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Abstract Pyrite samples from the Radka epithermal,
replacement type, volcanic rock-hosted copper deposit,
Bulgaria, have been studied using near-infrared (IR)
microscopy. Two generations of pyrite based on their
textures, composition and behaviour in IR light can be
distinguished. Electron microprobe analyses, X-ray ele-
mental mapping and Fourier transform infrared spec-
troscopy were used to study the relationship between
crystal zoning, trace element contents and IR transmit-
tance of pyrite. The observed crystal zoning is related to
variable arsenic contents in massive fine-grained and
colloform pyrite from the early pyrite—quartz assem-
blage, and cobalt contents in pyrite crystals from the late
quartz—pyrite vein assemblage. There is a negative cor-
relation between trace element content and IR trans-
mittance of pyrite. The IR transparency of pyrite is thus
a sensitive indicator of changes in trace element con-
centrations. Fluid inclusions have only been found in the
second pyrite generation. Scanning electron microscopy
observations on open fluid inclusion cavities permitted
the crystallographic features of vacuoles to be deter-
mined. A characteristic feature of primary fluid inclu-
sions in pyrite is a negative crystal habit, shaped mainly
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by {100}, {111} and {210}. This complicated polyhedral
morphology is the reason for the observed opacity of
some isometric primary inclusions. Secondary fluid in-
clusion morphology depends on the nature of the surface
of the healed fracture. Recognition of the primary or
secondary origin of fluid inclusions is enhanced by using
crystallographically oriented sections. Microthermo-
metric measurements of primary inclusions indicate that
the second pyrite generation was deposited at maximum
P-T conditions of 400 °C and 430 bar and from a fluid
of low bulk salinity (3.5-4.6 wt%), possibly KCl-domi-
nant. There are large ranges for homogenisation
temperatures in secondary inclusions because of neck-
ing-down processes. Decrepitation features of some of
pyrite-hosted inclusions and of all inclusions in associ-
ated quartz indicate reheating of the veins to 500—
550 °C. The late cobalt-rich quartz—pyrite vein assem-
blage in the Radka deposit may be the shallow mani-
festation of deeper and genetically related porphyry
copper mineralisation. This is a common observation of
many intermediate- to high-sulfidation epithermal
replacement-type ore bodies in this ore district and
possibly the Cretaceous Banat-Srednogorie metallo-
genic belt in general.

Keywords Bulgaria - Epithermal - Fluid inclusions -
Infrared microthermometry - Pyrite - Srednogorie zone

Introduction

Pyrite is the most common and widespread sulphide
mineral in nature and occurs as a major component in
many types of hydrothermal ore deposits. Numerous
investigations have demonstrated the wide variety of
morphological, textural, compositional, paragenetic and
isotopic variations of pyrite of different origins. Its in-
ternal and textural features are studied mainly using
reflected light microscopy, sometimes coupled with other
techniques such as chemical etching (e.g. Ramdohr 1981;
Fleet et al. 1989), colour staining and surface oxidation
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(Fleet et al. 1993), backscattered electron imaging (e.g.
Fleet and Mumin 1997; Craig et al. 1998) and secondary
ion mass spectrometry (SIMS) mass-specific mapping
(Simon et al. 1999).

Infrared (IR) transmitted-light microscopy provides
the means to observe internal textures and structures of
some ore minerals that are opaque to visible light, but
transparent to IR radiation (Campbell et al. 1984).
Campbell and Robinson-Cook (1987) demonstrated the
application of this technique to the study of fluid in-
clusions in such minerals in combination with microth-
ermometric analyses. Since then, several studies of fluid
inclusions in different opaque minerals have been per-
formed, including wolframite (Campbell et al. 1988;
Campbell and Panter 1990; Liiders 1996), enargite
(Mancano and Campbell 1995), stibnite (Liiders 1996;
Bailly et al. 2000), hematite and hausmannite (Liiders
et al. 1999).

The first study of pyrite using an IR transmitted-light
microscope was conducted by Richards and Kerrich
(1993). They observed growth zoning of pyrite caused by
variable arsenic contents, and fluid and solid inclusions
parallel to the growth bands. Their scanning electron
microscopy (SEM) study of decrepitated fluid inclusions
revealed the presence of Cl, Ca and Na, and minor K in
decrepitation residue deposited on the surface of pyrite.
Microthermometric data were not reported in their pa-
per. Mancano and Campbell (1995) provided the first
freezing measurements on fluid inclusions hosted by
pyrite. Liiders and Ziemann (1999) recently demon-
strated the possibilities and the limitations of IR-mic-
rothermometry applied to pyrite-hosted fluid inclusions.
Their study, based on a detailed investigation of pyrite
samples from various mineral occurrences and of dif-
ferent origins, emphasised the restricted applicability of
the IR-microthermometry to this mineral. Their con-
clusions are based on a limited number of samples
transparent to IR light and containing fluid inclusions
suitable for microthermometric measurements. Liiders
and Ziemann (1999) also noted that samples commonly
become completely opaque during heating before the
homogenisation temperature is reached. In spite of these
difficulties, some homogenisation (Th=229-307 °C) and
cryometric measurements (eutectic and melting points)
were performed on samples from the Murgul copper
deposit, Turkey. Kulis and Campbell (1999) studied the
near-infrared transparency of cobalt-bearing pyrite from
various localities. They analysed pyrite by means of in-
frared microscopy, Fourier transform infrared (FTIR)
spectroscopy, bulk geochemical and electron-microp-
robe analyses, and found an excellent negative correla-
tion between the concentration of cobalt and IR
transparency.

In this paper, we report the results of a systematic
investigation of pyrite-hosted fluid inclusions from the
Radka copper deposit, Srednogorie zone, Bulgaria.
Fluid inclusions in single pyrite crystals and massive
fine-grained and colloform aggregates were studied
using near IR microscopy. Combined electron-probe

microanalyses (EPMA), X-ray elemental mapping and
FTIR spectroscopy were used to establish the relation-
ship among crystal zoning, trace element distribution
and IR transmittance of pyrite. Also, SEM observations
on open fluid inclusion cavities permitted the crystallo-
graphic features of vacuoles with negative crystal shapes
to be determined. Finally, we discuss the genetic impli-
cations of the microthermometric data from the pyrite-
hosted fluid inclusions.

Geological setting and conditions of ore formation

The Radka deposit is located in the south-eastern part of
the Panagyurishte district, in the central part of the
Srednogorie metallogenic zone (Fig. 1). The district is
composed of Precambrian(?) gneisses, Palaeozoic gran-
ites and a Late Cretaceous volcano—plutonic complex
(Fig. 1). In some parts of the district, these rocks are
covered by Maestrichtian flyschoid sedimentary rocks
and small outcrops of Palaecogene and Neogene molasse
(Bogdanov 1980). Late Cretaceous magmatic activity,
calc-alkaline to subalkaline in composition, is closely
related to two main types of ore deposits: massive Cu—S
+ Ag-Au deposits of replacement origin (Krassen,
Radka and Elshitsa) and porphyry copper deposits
(Assarel, Petelovo, Tsar Assen, Vlaykov Vruh and Po-
povo Dere — Fig. 1b; Bogdanov 1980).

Two hypotheses have been proposed for ore forma-
tion in the district. Dimitrov (1960) defined the volcanic
rock-hosted Cu-S =+ Ag—Au mineralisation as ‘‘re-
placement type meso- to epithermal in nature”. This is
because Late Cretaceous andesite and dacite volcanic
rocks form, because of their high permeability, a fa-
vourable environment for metasomatic replacement and
hydrothermal mineral precipitation. Further, consider-
ing the fact that both the rhyodacite dykes and the
subvolcanic granodiorites host a Cu—Mo mineralisation,
this author proposed that the rhyodacite dykes were
subsurface analogues of the deep granodiorite intrusions
(see Fig. 1d). Dimitrov (1960) also suggested that the
massive Cu—S + Au-Ag mineralisation was genetically
related to these felsic magmatic rocks. By contrast,
Bogdanov (1980, 1984) considered that the massive py-
rite bodies were volcanic-hosted massive sulphide (VMS)
deposits, formed on the sea floor. The late copper-pyrite
ore bodies replaced pyritic bodies because of late cop-
per-enriched hydrothermal fluid circulation originating
from the post-volcanic rhyodacite dykes. According to
Bogdanov (1980, 1984), there is no genetic connection

»
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Fig. 1 a Position of the Srednogorie zone and the Panagyurishte
district. Rectangle shows the area enlarged in b. b Geology of the
Panagyurishte district with location of the major mineral occur-
rences (modified from Bogdanov 1980). ¢ Simplified geological map
of the Radka deposit (modified from Obretenov and Popov 1973).
d Cross section of the Radka deposit (after Popov and Popov 1997;
Tsonev et al. 2000b)
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between the formation of VMS deposits and the por-
phyry copper mineralisation. Recently, Tsonev et al.
(2000a), in agreement with the original epigenetic theory
of Dimitrov (1960) and consistent with present genetic
models of ore formation in the porphyry/epithermal
environment (Hedenquist and Lowenstern 1994;
Hedenquist and Arribas 1999; Hedenquist 2000), defined
the Radka deposit as a transitional epithermal system
with an intermediate sulphidation (IS) style of miner-
alisation. Recent data from the southern part of the
Panagyurishte district confirm that both plutonic and
subvolcanic rocks have a similar lead isotopic signature,
which is identical to that of both types of ores
(Kouzmanov et al. 2001).

The Radka copper deposit is one of the largest de-
posits in the Panagyurishte ore district, a district that
also hosts the world-class Au—Cu deposit of Chelopech
that is located 30 km north-north-west of Radka
(Andrew 1997, Bonev et al. 2002, this volume). Pro-
duction from the Radka deposit during 1942-1995 was
6.39 million tons (t) of copper ore grading 1.06% Cu,
and 0.28 million t of pyrite ore grading 28.6% S, with a
total production of 68,006 t of copper and 78,954 t of
sulphur (Milev et al. 1996). Gold and silver were ex-
tracted as a by-product from the pyrite and copper
concentrate. The mine closed in 1995. The deposit con-
sists of several steeply dipping, lenticular massive ore
bodies with a halo of veinlets and disseminated ores. Ore
is confined to fault zones striking west-north-west and is
hosted by felsic volcanic rocks (dacite lavas, tuffs and
tuff breccias), crosscut by rhyodacite dykes (Fig. 1c, d;
Dimitrov 1960).

The main minerals in the massive ores at the Radka
deposit are pyrite, chalcopyrite, bornite, tennantite,
enargite, sphalerite, galena and chalcocite. Numerous
subordinate and rare Ge-, Ga-, In-, Sn-, Bi- and Te-
bearing minerals are also present (Tzonev 1982;
Kouzmanov et al. 2000a). Late anhydrite is abundant
in the upper part of the deposit. According to Bogda-
nov and Bogdanova (1974) and Tzonev (1974), the
mineral paragenesis consists of (1) early pyrite—quartz,
(2) chalcopyrite—pyrite, (3) enargite—pyrite, (4) bornite—
tennantite, (5) sphalerite—galena, (6) late quartz—pyrite,
(7) pyrite—marcasite and (8) anhydrite-gypsum. Wall
rock alteration is structurally and morphologically re-
lated to ore-controlling faults. Radonova (1962) and
Chipchakova et al. (1981) described outward zonation
of alteration from the ore bodies consisting of quartz—
sericite, quartz—chlorite—sericite and propylitic assem-
blages.

Limited fluid inclusion data for the Radka deposit
are available in Strashimirov and Kovachev (1992).
They report 225-245 °C for the homogenisation tem-
perature (Th) of inclusions in quartz from the early
pyrite—quartz assemblage, and Th temperatures between
180 and 230 °C in late anhydrite. Kouzmanov et al.
(2000b) performed an extensive study of quartz-hosted,
primary fluid inclusions from the main chalcopyrite—
pyrite stage. They identified, by micro-Raman spect-

rometry, trapped kaolinite and sericite in these inclu-
sions and CO,, H, #+ N, in the volatile phase.
Microthermometric measurements indicated salinities
ranging from 2.4 to 3.4 wt% equiv. NaCl with a mean
of 2.8+0.3 wt% equiv. NaCl. The inclusions homog-
enised to the liquid between 218 and 260 °C, with a
mode at 250 °C. The presence of two hydrothermal
alumino-silicates in these primary fluid inclusions indi-
cates that they contain a mildly acidic fluid with a pH of
about 4 at 250 °C (Heald et al., 1987). In the context of
a replacement epithermal deposit, these volatile-rich
acidic inclusion fluids could contain a magma-derived
component (e.g. Herzig et al. 1998). At the Elshitsa
deposit, where quartz-hosted, sericite-bearing, aqueous
inclusions are also present, stable isotope studies (O, H,
S) implicate a magmatic fluid component (Kouzmanov
and Lerouge, unpublished data).

Samples and analytical techniques

Single pyrite crystals and massive fine-grained and col-
loform pyrite aggregates were studied. Single crystals
were extracted from the late quartz—pyrite veins cutting
the dacite lavas, tuffs and breccias, and surrounded by
quartz—sericite alteration (Fig. 2a). The veins are 2 to
15 cm wide and are composed of euhedral pyrite crystals
(3-15 mm in size; Fig. 2b), bounded mainly by a {100}
and o {111}, and massive and euhedral quartz with in-
dividual crystals as long as 10 mm (Fig. 2b). This late
mineral assemblage lacks ore grade material. Small tet-
rahedral crystals of chalcopyrite, as much as 2 mm in
diameter, are rare. Two samples of massive pyrite as-
sociated with the early pyrite-quartz assemblage, form-
ing the massive pyrite ore bodies, have also been studied.

Twenty-five doubly polished oriented crystal sections
(100-150 um in thickness), cut parallel to (100) and
(111), were used in this study. Fluid inclusions were
studied on a US Geological Survey-type microthermo-
metric stage mounted on an Olympus BHMS micro-
scope equipped for IR-microscopy (4 < 2.5 pm; Bailly
1998) at BRGM. Transmission spectra of individual
pyrite crystals in the near IR region were collected using
a Nicolet Magna-IR 760 FTIR spectrometer (20-um
aperture) at ISTO-CNRS. EPMA and X-ray elemental
mapping were performed at BRGM using a CAMECA
SX 50 electron-microprobe with PAP correction pro-
gram (Pouchou and Pichoir 1984). Operating conditions
were accelerating voltage at 25 kV, beam current at
60 nA and beam diameter at 1 um. Pyrite, GaAs, Sb,Ss,
Cu, Ni, Co, Se, Au and Ag were used as standards for
calibration. Counting times for major (Fe, S) and trace
elements were 10 and 40 s, respectively. Carbon-coated
samples of polished (100) sections with open fluid in-
clusion cavities were examined with a JEOL 6400 scan-
ning electron microscope at the ESEM — University of
Orléans, in order to determine the crystallographic
morphology of the vacuoles. The SEM images were
interpreted by comparison with oriented crystal



Fig. 2 a Late quartz—pyrite
veins, cutting the early pyrite—
quartz assemblage. b Euhedral
pyrite crystals intergrown with
quartz

projections simulated using the SHAPE program of
Dowty (1989).

Results
Pyrite zoning

Two pyrite generations have been recognised in the
Radka deposit. These are distinguished based on struc-
ture, texture, composition and IR-light behaviour.
Fine-grained and colloform pyrite from the early
pyrite—quartz assemblage shows visible zoning in re-
flected light, even before etching with HNOj. The back-
scattered electron (BSE) images and EPMA show that
this fine oscillatory growth zoning is caused by the
presence of as much as 2.2 wt% As. No other trace el-
ements were detected, except for 800-1,200 ppm Cu in
three analyses and 300 ppm Sb in one sample. In IR
transmitted light, this generation of pyrite is completely
opaque, except for very fine growth bands in some
crystals (34 um in width), which probably have no or
very little arsenic. The exact arsenic content of these
zones could not be determined because they are smaller
than or equivalent to the beam size of the microprobe.
No fluid inclusions were observed in massive pyrite.
No crystal zoning was observed in pyrite crystals
from the late quartz—pyrite vein assemblage using re-
flected light microscopy. Isolated inclusions of chal-
copyrite, sphalerite and galena are present and, in some
cases, can be parallel to crystal faces. In two crystals,
some cracks are filled with marcasite and recrystallised
pyrite from the relatively late pyrite—marcasite assem-
blage. Intimate intergrowth textures of pyrite and quartz
are common. All pyrite crystals show very good IR
transmittance and spectacular crystal zoning (Fig. 3a).
A general rule for the evolution of zoning is the
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development of {111} in the crystal core followed by
{100} towards the rim (Fig. 3b, c¢). Both cubic and oc-
tahedral growth bands show very fine and locally very
complicated structures. In some cases, (100) faces are
stepped by the presence of {210}, {111} and/or vicinal-
like forms (Fig. 3d). This stepped structure of the cubic
growth zones is outlined by different IR transmittance.
The growth zoning in pyrite is rarely marked by the
presence of solid inclusions, probably clay minerals.

The X-ray elemental mapping (Fig. 4) and EPMA
were performed in order to determine the nature of the
observed zoning. Cobalt was the only trace element
detected in significant and variable amounts in the
different zones. X-ray mapping revealed a zonal dis-
tribution of cobalt in crystal cores (Fig. 4a), although
this zonal distribution was not detectable by individual
spot microprobe analyses. The concentration of cobalt
in the centre of a typical crystal (the brighter triangular
area in Fig. 4a, presumably corresponding to slightly
higher cobalt-content), and immediately next to the
centre, is about 0.02-0.08 wt% Co. The crystal rims
are cobalt-enriched (white bands on Fig. 4a), with as
much as 1.9 wt% Co, and show an oscillatory zoned
cobalt distribution. No nickel and arsenic were de-
tected by both X-ray elemental mapping (Fig. 4b, c)
and EPMA.

To determine the relationship between IR-transpar-
ency and crystal zoning in pyrite, IR spectra of selected
areas with contrasting composition and behaviour in IR
light were obtained (Fig. 3a, b). The area bordering the
inner triangular zone shows an excellent IR-transmit-
tance (as much as 95%), whereas the triangle itself
shows a transmittance below 17%. In areas where ob-
lique secondary inclusion planes are present, the IR
transmittance decreases a further 10%. The cobalt-rich
rim of the studied crystal is completely opaque to IR
light.
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Fig. 4a—c X-ray elemental mapping of zoned pyrite crystal cut
parallel to (111). a Cobalt distribution. Note the small triangle in the
centre of the crystal, corresponding to Fig. 3b. b Nickel distribu-
tion. ¢ Arsenic distribution

Morphology and origin of fluid inclusions in pyrite

Two types of fluid inclusions have been distinguished
according to their morphology and position inside eu-
hedral pyrite crystals. These are defined as primary and
secondary inclusions.

Primary inclusions (Fig. 5) are arranged along
growth zones in the <100> growth pyramids or are
situated in the crystal cores. They are two-phase liquid—

vapour, with a degree of fill of about 0.50-0.60. The
inclusion cavities are negative crystals (Fig. Sa—c),
bounded in general by the most important pyrite forms:
a {100}, o {111} and e {210}. In addition, small faces of n
{112}, s {321} and two other {hkl} forms are identified.
Primary inclusions display three types of morphologies,
which are described below.

Elongated channel-like inclusions (Fig. 5a), parallel
to the growth zones, are bounded by «, 0o and e, with
preferential development of cubic faces. The inclusions
are strongly anisometric, and as much as 400 um long
and 100 pm wide.

Nearly isometric inclusions (Fig. 5b, ¢) exhibit more
complicated morphologies. The a, o and e faces in these
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Fig. 5a-h Primary fluid inclusions in pyrite. a—¢ SEM micropho-
tographs of open fluid inclusion cavities with negative crystal
shapes in sections cut parallel to (100). Crystal face indexes are as
follows: a {100}, o {111}, e {210}, n {112}, s {321}. a Channel-like
inclusion. b, ¢ Nearly isometric inclusions. d-h IR transmitted light
microphotographs of primary inclusions in sections cut parallel to
(100). d Isometric primary inclusions parallel to (100) growth
zones. Note the opacity of inclusions. e Flat and tabular inclusions
arranged along (100) growth zones. f Large flat inclusion in the
central part of pyrite crystal. g Isolated primary inclusion with
striated faces. h Isolated primary inclusion neighbouring a
secondary inclusion plane, affected by post-entrapment re-equili-
bration. Note the visible microcracking of secondary inclusions

are still dominant, but additional forms also play an
important role (see Fig. 5¢). These inclusions are as
much as 70 pm in diameter. In IR light, they are com-
pletely opaque because of their complicated negative
crystal shape (Fig. 5d).

Only flat and tabular inclusions are transparent to IR
light (Fig. 5e-h). They are bounded by «, 0 and e. The
dominant form is the cube, and the majority has striated
faces. They occur along growth zones (Fig. Se, f) or as
isolated large inclusions in the crystal cores (Fig. 5g, h).
Primary inclusions with highly irregular morphologies
(with preferred two-dimensional development perpen-
dicular to the crystal growth direction) may indicate fast
crystal growth rates.

Secondary inclusions (Fig. 6) occur along planes cut-
ting growth zones (Fig. 3d). Pyrite displays indistinct
{100} cleavage, which can result in conchoidal to uneven
fractures (Gaines et al. 1997). Two types of narrow healed
fractures were observed: relatively flat planes with a net-
like structure (Fig. 6a), or convex ones similar to those

noted by Liiders and Ziemann (1999) and formed by
concentric whirls of inclusions (Fig. 6b). Secondary in-
clusions are either two-phase (with variable vapour to
liquid ratios) or monophase (liquid-filled). Their mor-
phology is highly variable, depending on the surface
morphology of the healed fracture: flat, stepped or curved
in its different parts. Fluid inclusions in fracture planes
parallel to (100) are dominantly bounded by a and o
(Fig. 6¢), and rarely by e (Fig. 6d). Necking-down fea-
tures are common in secondary fluid inclusion planes
(Fig. 6d, e). Some textures observed before heating runs
are indicative of partial decrepitation subsequent to for-
mation (Fig. 6f). In these cases, the neighbouring primary
inclusions were not affected by this process (Fig. Sh).

Microthermometry
Pyrite-hosted fluid inclusions

Freezing runs were performed before heating. During
freezing, the IR transparency of pyrite did not change,
and no clathrate nucleation was seen. Solids (ice) were
not directly observed. The formation and melting of ice
were identified by deformation or movement of the va-
pour bubble. Temperature cycling (Goldstein and Rey-
nolds 1994) was routinely used during cryometric
measurements. By contrast, the IR transparency of py-
rite progressively decreased on heating above about
200 °C, as previously reported for pyrite by Mancano
and Campbell (1995) and Liiders and Ziemann (1999).
However, pyrite remained sufficiently IR-transparent for
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Fig. 6a—f IR transmitted light
microphotographs of secondary
fluid inclusions in pyrite. Sec-
tions cut parallel to (100). Scale
bar 10 pm. a Net-like secondary
fluid inclusion plane. b Convex
secondary fluid inclusion plane.
¢ Flat monophase inclusion
bounded by {100} and {111}.

d Typical texture of necking-
down in secondary fluid inclu-
sion. e Oblique plane of
secondary inclusions. Note the
different vapour/liquid ratios in
different inclusions. f Secondary
fluid inclusion with typical
stretching textures

the measurements of the homogenisation temperature
using the cycling technique. Reproducibility of melting
and homogenisation temperature measurements are 0.1
and 1 °C, respectively.

Microthermometric results from pyrite-hosted fluid
inclusions are illustrated on Fig. 7. Solidification of in-
clusion liquid occurred at ~—35/-40 °C. It was not
possible to determine the first melting point in primary
inclusions. For three inclusions, some changes were
observed at temperatures ranging between —13.2 and —
11.0 °C. The final melting points (Tm;..) in primary in-
clusions range between —2.7 and 2.1 °C. For secondary
inclusions, Tm;, are between —3.8 and —0.8 °C (Fig. 7b).
All inclusions homogenised to the liquid phase on
heating. Homogenisation temperatures of primary in-
clusions are 327-365 °C and those of secondary inclu-
sions lie between 217 and 356 °C (Fig. 7a). The large
range for Th in secondary inclusions (Fig. 7¢) is a result
of necking-down processes.

Fluid inclusions in coexisting quartz

Fluid inclusions in quartz crystals from the late quartz—
pyrite assemblage were also studied in order to compare
microthermometric results between ore and gangue
minerals. Quartz forms well-developed transparent
crystals. Oriented sections, cut parallel and perpendicular

to the c-axis, were used for the microscopic study.
Growth zones of quartz crystals are defined by both
fluid and solid inclusions (probably clay particles;
Fig. 8a). Fluid inclusions in quartz are, therefore, pri-
mary (Fig. 8b). However, all primary inclusions have
been naturally decrepitated, and some are cracked
(Fig. 8b), whereas others were transformed to small fluid
inclusion clusters (Fig. 8c). In the centre of each group,
there is one liquid—vapour-filled inclusion, surrounded
by a planar halo of very small liquid-filled inclusions
(£2-3 um in size). No systematic microthermometric
measurements were performed on such quartz-hosted
fluid inclusions because of the obvious post-entrapment
change in their primary morphologies. Cryometric
measurements were performed on five inclusions only.
Solidification of inclusion liquid occurs at —36/-38 °C.
The final melting points of ice of five inclusions ranged
from —2.6 to 2.5 °C.

Discussion
Pyrite chemistry and IR transmittance
The most common elements that can be incorporated

into the pyrite lattice to form extensive solid solutions
are As, Co and Ni. Conventional electron microprobe
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analysis does not detect minor contents of these
elements, but they can be detected and mapped with
high beam currents, very long counting times and image
enhancement (Craig et al. 1998). The IR transparency of
pyrite appears to depend strongly on the trace element
content (Kulis and Campbell 1999). Thus, the IR pet-
rography and microspectroscopy have been used to
study this phenomenon at Radka.

The early arsenian pyrite generation (pyrite—quartz
assemblage) is completely opaque to IR radiation. This
result is in good agreement with the previous conclusion
by Richards and Kerrich (1993) stating that pyrite
containing more than 0.5 wt% As is IR opaque. Cook
and Chryssoullis (1990) showed that arsenic concentra-

tions between 0.2 and 0.4 wt% are threshold values
above which arsenic is incorporated into the pyrite
structure. This, plus the fact that arsenic-free pyrite is IR
transparent, may suggest that the incorporation of ar-
senic into the pyrite lattice causes its IR opacity. This
interpretation, however, requires further experimental
verification. The possibility that the IR opacity of the
early Radka pyrite is caused by its colloform texture
cannot be discarded. Fine-grained aggregates pre-de-
termine the existence of numerous planes oblique to the
section, corresponding to crystal faces, and these planes
considerably decrease IR transparency.

The late, euhedral cobalt-bearing pyrite generation
(late quartz—pyrite vein assemblage) exhibits a more
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Fig. 8a— Fluid inclusions in quartz. a Zoned quartz crystal cut
perpendicular to c-axis. Growth zones are marked by fluid
inclusions or solid inclusions of clay minerals. b ‘Exploded’
primary fluid inclusion parallel to the growth zone. ¢ ‘Decrepitation
cluster’ in the central part of the crystal

complex relationship between crystal zoning and IR
transmittance. Microprobe analyses and X-ray elemen-
tal mapping demonstrate that the crystal banding ob-
served under IR light results from variable cobalt
contents (Figs. 3 and 4).

Compositional changes in naturally zoned crystals
may have two main causes (Shore and Fowler 1996).
Extrinsic mechanisms involve large-scale physical and
chemical changes within the entire hydrothermal system
(temperature, fo,, fluid chemistry) that are partially or
wholly independent of local crystallisation. Crystal
growth can also be controlled solely by local, intrinsic
phenomena, such as growth rate, solute diffusion
through the crystal-fluid boundary layer, etc. Cyclic
‘poisoning’ by absorbed growth-inhibiting ions or the
kinetics of attachment of end member units of solid
solution (Ortoleva 1990) are other intrinsic mechanisms
that allow for the development of zoned crystals.

Euhedral pyrite exhibits two different types of zon-
ing visible on IR images and X-ray mapping. First,
cobalt-enriched dark bands are visible at the crystal
scale and they coincide with significant changes in the
crystal habit (Figs. 3¢ and 4a). Second, the darker
growth bands show very finely-banded internal oscil-
latory zoning, as is typical of arsenian pyrite (Fleet
et al. 1989; Fig. 3b—d). Several tens of these fine zones
can be identified within a single dark crystal band.
Such large euhedral pyrite crystals with delicate band-
ing have probably grown nearly in equilibrium with
their parent solutions (Barton 1991). Thus, the larger
scale zoning of euhedral pyrite could be related to
physico-chemical changes in the hydrothermal envi-
ronment. By contrast, the fine zoning probably results
from intrinsic mechanisms, such as attachment of end
member units of solid solution (in this case FeS, and
CoS,) or diffusion at the micrometre-scale through the
boundary layer, although extrinsic controlling factors,
cannot be excluded.

The measured IR transmittance spectra of pyrite
(Fig. 3a) are very similar to those reported by Liiders
and Ziemann (1999). The band gap energy for studied
pyrite ranges from 0.91 to 0.89 eV, which corresponds to
A=1.36-1.38 um. Cobalt-free pyrite shows maximum
transmittance at 2=1.7 pm, corresponding to a quan-

tum energy of 0.73 eV. The transmittance of cobalt-
bearing growth bands is maximum at A=1.56 um
(0.79 eV) and rapidly decreases to zero at A=1.9 um.
The IR transmittance increases slightly at 4 >2.15 um,
and it reaches more significant values (as much as 20%)
outside the spectral range of the IR-TV camera. The
strong IR absorption for A values between 1.9 and
2.1 um is not an isolated phenomenon. It was previously
identified by Liiders and Ziemann (1999) for pyrite
samples of different origins (see Figs. 1 and 2 of their
paper). Kulis and Campbell (1999) reported the same
results. They mentioned theoretical calculations sug-
gesting that the 2-pm absorption peak in pyrite is most
likely caused by crystal-field transitions of low-spin
Co®™" ions, which occur in a Fe(_Co,S, solid solution
as stoichiometric substitutions for Fe®™.

The IR spectra collected on growth zones with
different cobalt contents show that very small com-
positional changes of few hundred ppm Co, can cause
a significant IR-transmittance decrease (as much as
80%; Fig. 3a, b). The fine zoning observed in Fig. 3b
is probably caused by even smaller variations of co-
balt (several tens of ppm Co), which are below EPMA
detection limits. It was not possible to use IR spec-
troscopy to quantify the IR absorption in different
fine zones because the aperture diameter of 20 um
used in this study mainly exceeds the width of growth
zones.

We conclude that the IR absorption of pyrite strongly
depends on the trace element concentrations and shows
extreme variations in response to small compositional
changes. Thus, IR spectrometry coupled with IR mi-
croscopy observations may be used to study qualita-
tively and to visualise small compositional changes,
especially for such elements as arsenic and cobalt in
pyrite, which in some cases are undetectable by standard
analytical techniques.

Opacity and morphology of fluid inclusions

The opacity of some of the pyrite-hosted fluid inclusions
(Fig. 5d) is attributed to a high refractive index contrast
between pyrite and the trapped aqueous fluid (Richards
and Kerrich 1993), resulting in intense refraction of
light. Liiders and Ziemann (1999) suggested that post-
entrapment reactions of the fluid with the host-mineral
induced the precipitation of a solid phase on the inclu-
sion walls, and this rim absorbs near-IR light and makes
inclusions opaque.



In this present study, the negative crystal shape of
some pyrite-hosted fluid inclusions was noted. Because
pyrite is a cubic mineral, in some cases fluid inclusions
have polyhedral morphology complicated by the pres-
ence of numerous small faces that are oblique to the IR
beam (Fig. 5b, ¢). We argue that this complex mor-
phology is the cause for the total internal light reflec-
tion, thus resulting in complete opacity of the fluid
inclusion. There are numerous examples of negative
crystal-shaped inclusions that are opaque to transmitted
light, even in completely transparent minerals such as
quartz (Roedder 1984) or iron-poor sphalerite (Bonev
and Kouzmanov 1997). Our conclusion seems more
probable for the studied pyrite from the Radka deposit,
but it does not invalidate the interpretations proposed
by Richards and Kerrich (1993) and Liiders and Zie-
mann (1999) for other samples. As predicted by Rich-
ards and Kerrich (1993), only oblate fluid inclusions
lying flat in the plane of the section are transparent in
IR light.

Fluid chemistry

In the absence of eutectic points and other phase tran-
sition measurements, similar solidification points and
melting points of ice in fluid inclusions in quartz- and in
most primary pyrite-hosted inclusions can be interpreted
in terms of the H,O-NaCl system, indicating salinities
between 3.5 and 4.9 wt% equiv. NaCl (Bodnar 1993). In
pyrite, ice crystals have never been clearly observed.
Only vapour bubble movements have been observed,
and these are interpreted as corresponding to the melting
of solids. In three primary inclusions in pyrite, such
movements were observed in the temperature range
—13.2to -11.0 °C (T’ on Fig. 9) followed by the melting
of ice at —2.3 to 2.1 °C (T, on Fig. 9). The measure-
ments at ~—12 °C may correspond only to reorganisa-
tion of the melting ice crystals in the inclusion. However,
similar cryometric data in pyrite were previously inter-
preted to correspond to eutectic points of KCl-rich so-
lutions (Liiders and Ziemann 1999) because the eutectic
point in the binary H;O-KCl system is —10.7 °C (Hall
et al. 1988). If the measured temperatures at ~—12 °C
correspond to real phase transitions, they can be inter-
preted only in the H,O-NaCl-KCl system, as corre-
sponding to the melting of sylvite along the ice—sylvite
cotectic (T;” in Fig. 9), before reaching the ice melting
point (T,”). If the observed transition is indeed sylvite
dissolution, then the three measured data sets at —11/
-2.1, —=12.6/-2.3 and -13.2/-2.1 °C in Radka pyrites
characterise inclusion fluids with bulk salinities of ap-
proximately 4.0-4.6 wt% and NaCl/(NaCl + KCI) wt.
ratios of 0.05, 0.24 and 0.30, respectively (Bodnar et al.
1989). Such dominantly potassic fluids could tentatively
be related to adularisation and sericitisation processes
that accompany epithermal mineralisations in the
Panagyurishte district (Chipchakova 1974). The later
interpretation, however, remains speculative in the
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absence of direct identification of sylvite in the inclu-
sions.

Thermobarometry

The Th of primary inclusions between 327 and 365 °C
indicate high temperature deposition conditions for the
late Radka pyrite, probably from magma-heated or even
magmatic fluids. The maximum Th value of 365 °C
measured in the late pyrite fixes a minimum pressure of
190 bar for pyrite deposition (Zhang and Frantz 1987).
The fluid P-T—X conditions at Radka are quite similar
to those described for many seafloor hydrothermal vent
sites. Formation temperatures of 330-360 °C were pro-
posed for the precipitation of sulphide minerals along
the East Pacific Rise, based on direct temperature
measurements (Tivey et al. 1990) and on the **Ar/*He
ratio of trapped fluids in sulphide minerals (Turner and
Stuart 1992). A temperature of 400 °C represents the
likely maximum for the late pyrite generation at Radka.
This is because 400 °C is the upper limit for seawater-
like fluid venting at ~250 bar seafloor conditions at mid-
ocean ridges (Jupp and Schultz 2000), and such P-T-X
conditions correspond to those at Radka. The trapping
temperature of 400 °C applied to a fluid inclusion with
Th=365 °C can be used to estimate a maximum trap-
ping pressure of about 430 bar in the Radka deposit
(Zhang and Frantz 1987). This implies a maximum
depth of ~7 km under hydrostatic conditions and of
~2 km under lithostatic conditions, taking into account
a rock density of 2.35 (the density of altered dacitic
volcanics at Radka: Kozhouharov and Iliev 1984).
However, it is difficult to be more precise regarding the
formation depth of the late pyrite because of the lack of
precise knowledge of the fluid pressure regime.

Decrepitation of pyrite- and quartz-hosted inclusions

There are numerous geological and experimental ob-
servations showing that fluid inclusions trapped in a
variety of minerals over a wide range of P-T conditions
may re-equilibrate as a result of post-trapping P-T
changes (Pécher and Boullier 1984; Lacazette 1990;
Vityk and Bodnar 1995 and references therein) or
deformation (Audétat and Giinther 1999). Both the
pyrite- and quartz-hosted fluid inclusions from Radka
late-stage veins present textural evidences of re-equili-
bration. All quartz-hosted fluid inclusions have decre-
pitated as they display microcracks and are surrounded
by planar arrays of tiny inclusions. The late Radka
pyrite contains both unequilibrated inclusions (the pri-
mary and most secondary ones, see above) and some
secondary inclusions that are affected by microcracking
(Figs. 5h and 6f).

The observed brittle behaviour of the Radka pyrite
near overpressured or under pressured fluid inclusions is
consistent with the brittle to cataclastic behaviour of
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Fig. 9 Vapour-saturated solubility surface in the HO-NaCl-KCl
system (after Sterner et al. 1988). The surface contains four stability
fields — halite, sylvite, hydrohalite (NaCl 2H,0) and ice — each in
equilibrium with liquid and vapour. The heavy solid lines separating
the fields are cotectics representing the simultaneous stabilities of
four phases. Points ¢ and ¢ are eutectics in the NaCl-H,O and
KCI-H,O binary systems, respectively. Points » and p represent the
peritectic compositions in the NaCl-H,O binary, and NaCl-KCIl—
H,O ternary systems, respectively. Point e is the ternary eutectic
point at —22.9 °C. The possible paths of solid phase dissolution to
interpret cryometric measurements in pyrite-hosted fluid inclusions
are indicated by small arrows. See text for explanation

pyrite over a wide range of P and T (Graf and Skinner
1970). A specific feature of the Radka pyrite is that it
shows partly decrepitated secondary fluid inclusions. In
particular, the incompletely sealed fan-like crack shown
on Fig. 5b (see also Fig. 3fin Liiders and Ziemann 1999)
preserved the unstable, step-like propagation of a hy-
draulic fracture surrounding a point of concentrated
stress. It probably corresponds to an intermediate stage
of subcritical crack growth (Atkinson 1987). The con-
trasting behaviour of primary inclusions in the late py-
rite can readily be explained by growth conditions at
near-critical temperature. Only the primary inclusions
that have trapped the hottest least compressible fluid are
relatively insensitive to stretching. All primary inclusions
that trapped a cooler fluid have probably decrepitated
and reorganised into planar arrays, as they were sub-
mitted to drastic post-entrapment changes along steeper
isochores.

Based on an elastic mechanical approach of fluid
inclusion decrepitation (Lacazette 1990), quartz- and
pyrite-hosted fluid inclusions should display a similar
tendency to decrepitate, as they have near identical stress
intensity resistance factors (Atkinson 1987). This con-
clusion may have to be revised (see also discussion by
Audétat and Giinther 1999) or, more likely, the fact that
all primary quartz-hosted fluid inclusions have decrepi-

A

KCI
tated may indicate that quartz started to precipitate at
lower temperatures than pyrite.

The nature of the post-trapping P-T change that
caused the decrepitation of quartz- and pyrite-hosted
inclusions from the late Radka vein stage can be further
discussed, when taking into account the maximum for-
mation pressure of 430 bar. Also, a minimum differen-
tial pressure of 1.0-1.5 kbar will be considered as
required to have initiated decrepitation in pyrite, by
analogy with quartz and considering that the diameters
of pyrite-hosted inclusions range between 5 and 50 pm
(Lacazette 1990; see above). In the low-pressure volca-
nogenic environment prevailing at Radka, isobaric
heating is the only likely phenomenon that can have
provoked the inclusion decrepitation.

If we interpret primary decrepitated inclusions in
pyrite as having maximum Th of approximately 330 °C,
then it implies that the internal overpressure in such
inclusions with Th=330 °C reached =1.0-1.5 kbar
during the reheating process. This fixes the temperature
of the reheating at Radka at 500-550 °C (Zhang and
Frantz 1987). The presence of secondary decrepitated
inclusions with Th <330 °C in both quartz and pyrite
suggests that a second hydrothermal event pre-dated the
reheating. Also, the existence of undecrepitated sec-
ondary inclusions with Th <330 °C in pyrite shows that
a late hydrothermal event affected this mineral subse-
quent to the reheating.

Fluid evolution at the Radka deposit

Despite the presence of rare gangue minerals such as
quartz, barite, calcite and anhydrite at Radka, no
systematic study of fluid inclusions was possible because
of the fine-grained and/or cryptocrystalline character
of their aggregates. According to Strashimirov and



Kovachev (1992), the early pyrite-quartz paragenesis at
Radka precipitated at 225-245 °C; unfortunately no
data about fluid salinities are available. The following
main copper-bearing stage was formed at slightly higher
temperatures (Th =220-260 °C, corresponding to min-
imum trapping temperatures) from low salinity fluids
(2.4-3.4 wt% equiv. NaCl; Kouzmanov et al. 2000b).
There are no data for the intermediate (enargite—pyrite,
bornite—tennantite and sphalerite-galena) stages. Fluid
inclusions in the late cobalt-bearing quartz—pyrite as-
semblage studied here give evidence of a slight increase
of the salinity of ore-forming solutions (to a maximum
bulk value of 4.6wt%) and for mineral precipitation at
significantly higher temperatures (maximum estimated
trapping temperature of ~400 °C). The later anhydrite
assemblage was formed by cooler fluids at 230-180 °C
(Strashimirov and Kovachev 1992). A possible expla-
nation of this evolution at Radka is the contribution to
the hydrothermal system during the late quartz—pyrite
stage of magmatic fluids, which resulted in increasing
temperature and salinity of the solutions. Sulphur iso-
topic data (6°*S ~0%,) for the late cobalt-bearing pyrite
(Kouzmanov and Lerouge, unpublished data) are in
agreement with such a hypothesis. This could indicate
pulses of magmatic low-salinity vapour ascending from
and condensing above a deeper porphyry copper system,
after the formation of the main Cu—-As (+ Au) stage
(Heinrich et al. 1999).

Metallogenic implications

This study provides the first description of fluids that
deposited cobalt-bearing pyrite in a replacement epi-
thermal deposit in the Panagyurishte district. Rare oc-
currences of Co- and Ni-bearing minerals have been
described in the porphyry-copper deposits of the district
(Strashimirov et al. 2002, this volume): carrollite and
Co- and Ni-bearing pyrites from the Medet porphyry
copper (Strashimirov 1982); cobaltite, linnaeite and
millerite from the Tsar Assen porphyry copper
(Bogdanov and Bogdanova 1978), and siegenite and
bravoite from the Assarel porphyry copper deposit
(Bogdanov 1987). Thiospinels with dominant carrollite—
cuprian siegenite and nickeloan siegenite compositions
were also found in the Elatsite porphyry copper deposit,
located about 40 km north of Panagyurishte (Dragov
and Petrunov 1998).

In porphyry copper deposits, cobalt-rich mineral as-
semblages (quartz—magnetite—bornite chalcopyrite and
quartz—pyrite-chalcopyrite) are formed early in the ore
paragenesis (Strashimirov et al. 2002, this volume).
Fluid inclusion study of quartz from these assemblages
provides evidence of the high-temperature and high-sa-
linity character of fluids involved in the initial stages of
hydrothermal activity in these porphyry copper systems
(Strashimirov et al. 2002, this volume).

Comparing the mineralogy and fluid inclusion data
of the late stage, cobalt-bearing, quartz—pyrite vein
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assemblage in the Radka deposit to those in typical
porphyry copper systems (especially the quartz—pyrite—
chalcopyrite assemblage) from the Panagyurishte
district, we can consider the studied cobalt-bearing veins
at Radka as the shallow manifestation of porphyry
copper mineralisation at a depth of 2 km. The massive
pyrite and copper-pyrite bodies have characteristic fea-
tures of epithermal replacement type deposits of high- to
intermediate-sulphidation style (Sillitoe 1983; Heden-
quist 2000). This interpretation is compatible with the
cogenetic development of the epithermal and porphyry
ore deposits within the volcano-plutonic complexes,
which is typical of magmatic arc environments (Sillitoe
1980, 1983; Marcoux 1995; Hedenquist et al. 1998).

Conclusions

The systematic study of crystal zoning, composition,
IR transmittance, IR petrography and microther-
mometry of pyrite samples from the Radka copper
deposit shows evidence for two distinct pyrite genera-
tions based on their textures, structures, composition
and behaviour in IR light. The early and late pyrite
generations are chemically zoned in arsenic and cobalt,
respectively. There is a negative correlation between
trace-element content and IR transmittance of pyrite.
The IR transparency of pyrite is a very sensitive indi-
cator for changes of trace element concentration: sev-
eral hundreds of ppm Co result in an important
decrease of IR transmittance (as much as 80%). Ar-
senic-bearing pyrite (< 2.2 wt% As) is completely
opaque to IR radiation.

A characteristic feature of primary fluid inclusions in
pyrite is the negative crystal habit, shaped mainly by
{100}, {111} and {210}. This complicated polyhedral
morphology is the reason for the observed opacity of
some isometric primary inclusions. Secondary fluid in-
clusion morphology depends on the nature of the sur-
face of the healed fracture. Recognition of primary or
secondary origin of fluid inclusions is greatly enhanced
by using crystallographically oriented sections. Mic-
rothermometric data from primary inclusions indicate
that the late pyrite generation was deposited at maxi-
mum P-T conditions of 400 °C and 430 bar and from a
fluid of low bulk salinity (3.5-4.6 wt%), possibly KCI-
dominant. We conclude that the late, moderate-tem-
perature, cobalt-bearing quartz—pyrite vein assemblage
in the Radka deposit is the shallow ( < 2 km) manifes-
tation of porphyry copper mineralisation at depth, in
agreement with an epithermal replacement origin of
orebodies. Decrepitation of quartz- and pyrite-hosted
fluid inclusions is consistent with reheating of the late
veins to 500-550 °C in relation to a magmatic source of
heat.
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