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ABSTRACT

This note reports the first occurrence of a Se-bearing variety of kirkiite, a rare lead — bismuth — arsenic sulfosalt, from the
deepest part of fumarole F11, La Fossa crater, island of Vulcano, Italy. Small crystals of sphalerite and aggregates of cannizzarite
occur sporadically on the kirkiite crystals. Optical properties, X-ray powder-diffraction data and the results of electron-micro-
probe analyses are compared with those of kirkiite from type locality as well as of phase A, the synthetic analogue. An electron-
microdiffraction study revealed the presence of three structural varieties of kirkiite. The Se content ranges from 0.73 to 1.16 wt%.
As and Bi concentrations vary from 6.49 to 7.98 wt% and from 14.32 to 16.84 wt%, respectively. The composition field of kirkiite
from Vulcano can be described by the formula Pbig(Ase :Bix)x6(S10-ySey)x19, where 2.3 <x <2.8 and 0.3 <y < 0.5, which is close
to the ideal formula Pbg(As,Bi)s(S.S¢e)10. Kirkiite and its associated minerals at Vulcano crystallized at a high fugacity of sulfur
and a high temperature (470°C, direct measurements). This temperature is in agreement with that known for the synthetic ana-
logue, stable at 400°C .

Keywords: Xirkiite, cannizzarite, Pb-Bi-As sulfosalts, Pb-Bi sulfosalts, fumarolic incrustations, Vulcano Island, Italy.

SOMMAIRE

Nous décrivons pour la premidre fois un exemple d’une variété sélénifere de kirkiite, sulfosel rare de plomb, bismuth et
arsenic, provenant de la partie la plus profonde de la fumerolle F11 du cratere La Fossa, fle de Vulcano, en Italie. On trouve aussi
de fagon sporadique des petits cristaux de sphalérite et des agrégats de cannizzarite sur les cristaux de kirkiite. Les propriétés
optiques, les données de diffraction X et les résultats d’analyses 4 la microsonde électronique sont comparés avec ceux de la
kirkiite de Ia localité type et de la phase A, équivalent synthétique. Une étude par microdiffraction des électrons a révélé la
présence de trois variantes structurales de la kirkiite. Les teneurs en Se vont de 0.73 & 1.16% en poids. Les teneurs en As and Bi
varient de 6.49 2 7.98% et de 14.32 2 16.84%, respectivement. L’ intervalle de compositions de la kirkiite de Vulcano répond a la
formule Pbjo(Ase.Bir)s6(S19-55¢,)5,19, dans laquelle 23 < x<2.8 et 03 <y <05, ce qui se rapproche de la formule idéale,
Pbyo(As,Bi)s(S,S€)9. La kirkiite et les phases associées ont cristallisé 2 une fugacité élevée du soufre et 2 une température €levée
(470°C, mesures directes). Cette température concorde bien avec le fait que 1’équivalent synthétique est stable 2 400°C .

(Traduit par 1a Rédaction)

Mots-clés: kirkiite, cannizzarite, sulfosels de Pb—Bi—As, sulfosels de Pb—Bi, incrustations fumerolliennes, ile de Vulcano, Italie.
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INTRODUCTION

Kirkiite, the first representative of As—Bi sulfosalts,
was first discovered at the Aghios Philippos lead—zinc
deposit near Kirki, in Greece, by Moélo et al. (1985).
An ideal formula PbyoBi3As3S19 was proposed by con-
sidering an ordered distribution of Bi and As atoms in
it. The exact structure of kirkiite has remained unknown
until now, but on the basis of its structural resemblance
to jordanite, Pbyo(As,Sb)sS3, it was classified with the
Jjordanite homologous series. The @ and ¢ dimensions of
the pseudohexagonal cell were determined to be 8.69
and 26.06 A, respectively. Mo&lo et al. (1985) consid-
ered kirkiite as the natural analogue of phase A (Walia
& Chang 1973).

In the Greek deposit, kirkiite is associated with
cosalite, bismuthinite, Bi-bearing jordanite (up to
4.6 wt% Bi), galena and seligmannite, in a matrix of
sphalerite and pyrite. Epitactic growth of jordanite
grains around kirkiite crystals was documented. Later,
kirkiite with a very high Sb content [Sb/Bi (atomic)
>1.0] was found in the same deposit, and the new

THE CANADIAN MINERALOGIST

mineral species 1évyclaudite, PbgSn;Cus(Bi,Sb)3Sog, a
member of cylindrite series, was established in the as-
sociation (Moglo er al. 1990).

In this paper, we report the first occurrence of
Se-bearing kirkiite. The mineral was collected from
fumaroles at Vulcano, Aeolian Islands, Italy. It is the
first As—Bi-bearing mineral to be found in fumaroles.

OCCURRENCE

The island of Vulcano (Fig. 1) lies off the northern
coast of Sicily. Presently fumarolic activity is mainly
located at La Fossa crater. Keller (1980) and Frazzetta
et al. (1983) provided details of the geological setting.
A description of the fumaroles and of the mineralogy of
the area was given by Garavelli (1994) and Garavelli et
al. (1997).

It has been noted that sulfosalts and sulfides
appeared only during thermal anomalies, when the tem-
perature of fumaroles increased up to 400°C. The first
took place in 1923-1927, and only one sulfosalt min-
eral, cannizzarite, was discovered (Zambonini et al.

La Fossa Crater

Vulcano |.

F1G. 1. Location of the La Fossa crater fumaroles and sampling sites at Vulcano.
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1925). Later, in museum samples of “cannizzarite”, five
minerals belonging to the Pb-Bi-S(Se) system were
identified (Mozgova et al. 1985). In 1990, sulfides and
sulfosalts appeared again around the hottest fumaroles
FA and FF (Fig. 1), located inside the crater, for which
a temperature of 595° and 607°C, respectively, was
measured. The deposition of these phases was continu-
ous since 1990 up to 1996. Beginning in June 1993,
owing to the temperature increase, sulfides and sulfo-
salts appeared also on the crater rim, around the F5AT
and F11 fumarolic vents. As in the period 1923-1927,
the minerals of the system Pb—Bi—S(Se) (Table 1) occur
as minute crystals covering rock surfaces from the deep-
est part of the hottest fumaroles (T > 400°C).

TABLE 1. PUBLISHED DATA ON INCRUSTATION MINERALS BELONGING TO
THE Pb-Bi-S SYSTEM COLLECTED AROUND HIGH TEMPERATURE

FUMAROLES AT VULCANO.
Minerals Fornnilae References
Galena PbS 1
"Goongarite" Pb;oBisS1s 1
Lillianite Pb;Bi,S6 1-2
Bursaite PbsBisS); 2
Cosalite Pb,BirSs 1-2
Cannizzarite PbABis;Su_s.l_gx 1-2
Galenobismutite PbBi>Ss 1-2
Bismuthinite Bi>S3 2
References :

1. Mozgova et al. (1985); 2. Garavelli (1994), Garavelli et al. (1997).

Geochemical investigations showed the particular
abundance of selenium and arsenic among the products
from the La Fossa crater fumarolic area (Garavelli et al.
1997). Selenium was established in sulfosalts as a
substituent for sulfur (Mozgova et al. 1985, Garavelli er
al. 1993); As—S—Cl compounds were the predominant
solid phases containing arsenic identified as sublimates
on the inner part of silica tubes inserted as deep as pos-
sible into the fumarolic vents (Garavelli er al. 1997).
On the ground, arsenic was identified only as an amor-
phous phase containing sulfur as well (Garavelli 1958).

The samples investigated in this work were collected
in 1993 from the deepest part of fumarole F11, where
there was a very little interaction between fumarolic flu-
ids and atmosphere. The sampling temperature, meas-
ured by means of a thermocouple manually inserted into
the fumarolic vent, was about 470°C. The chemical
composition of fluids discharged from fumarole F11 in
the same period of kirkiite sampling is given in Table 2.

MORPHOLOGY AND ASSOCIATION OF THE KIRKIITE
CRYSTALS

Kirkiite was found in the sample (7 X 10 cm) con-
sisting of brecciated altered rock covered by a thin crust
of sulfosalt aggregates characterized by a metallic luster.
The crust predominantly consists of kirkiite aggregates
in places covered in turn by flakes of cannizzarite. These
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TABLE 2. CHEMICAL COMPOSITION OF FUMAROLIC FLUIDS DISCHARGING FROM
FUMAROLE F11 DURING THE SAMPLING OF KIRKIITE

Date TCO H0 CO, Siar HCL HE
13.06.93 428 883700 95230 10548 2854 1478
16.09.93 487 927560 S7710 8855 1977 2708

*Data are expressed in zmol/mol (Chiodini et al. 1996)

minerals differ slightly in color: kirkiite is steel grey
(resembles arsenopyrite), in some cases covered by a
blue film, whereas cannizzarite is bluish lead grey
(resembles molybdenite).

Under the scanning microscope (CamScan 4DV), the
individual crystals are characterized by short pseudo-
hexagonal prisms measuring up to 100 pwm in length and
in width (Fig. 2a). The basal face of the crystals is usu-
ally even, but the others have stepped surfaces. In fact,
the prismatic crystals seem to be formed of parallel lay-
ers of hexagonal platelets (Fig. 2b). Small tetrahedral
crystals of sphalerite occur sporadically on the kirkiite

FIG. 2. The crystals of kirkiite. a. General view of the coating
of kirkiite crystals on aggregates of Si- rich phases. b.
Pseudohexagonal short-prismatic crystals of kirkiite (de-
tail of lower part of Fig. 2a). CamScan 4DV scanning elec-
tron microscope. Scale bar: 30 um in each case.
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F1G. 3. Crystals of kirkiite with sporadic small crystals of
sphalerite on their surface. CamScan 4DV scanning elec-
tron microscope. Scale bar: 30 um.

prisms (Fig. 3). Very striking aggregates of cannizzarite
“leaves” locally grow on the kirkiite crystals (Fig. 4).

In polished sections, pseudohexagonal sections of
crystals of kirkiite are displayed; they are partially
rimmed by a thin layer and blebs of sphalerite (Fig. 5).
Very thin thread-like cannizzarite (cross-sections of the
leaves) grow on kirkiite crystals (Figs. 5, 6).

OpTICAL PROPERTIES AND MICROHARDNESS

Under reflected light, kirkiite is light grey. The
bireflectance is very weak, and noticeable only on the
contacts of differently oriented grains. Reflection pleo-
chroism is absent. Anisotropy is strong, but without
color effect. Very fine polysynthetic twins, invariably
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FIG. 4. Aggregates of cannizzarite leaves on crystals of kirkiite.
CamScan 4DV scanning microscope. Scale bar: 30 um.

observed in type kirkiite, here were seen in only one
grain. No internal reflections are present.

Reflectivity was measured in air on a randomly
oriented grain using an automatic polarization micro-
spectrophotometer unit MSFU-312L (LOMO,
Saint-Petersburg), with St as reflectance standard and a
20 X 0.40 objective (Table 3). The spectral curves over
the wavelength range 420-700 nm for both R; and R,
along with previously published data for kirkiite from
the type locality, are plotted in Figure 7. The reflect-
ance curves and the bireflectance are close to those
reported by Moélo et al. (1985), but the values of
reflectance of kirkiite from Vulcano are less intense.

The microhardness of kirkiite from Vulcano is
117 kg/mm? (indentation-hardness tester PMT—3M with

FiG. 5. Pseudohexagonal sections of crystals of kirkiite par-
tially rimmed by sphalerite (dark gray) and cannizzarite
(thread-like cross-sections of leaves). Polished section.
Scale bar: 50 um.

Fic. 6. Aggregate of small grains of kirkiite surrounded by
cannizzarite (thread-like cross-sections of leaves). Polished
section. Scale bar: 100 um.
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TABLE 3, REFLECTANCE DATA
FOR KIRKIITE FROM VULCANO*

nm Ri R nm Ry Ry
420 442 385 580 408 360
440 431 379 600 407 358
460 421 374 620 402 355
480 423 373 640 398 350
500 425 37.0 660 39.7 349
520 420 369 680 392 346
540 41.6 364 700 39.1 34.1
560 40.8 36.1

*Standard : Si.
Reflectance data are expressed in %

a load of 5 g), which is less than the microhardness of
type-locality kirkiite (VHN1gp = 150 kg/mm?) (Moglo
et al. 1985). The observed differences in reflectance and
microhardness can be interpreted as due to differences
in chemical composition or orientation of the grains
studied.

DiFrrACTION DATA

A microdiffraction study was performed using an
electron microscope JEM-100C. The results are
displayed in Figure 8. Under the electron microscope
(Fig. 8a), kirkiite appears as elongate platy particles
(0.5-1.5 pum). They give three different selected-area
electron-diffraction patterns (SAED). As a first approxi-
mation, the first type (Figs. 8b, c) appears to have a
hexagonal unit-cell with a = 8.69 A, ¢ = 26.06 A and
space group P6;22 (Fig. 8c) because of the absence of
00! reflections with = 2n + 1. A closer inspection of
these pictures for reflections of larger magnitude of gy
has revealed some small differences in their values. This
sample can be considered to be monoclinic, with
a=84+06A,b=78206A4, c=260+01A3,
v =118+ 1%, in concordance with the published obser-
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vations (Moglo ez al. 1990). The space group is P2y,
corresponding to the absence of the 00/ odd reflections.

The second type of SAED (Fig. 8d) is the same
as the first one, except for the diffuse streaks with
h =2n + 1 that are parallel to ¢”. It can be related to
systematic disordered displacements of (100) layers
with value +a/2. Such a structural variety was noted at
the type locality (Mo&lo et al. 1990) as a subcell of
kirkiite, with @’ = a/2 and ¢’ = c.

The third type of SAED (Figs. 8e, f) shows B2/m,
Bm or B2 symmetry. The unit cell has a double ¢ value,
whereas a and b are the same. The presence of the last
type can be missed with XRD because of the small pro-
portion of these domains (such a pattern may show sup-
plementary and weak reflections compared to ordinary
crystals).

The main part of the microcrystals corresponds to
the first two types in the ratio approximately 1:1.

X-ray powder-diffraction data for kirkiite from
Vulcano were obtained using an 86-mm Debye—
Scherrer camera and unfiltered Fe-radiation; the rela-
tive intensities of lines were visually estimated. The
results are given in Table 4 with the two different
refinements, for the hexagonal and monoclinic cases
(starting unit-cell values were given above) and are com-
pared to those of kirkiite from Greece (Mo€lo ez al.
1990) and of synthetic phase A (Walia & Chang 1973).
The refinement results gave: a = 8.70 £ 0.05 A, b=8.70
+£0.05 A, c=25.97+0.1 A, vy = 120°, for space group
P63/m and a = 8.47 £ 0.05 A, b = 7.84 £ 0.05 A,
¢=725.97+0.1 A, y=118.03° for P2,/m. The compari-
son shows that data obtained for the material with hex-
agonal symmetry are close to those previously pub-
lished. On the other hand, the results of refinements
show the better fit between experimental and calculated
spacings for the monoclinic variant (Apon. < Apex.; OUr
comparison has been carried out for d with the closest
values 10 dexp)-

et
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F1G. 7. Reflectance spectra for kirkiite in air from Vulcano (R), Ry) and Aghios Philippos

(R'; and R, after Moglo et al. 1985).
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FiG. 8. Electron-microdiffraction pictures of kirkiite. a. Lattice image obtained by transmission electron microscopy; the inset
shows direct image of (001) planes. b—e. Selected-area electron diffraction photographs of different modifications of kirkiite.
b—. Primitive structure with ¢ = 26 A. d. Disordered structure. e—f. Face-centered structure with ¢’ = 2¢.
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TABLE 4, X-RAY POWDER DIFFRACTION DATA FOR KIRKITE AND

SYNTHETIC PHASE A
T i i ™ v
T P dete Rkl dey Rkl I dww | T B
1 7.50 7.53 100 747 100 - - - -
0.5 6.50 649 004 6.49 004 - - -
1 433 4328 006 4328 006 <10 433 - -
2 (3.96) - - - - - - - .
3 3.81° - - - -2 <10 381 -
8 3.59 3618 202 3.592 202 50 365 55 363
. . . - - - - - 23 3.550
Ow 3.43 3452 2073 3432 203 60 3475 70 3477
_ - . - - - - - 13 3.388
10 324 3246 008 3.246 008 100 3260 100 3277
065 (312D - - - - - . - R
10 3.052 3.050 205 3,053 205 70 3070 100 3.068
4 2.948" - - - - - 17 2978
9 2843 2.842 206 2.829 206 60 2854 70 2858
05w 2715 2705 123 2.716 320 <10 2715 13 2740
4 2,631 2,643 207 2,633 207 <10 2636 13 2623
2w 2500 2.500 300 2.500 300 <10 2505 10 2517
4 (2.390) 2405 303 2391 303 <10 2410 6 2414
1 (2353) 2342 304 2352 304 - - 4 2356
3 2.296 2291 029 2297 031;031 <10 228 4 2309
8 2,190 2.175 220 2.192 327 50 2190 70 2.190
6 2.139 2.138 20.10 2133 20.10 30 2135 23 2155
7 2.087 - - - - - - 8 2103
8 2,008 2006 225 2.009 413 2003 30 2014
1 1.951" - - - - - - - -
05 1.894 1.894 309 1.894 341 30 1879 23 18879
5 1.880 1.879 401 1880 038;038 - - 15,  1.8697
9 1.816 1.815 11.13 1.816 134 50 1815 55 1.8180
3 1.786° - - - - - - - -
4 1.770 1771 405 1.770 438 20 1773 23 17780
- . . - - . - - 8 17430
3 1.706 1.706 11.14 1.707 443 <10  1.699
] 6 16808
2 1.671 1.670 234 1671 044 <l0 1664
10 16372
5 1.631 1.631 142 1631 533;2210 20 1626 4 16130
1 1.575 1.577 049 1574 4144211 <0 1.586 - -
- - - . - - <10 1562 -
2 1.528 1.528 00.17 1.528 1214 <10 1532 6 15325
4 1476 1479 1215 1476 14.11 <10 1474 10 147%.
2 (1.442) 1441 332 1443 00.18 - - - -
4 1.423 1423 506 1423 12.17 <10 1425 12 14260
1 1.397 1.397 335 1397 330:0217 - - 12 13973
2 1379 1.375 336 1373 634 <0 1378 12 13786
3 1361 1.363 03.16 1.361 458 - - 8 13627
5 1325 1325 154 1325 1593115 <10 1353 8 13576
6 1.309 1309 14,12 1310 514 . - 15 13099
. - - - - - 20 1306 12 13068
1 1.291 - - - - E - - -
3 1.257 - - - - - - 10 12552
A 090053 0.0035
a(A) 8.70 £ 0.05 8.47 +0.03
»@A) 8.70 £ 0.05 7.840,05
c(R) 259701 25.97.£0.1
Y 120° 118.03°
Space group P6s/m lelm

LILI from Vulcano 1: w- wide Iines. ( ) - reflections from ,B-mdiation, poss1ble
admixture of Pb-Bi-sulfosalts ; II- -indexed on the basis of the. hexagonal cell (P6y/m) ; IH-
indexed on the basis of the monoclinic cell (P2y/m); IV- from Kirki (Moglo et al. 1985) ; V-

phase A (Walia & Chang 1973). A = El(ldml - Id’crl)i/n , where n is the reflection number
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Thus, the results of the diffraction study of kirkiite
from Vulcano are in agreement with the early assump-
tion of its possible true monoclinic symmetry (Moglo et
al. 1990), and reveal the existence here of at least three
structural variants of the mineral.

CuemMicAL DAaTA

Twelve electron-microprobe analyses were carried
out on kirkiite from Vulcano with a CAMEBAX SX—
50 electron microprobe under the following conditions:
voltage 20 kV, beam current 30 nA, with the following
standards (and analytical lines): PbS (PbM), pure Bi
metal (BiMa), Sb,S3 (SbLar), AgAsS; (AsLa), CusVS,
(SKa), and ZnSe (SeLa). The results obtained are
shown in Table 5 in comparison with published data.

Kirkiite from Vulcano contains a rather high Se con-
tent (0.73-1.16 wt %), and this serves to distinguish it
from the type-locality samples. Sb was not found in our
samples. As and Bi concentrations range noticeably:
from 6.49 to 7.98 wt% and from 14.32 to 16.84 wt%,
respectively. The ratio As/Bi varies from 1.098 to 1.557,
with a negative correlation between As and Bi contents
(r = -0.727, p (the statistical significance) = 0.007 for
12 cases; Fig. 9). These data evidently indicate that
despite the large difference in ionic size between bismuth
and arsenic, these elements can substitute for each other
in the structure of the mineral, as it does in phase A,
according to Walia & Chang (1973).

THE CANADIAN MINERALOGIST

T T T T T T —
5.8 16.2 16.6 7

Bi, wt.%

T
154

FiG. 9. Concentration of Bi versus that of As (wi%). Line cor-
responds to linear regression equation.

Structural formulae calculated from the analytical
data on the basis of 35 atoms are given in Table 5.
Taking into account the evidence given above, As
and Bi were combined in the formulae. As shown in
Table 5, the composition of kirkiite from Vulcano
ranges between Pbio(Ass 2Bizg)s6(S18.78¢€0.3)519 and
Pb1o(As3.7Bi2.3)x6(S18.55€0.5)519, in approximate
terms, and a general formula may be expressed as
follows: Pbjo(Ass_,Bis)ss(S1955€,)s10, where
23 <x<28, 0.3 <y<0.5. The average formula is
Pbg 97(As3.35Bi2.61)55.96(S18.655€0.42)519.07, Which is close
to the ideal formula Pb;(As,Bi)s(S,Se)i9. The projec-

TABLE 5. CHEMICAL COMPOSITION OF KIRKIITE (ELECTRON-MICROPROBE ANALYSES)

AND SYNTHETIC PHASE A
N Po As Sb Bi Se S Total Formulae (based on 35 atoms)
Vuleano
1 5829 649 - 1646 101 1731 99.56  Pbogs(ASs 03Bi226)5s.70(S18.508€0.45) 519,35
2 59.62 674 - 1546 1.01 16.97 99.80 Pbyg14(As217Bi 261) £5.78(S18.645€0.45) 519.09
3 5794 679 - 1684 1.16 17.29 100.02  Pbg4(Ass16Bi 281) £5.97(S18 785€0.51) 51913
4 5853 7.04 - 1626 1.01 17.02 99.86 Pbyg) (AS330Bi 273) £6.03(S18.625€ 0.45) £19.07
5 6032 7.15 - 1535 1.00 17.18 101.00 Pboy; (Ass3Bi 2.55) £586(Si8.595€ 0.44) 1908
6 59.56 722 - 1636 1.00 16.88 101.02  Pb)oos(AS33:Bi 274) £6.11(S18.415€ 0.44) misss
7 6024 724 - 1460 087 1721 100.16 Pbyo1a(AS;36Bi 243) 55.75(S18.655€ 0.30) m1o08
8 5834 727 - 1579 094 1695 99.29  Pbso(Ass.aBi 266) 56.07(S12.605€ 0.42) 51902
9 59.54 731 - 1590 091 1729 100.95 Pbyos(Ass3sBi 263) 25.01(S18.655€ 0.40) 1905
10 5893 7.50 - 1516 0.85 1695 9939  Pbyg(Ass 5:Bi 254) 2605(S18.605€0.38) mase
11 6050 763 -~ 1490 1.00 17.36 10139  Pbioa(AS3 soBi 2.45) z555(S18.558€0.43) moce
12 59.17 798 - 1432 0.73 1734 9954  Pbogo(Ass6sBi 237) £a0s(S18735€ 0.32) s19.05
mean  59.25 720 - 1562 0.96 17.15 100.18  Pbog(Ass3sBizer) s5.56(Sts.655€0.42) rioon
Kirkii
13 5940 6.20 0.50 1520 - 17.40 9870  Pbyo,5(AS2635b0.14Biz 57) 5648102
14 61.26 7.56 4.81 7.02 - 1826 9891  Pboos(Ass19Sby 13Bi1.13) ns85S1020
15 61.78 849 371 6.43 - 1851 98.92  Pby g4(AS3765b1.02Bi1 02) £58051928
Phase A
16 6467 909 - 845 =~ 17.79 100.00  Pbygex(ASs13Bi157) 253051838
17 63.30 771 - 1158 - 1741 100.00  Pboe(ASs ssBi1 o) £s.5051888

13 : average from 6 analyses ; 0.2% Zn was excluded as analytical pollution due to
sphalerite microinclusions (Moélo et al. 1985) ;

14-15 : antimonoan kirkiite; 14-K1 : average from 10 analyses (Moélo et al. 1990) ;
15-K2 : average from 4 analyses (Moélo et al. 1990) ;

16-17 : terminal members of compositional field of synthetic phase A calculated from the
formulae given by Walia & Chang (1990).
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Pb(S,Sel

Pb(S Se)

As,(SSel (5Sbh(SSel;
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A82 (S, 89)3

(Bi,Sb)(S,Sel;

FiG. 10. Projection in the pseudoternary system Pb(S,Se) — Asy(S,8¢e)s — (Bi,Sb)a(S,Se)s
showing chemical composition (in mol.%) of kirkiite and associated sulfosalts. Legend:
1-2: kirkiite, 1 from Vulcano, average composition from 12 analyses, 2 from Aghios
Philippos, average composition from six analyses (Moglo et al. 1985), 3: antimonoan
kirkiite from Aghios Philippos, average composition from 10 analyses, 4: antimonoan
kirkiite from Aghios Philippos, average composition from four analyses (Mo€lo ef al.
1990), 5-6: terminal members of compositional field of synthetic phase A (Walia &
Chang 1990), 7: bismuthoan jordanite from Aghios Philippos (Moglo et al. 1990),
8: cannizzarite, average composition from eight analyses (Mozgova et al. 1985). Arrow:
trend of kirkiite — cannizzarite crystallization at Vulcano.

tion of the mean composition in terms of Pb(S,Se) —
Asy(S,Se); — (Bi,Sb),(S,Se); lies near those of kirkiite
and antimonoan kirkiite from the type locality (Fig.10).

DiscussioN

The data obtained show that the compositional field
of kirkiite resulted from As-for-Bi substitution, and it is
close to that of phase A (Fig. 10).

In a discussion of conditions of formation of kirkiite
and its paragenesis from the Aghios Philippos deposit,
Moélo et al. (1985) noted that the geochemical associa-
tion Bi-~As—Pb is common in some types of hypother-
mal sulfide deposits, but there, As usually plays the role
of an anjon owing to the high temperature and low
fugacity of sulfur. According to those authors, the
appearance of kirkiite and its assemblage at the Aghios
Philippos deposit is due to a low temperature and
high fugacity of sulfur during its crystallization. They
also noted that the sequence of mineral formation is

classified in order of increasing Pb/(Bi + As), as is rather
common in sulfide deposits.

The occurrence of kirkiite in Vulcano implies also
high fugacity of sulfur; the calculated f(S;) at 600°C
ranges between 107! and 10~ atm. (Garavelli & Vurro
1997). In addition, the high halogen acid contents in
fumarolic fluids (Table 2) play an important role in the
transport and deposition of arsenic (Garavelli ef al.
1997). On the other hand, the temperature of kirkiite
formation at Vulcano was rather high, about 470°C
according to direct measurements. This temperature is
in agreement with that known for phase A, which is sta-
ble at 400°C (Walia & Chang 1973). It is known also
that orpiment As,S; and realgar AsS are stable at low
temperatures in this system, whereas the stability field
of sulfosalts is usually located at higher temperatures
(Vaughan & Craig 1978). Growth of cannizzarite on the
kirkiite crystals in fumarole incrustations is evidence of
a decrease in the Pb/(Bi + As) value during the crystal-
lization of this assemblage.
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