58 at 500°C have bulk com-
positions corresponding to that of the runs G51-G54 at 600°C.
Minor melting is observed in all. The composition of these
melts could not be determined due to their insufficient quantity.
Sphalerite, galena and Zn-bearing cubanite are common to all the
run products except G56, in which galena is absent. Meneghinite
(Pby3CuSb;S,4) is stable in G55 whereas As-bearing geocronite
[Pb;4(Sb,As)6S,3] and tetrahedrite-tennantite solid solution
(Ttr-Tnt or ‘fahlore’) are stable in the other three runs (G56-
G58). Relatively larger grains of Zn-bearing cubanite, containing
inclusions of a mixture of minute Fe-As-rich and Pb-rich quench
crystals are observed in the run products of G55 and G57, whereas
small globular Zn-bearing cubanite occurs within Ttr-Tnty in
G56 and G58. Vermicular intergrowth of galena with Ttr-Tntg
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is observed in G58 (Fig. 5¢). Unlike the equilibrium galena
phase (Pbyg 40Cug 50Z10.665b0.61F€0.03A80.01 Sa0.70) galena in the
intergrowth is variably enriched in Cu (0.41-3.06 wt.%), Zn
(0.66-2.49 wt.%), Sb (0.45-1.50 wt.%), Fe (0.05-0.19 wt.%) and
As (0.02-0.26 wt.%). In G56, Ttr-Tnt,, can contain minor
inclusions of quenched melt (Fig. 5d). The Ttr-Tnty phases in
G56, G57 and G58 correspond to the structural formulae
Cug[Cus o5(Fe; 55210 99Pbo 00)x2.54] (A82 30Sb1.87)54.17513 Cus[Cus 35
(Fe136Z1n0.80Pbo.01)52.17] (AS2235b1 75)53.08513  and  Cug[Cusss
(Feo.g7Zn1 27Pbg.01)52.15] (AS2.175b1 84)54.01513, respectively.

Discussion

The results of the melting experiments in the system ZnS-PbS-
FeS—Cu,S-Sb,S;-As,S; suggest that partial melting may take
place in sulfide ore bodies close to 500°C. Melting at 500°C is
observed in experimental runs in which both Sb and As are pre-
sent, though not in those in which only Sb is present. This tem-
perature is much lower than the reported minimum temperature
of melting of 593 +2°C in the system ZnS-PbS-FeS-Cu,S-S by
Pruseth et al. (2014). The presence of Sb and As appears to
lower significantly the solidus temperature in the system ZnS-
PbS-FeS-Cu,S. Regardless of the fact that low-melting chalco-
phile elements (LMCEs) promote melting and are generally
enriched in the sulfide partial melt (Frost et al, 2002), it is
observed in our experiments at 600°C that only a small amount
of an Sb-rich melt is produced when Pb is absent (e.g. G9).
Considerable amounts of melt are obtained in all experiments
containing PbS, which indicates the important role of PbS in pro-
ducing sulfide partial melts. Note, however, that the presence of
PbS only does not ensure partial melting of an assemblage of sul-
fide minerals. As shown by Pruseth et al. (2014), melt might be
produced if PbS is accompanied by Cu and S in excess of a mono-
sulfidic proportion. In the absence of PbS, Cu could contribute
towards the stabilisation of tetrahedrite and cubanite and no sub-
stantial melting would occur, as is evident from the PbS-free run
G9, in which only a very minor amount of melt is associated with
an assemblage consisting of tetrahedrite, Zn-bearing cubanite,
sphalerite and native Sb. Although, the starting bulk compositions
are monosulfidic in nature, the melts obtained are S-deficient over
Ymetals and are relatively enriched in Cu, Sb, Pb and As in com-
parison to Fe and Zn. Non-stoichiometric S enrichment of solid
phases such as sphalerite and galena compensate for the S defi-
ciency in the melt. Sphalerite and galena are the restite sulfide
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Fig. 5. BSE images of stable phases and quenched melt textures from the runs G51 and G53 (a and b) at 600°C, the presence of vermicular intergrowth of galena
and Ttr-Tntg in the run G58 (c) and globular cubanite and melt within Ttr-Tntg in the run G56 (d).

phases in all the experimental run products at both 500 and 600°C
except in G9 (PbS-free run), in which galena is absent. Depending
upon the bulk run composition, Zn-bearing cubanite appears in
some run products both at 500 and 600°C. The Zn-bearing cuba-
nite varies in composition, with 15.45-17.81 wt.% Cu, 36.79-
43.41 wt.% Fe and 3.31-8.28 wt.% Zn. Meneghinite, tennantite-
tetrahedrite and As-bearing geocronite are the sulfosalt phases
encountered at 500°C. None of these phases exist in the run pro-
ducts at 600°C, except in that of G9 in which tetrahedrite is a
stable phase. The constituents of the sulfosalts are incorporated
in the melts, which are more abundant at 600°C.

Pure tetrahedrite Cug(Cu,Cu,)SbsS;,S melts at 573°C (Tatsuka
and Morimoto, 1977), whereas pure tennantite Cug(CuyCu,)
As,S,5S melts at 665°C (Maske and Skinner, 1971). There is no
experimental study on the effect of Zn replacing Cu, however,
the incorporation of Fe has been shown to result in an increase
of melting temperature of tetrahedrite from 573 to 661°C
(Tatsuka and Morimoto, 1977). Thus, the incorporation of both
As and Fe results in a higher temperature of melting and there-
fore, melting of tetrahedrite at a lower temperature cannot be
ascribed to the presence of Fe or As in the system. However, as
observed in the present investigation, the stability of tetrahedrite
also depends on the presence or absence of PbS, as tetrahedrite
is observed in none of the PbS-bearing run products at 600°C,
but is present in the PbS-free run G9. A Cu,S-rich melt might
exist above 459°C in equilibrium with galena and tetrahedrite,
as evidenced from experimental studies in the ternary system
PbS-Cu,S-Sb,S; (Pruseth et al., 1997). Skinnerite (Cu;,Sb,S;5),
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which exists in equilibrium with the Cu,S-rich melt has a com-
position very similar to that of tetrahedrite [Cug(CuyCuy)
SbyS1,S] though with one S less. Skinnerite is a rare mineral
and its rarity has been ascribed to the lower S fugacity required
for its stabilisation (Pruseth et al., 1997). In fact, any bulk com-
position with Cu,S > Sb,S; in the system PbS-Cu,S-Sb,S; is S
deficient and explains the stability of skinnerite in this system.
Consistent with this argument skinnerite has been shown to
have a tendency to break down to tetrahedrite + native Sb
(Hoda and Chang, 1975). Thus, it is highly probable that at
slightly higher sulfur fugacity, as might be provided by the mono-
sulfidic bulk compositions in the present investigation, tetrahe-
drite becomes stable in the place of skinnerite. In the 500°C
phase diagram of Pruseth et al. (1997), galena and skinnerite
are almost collinear with the most Sb,S;-rich tip E of the
Cu,S-rich melt field (see Fig. 6a), suggesting that a melt of this
composition might represent a eutectic between galena and tetra-
hedrite at higher S fugacity. Thus, textures with inclusions of ver-
micular galena within tetrahedrite in run G58 (e.g., Fig. 5¢) could
be due to the simultaneous crystallisation of galena and tetrahe-
drite from a residual melt that is trapped in early-formed tetrahe-
drite growing from the same melt. However, the composition of
the entire domain containing tetrahedrite and vermicular galena
(the dotted area in Fig. 5¢) is found to match with the compos-
ition of the point E (Fig. 6a), when expressed in terms of
mol.% galena and tetrahedrite of equivalent composition. This
suggests that no early-formed tetrahedrite existed and the ver-
micular galena and the tetrahedrite enclosing it simultaneously
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Fig. 6. (a) The composition of Melt 1 and Melt 2 (filled circles) of the run G4 projected on the ternary system Cu,S-PbS-Sb,S; at 500°C (Pruseth et al., 1997). The
tetrahedrite:galena ratio of 70:30 mol.% obtained from the dotted area in Fig. 5¢ coincides with point E, which is collinear with galena and skinnerite. (b) Tentative
tetrahedrite-galena binary phase diagram at higher fs,, with proposed eutectic at tetrahedrite:galena = 70:30 mol.% showing Melt 2 is unlikely to be a liquidus

phase.

crystallised from melt during the quenching of the experimental
run. The composition at point E is 70 mol.% skinnerite and
30 mol.% galena. Thus, a eutectic between galena and pure tetra-
hedrite could be inferred to exist at ~70 mol.% tetrahedrite and
~500°C. The crystallisation of the vermicular galena from the
quenched melt is evidenced by the incorporation of variable
amounts of Cu (0.41-3.06 wt.%), Zn (0.66-2.49 wt.%), Sb
(0.45-1.50 wt.%), Fe (0.05-0.19 wt.%) and As (0.02-0.26 wt.%).
In contrast, the stable solid galena is almost pure PbS
(Pbys.40Cu0.50Zn0 665bo.61F€0.03A80.01549.70)> with negligible impur-
ities (see Table 2). In the absence of galena, such as in run G56, in
which the Fe content is high, As-bearing geocronite is stable with,
most probably, a different composition of the Cu,S-rich melt,
which gives rise to an intergrowth of tetrahedrite, cubanite, sphal-
erite and aggregates of fine crystals with the average composition
of 20.44 wt.% S, 4.33 wt.% Fe, 12.26 wt.% As, 8.86 wt.% Cu, 1.45
wt.% Zn, 15. 42 wt.% Sb and 37.80 wt.% Pb (Fig. 5d). Note that
very small amounts of cubanite and sphalerite are also present
in the tetrahedrite-galena intergrowth in G58 (Fig. 5¢).
Galena-tetrahedrite intergrowths, with a higher proportion
of galena than can be explained by a eutectic at tetrahedrite:
galena = 70:30 mol.%, are also encountered in natural ore depos-
its, e.g. the one from Bleikvassli (Fig. 3e of Cook et al., 1998)
(Norway). Similar intergrowths, formed at 600°C in the experi-
mental run G4 from Melt 2 (with tetrahedrite:galena ~ 42:58
by mol.%) (Fig. 3b), is accompanied by a melt in which
tetrahedrite:galena = 61:39 by mol.% (Melt 1). Both these melts
plot on the line joining galena and skinnerite in Fig. 6a. The pos-
sibility is that the two melts represent two immiscible liquids in
the present experimental system or they separated from a single
melt during quenching of the experiment. The latter appears
more appropriate as the composition of Melt 2 is unlikely to
plot on a liquidus between galena and tetrahedrite (see Fig. 6b).
In Pb-Zn ore deposits such as of Rajpura-Dariba and
Bleikvassli the bulk ore composition is not likely to plot on the
Cu,S-rich half of the ternary system Cu,S-PbS-Sb,S;. Thus the
generation of galena—tetrahedrite intergrowth from a melt appears
unlikely in these deposits. However, it has been shown experi-
mentally that the sulfide partial melts are preferably enriched in
Cu at 600°C (Pruseth et al., 2014, 2016), which is also the case
in this study with the observation that Sb and also As, together
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with Cu are enriched preferably in the melt. Bournonite, which
is a stable phase in the ternary system Cu,S-PbS-Sb,S;, is not
obtained in the present experiments, probably due to the presence
of Fe and Zn. This probably permits the presence of the Cu,S-rich
melt as a stable phase even when the bulk compositions of the
experimental runs do not plot on the Cu,S-rich half of the system
Cu,S-PbS-Sb,S;. Though the presence of Fe stabilises cubanite
and meneghinite in the place of bournonite (e.g. G11, G13,
G55), the presence of Zn results in the stabilisation of tetrahedrite
(e.g. G10, G56-G58). Galena-tetrahedrite intergrowth at 500°C is
obtained only when As is present (G58). In such runs, the forma-
tion of a Cu,S-rich melt could have been possible by the stabilisa-
tion of As-bearing geocronite in the place of meneghinite,
resulting in the enrichment of the rest of the bulk with Cu.

Conclusions

Galena—tetrahedrite intergrowth textures might result by
co-crystallisation of galena and tetrahedrite from a sulfide partial
melt produced at a minimum temperature of ~500°C during
metamorphism of a sulfide ore deposit of suitable bulk compos-
ition. Eutectic relation between galena and tetrahedrite at
galena:tetrahedrite & 30:70 mol.% at ~500°C are indicated in
the system ZnS-FeS-PbS-Cu,S-Sb,S;-As,S;, in which the inter-
growth produced consists of tetrahedrite-tennantite solid solution
and galena. A composition of Cu,S-rich melt collinear with skin-
nerite and galena in the ternary system Cu,S-PbS-Sb,S; (Pruseth
et al., 1997) probably represents the eutectic between galena and
pure tetrahedrite, which coincidentally happens to be at galena:
skinnerite & 30:70 mol.% and ~500°C. It is possible that in
monosulfidic bulk compositions, or in natural sulfide ore depos-
its, tetrahedrite [Cug(CusCu,)SbsS;,S] rather than skinnerite
(Cuy,SbySyy) is the stable equilibrium phase. The possibility of
formation of galena-tetrahedrite intergrowths from sulfide melt
could be used as an indicator of sulfide partial melting, especially
in metamorphosed sulfide ore deposits.
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