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Abstract. In the present research, we have applied a combination of Cold-CL petrography with two in-situ techniques
(SEM-EDS and LA-ICP-MS) to study quartz-pyrite-sericite veins with some carbonates from the Elatsite porphyry
Cu-Au deposit. Based on Cold-CL images, we found out that these veins are formed during two stages: quartz-
pyrite with sericite and later quartz-carbonate with chlorite. Together with the quartz and carbonates small amount
of arsenian pyrite, hematite, chalcopyrite, sphalerite, galena and apatite are precipitated. SEM-EDS and LA-ICP-MS
allowed determining that the observed zoning of the pyrite from Q-Py stage is due to a variable Co and Ni content.
Similarly, the zonal growth of calcite is due to variable Mn content. Pyrite and arsenian pyrite have different trace
element composition. Arsenian pyrite has elevated Au, Ag, Cu, Pb, Sb and TI contents compared to the pyrite. The
combination of the three techniques was essential for resolving temporal relationships between the minerals within
quartz-pyrite-carbonate veins and changes of the composition of the pyrite from the quartz-pyrite-sericite to the later

quartz-carbonate stage.

Keywords: Cold-CL images, SEM and LA-ICP-MS methods, Q-Py-Ser veins with carbonates, Elatsite porphyry

Cu-Au deposit.

Introduction

Optical Cathodoluminescence (Cold-CL) is an ef-
ficient method for visualizing microtextures in min-
erals, which cannot be observed using an optical
microscopy. The result is a colored image, where
each color reflects the presence of a particular el-
ement activator in the mineral structure. It is very
effective in deciphering different generations of a
particular mineral. In the last few years, this tech-
nique is widely applied in Earth sciences, particu-
larly in mineralogy, ore geology, geochronology
and sedimentology. Cold-CL is an important part of
the methodology of mineralogical and geochemical
investigations of ore deposits with multiple quartz
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and carbonate-precipitation events. These cryptic
textures bring insight into timing and physical con-
ditions of quartz and carbonate growth. Detailed
petrographic mapping supported by a Cold-CL
petrography allows textural correlation between
successive quartz and carbonate types and sulfide
deposition. The combination of Cold-CL with some
in-situ techniques as SEM-EDS and LA-ICP-MS
allows us to study magmatic-hydrothermal process-
es in detail. In the present research, we have applied
the combination of these techniques to study quartz-
pyrite-sericite veins with some carbonates from the
Elatsite porphyry Cu-Au deposit. Cold-CL images
are performed on the first available Cold-CL system
in Bulgaria at Geological Institute of BAS.
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Geological setting

The Elatsite porphyry Cu-Au deposit is situated
in the Srednogorie Zone, an east-west oriented
tectono-magmatic unit of the Late Cretaceous
Apuseni-Banat-Timok-Srednogorie Magmatic and
Metallogenic Belt of the Alpine-Balkan-Carpathi-
an-Dinaride orogenic system (Ciobanu et al., 2002;
Heinrich, Neubauer, 2002). The belt is character-
ized by broadly calc-alkaline magmatism caused by
the subduction of a Mesozoic oceanic crust during
the convergence between Africa and Europe and
hosts several important Cu-Au-(Mo) ore deposits.
The Elatsite deposit defines the northern end of the
Panagyurishte ore district, a NNW-SSE trending
alignment of ore deposits across the Central Sredno-
gorie Zone. Formation of the Elatsite deposit is re-
lated to the intrusion of multiple Upper Cretaceous
subvolcanic porphyritic intrusions that are hosted in
low-grade metamorphics (Phyllite Complex) with
Ordovic—Silurian age (Georgiev et al., 2020) and
granodiorites of the Carboniferous Vezhen pluton
(Kamenov et al., 2002). The intrusion of the Vez-
hen pluton caused contact metamorphism in the
phyllites, forming hornfelsses and mottled schists.
The Upper Cretaceous dykes and subvolcanic bod-
ies are predominantly andesitic, quartz-monzodior-
itic, granodioritic and dioritic in composition (von
Quadt et al., 2002; Kamenov et al., 2007)
Mineralization at Elatsite comprises several
successive stages (e.g., Petrunov et al., 1992; Stra-
shimirov et al., 2002): early magnetite-quartz, fol-
lowed by magnetite-bornite-chalcopyrite, pyrite-
chalcopyrite, quartz-molybdenite, and late quartz-
pyrite, quartz-galena-sphalerite, and quartz-car-
bonate-zeolite associations. Additionally, Georgiev
(2008) and Mladenova et al. (2017) described few
vein types with sericitic alteration in the upper parts
of the open pit of the Elatsite deposit, that are inter-
preted as intermediate-sulfidation epithermal veins.

Samples and methods

In the present study, polished thin sections were
prepared from Q-Py-Carb veins. Standard transmit-
ted and reflected light microscopy was combined
with optical cathodoluminescence (Cold-CL) and
SEM-BSE imaging for mineral identification and
textural correlation between different generations of
quartz, carbonates, sulfide, and alteration minerals.
Cold-CL images were obtained using a CATHO-
DYNE optical cathodoluminescence system (New-
Tec Scientific, France) at the Geological Institute
of the Bulgarian Academy of Sciences. VEGA 3
XMU SEM by Tescan at Aurubis Bulgaria AD was
used for BSE imaging and determination of major
element composition of minerals with EDS. Sub-
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sequently, a LA-ICP-MS technique was applied to
determine minor and trace elements in sulfides. The
LA-ICP-MS system used at GI-BAS has a 193 nm
ArF excimer laser (ATLEX-LR, Germany), com-
bined with an ELAN DRC-e ICP-MS instrument
(Perkin Elmer, Canada).

Results

Quartz-pyrite veins with sericitic alteration haloes
are well developed in the southern and western mar-
ginal parts of the open pit and range from few cm
up to 40 cm in width. Macroscopically, these veins
consist mostly of quartz and pyrite with some car-
bonates. Although the carbonates are often found in
the central parts of the Q-Py veins, our petrographic
observations and the Cold-CL images reveal that
they are later. Under the microscope, however,
some samples contain hematite, chalcopyrite, and
less galena and sphalerite together with the major
calcite and quartz. This mineral association is found
also in thin veins with chlorite alteration that cut
previously formed veins.

The earliest sulfide is pyrite, with subhedral to
euhedral morphology, reaching up to 1 mm in size.
Oxidized pyrite crystals show zonal growth (Fig.
la) and are precipitated mostly in the central part
of the crystalline quartz veins. Unidentified Pb-
Ag-Bi-bearing inclusions in pyrite were also de-
tected by EDS. The quartz crystals and pyrite are
fractured and brecciated, and minerals from a later
quartz-carbonate stage precipitate in the cracks. The
later stage comprises mostly carbonates and quartz
with fine grained pyrite, chalcopyrite and hematite,
and less sphalerite and galena. Some apatite crystals
are also observed, and barite and fluorite are rarely
detected by EDS. Quartz from the later stage is fine-
grained and shows a dark luminescence (Fig. 1b, c).
Carbonates together with negligible sulfides fill open
spaces between the brecciated minerals and show
zonal textures on the Cold-CL images (Fig. 1c). Car-
bonate crystals often have a core of a fine-grained
carbonate intergrown with sulfides, overgrown by
idiomorphic outer growth zones (Fig. 1c¢).

Our LA-ICP-MS data reveal that the observed
zonal growth of pyrite crystals from the Q-Py veins
is due to the variable cobalt content. Cobalt var-
ies from few ppm up to 1.6% (Fig. 1d). The zones
with elevated Co content have also higher Ni (up
to 0.5%) and Se (up to 530 ppm) contents. This py-
rite has low As, Au, Ag, Cu, Pb, Sb and Tl contents
(Fig. 1d). These elements are almost always below
the limit of detection.

SEM-EDS analyses of the fine-grained pyrite
from the later quartz-carbonate stage show that it
is arsenian pyrite with arsenic content between 1.46
and 5.48%. LA-ICP-MS analyses show that arse-
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Fig. 1. @) microphotograph of quartz-pyrite vein with carbonates and fine-grained arsenian pyrite showing zonal growth of the
broken pyrite crystals; ) Cold-CL image of the quartz-pyrite vein with dark luminescent quartz and big apatite crystal; ¢) Cold-CL
image of carbonate crystal with fine grained carbonate and arsenian pyrite in the core and zonal growth in the outer part; d) element
content in pyrite and arsenian pyrite from both stages obtained by LA-ICP-MS analyses. For pyrite, elements that were below limit
of detection we have plotted limit of detection. Abbreviation: Py, pyrite; Carb, carbonate; Q, quartz; Ap, apatite.

nian pyrite has up to 1.43 ppm Au. It has low Co
and Ni content and elevated contents of Ag, Cu, Pb,
Sb and TI (Fig. 1d), compared to the pyrite from
Q-Py stage. The carbonate is calcite with variable
Mn content up to 0.56%.

Discussion and conclusions

Our study on the quartz-pyrite-carbonate veins from
the marginal parts of the Elatsite deposit shows that
they are formed into two stages. During the first
stage, crystalline quartz with pyrite and sericitic
alteration are precipitated. This stage postdated
the economic mineralization and has developed as
massive veins or disseminations in the host rocks
in the marginal parts of the deposit. The later stage
consists mostly of quartz and calcite. Although the
minerals from the later stage are often found in the
central parts of the Q-Py veins, the Cold-CL images
reveal that they are later, indicating re-opening and
mineral precipitation in voids of already existing
Q-Py veins. In addition to fillings in open spaces

of pre-existing veins, they also form separate veins
with chlorite as alteration mineral. We found out
that together with calcite, minor amounts of sulfides
and hematite are formed.

The LA-ICP-MS data reveals that the pyrites
from the quartz-pyrite-sericite stage have low As
and Au contents and relatively high contents of Se.
Typical characteristics of the studied pyrites are the
high Co and Ni concentrations and low Ag, Pb, TI,
and Sb contents. In contrast, arsenian pyrite from the
later quartz-carbonate stage has higher Au contents.
Comparable elevated concentrations of As and Au
in arsenian pyrite from the Elatsite deposit from the
epithermal pyrite-galena-sphalerite association are
reported by Gonzalez-Gemenez et al. (2021). Our
results show that the gold is presented within the
crystal lattice of arsenian pyrites because all our
data plot below the solubility curve on the plot Au
vs As (Reich et al., 2005). Arsenian pyrite from the
quartz-carbonate stage has also higher Ag, Pb, TlI,
and Sb compared to the pyrite from the quartz-py-
rite-sericite stage. We found out that the observed
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zonal growth in the Cold-CL images of the calcite
is due to the variable Mn content.

Detailed Cold-CL supported petrography was
essential for resolving temporal relationships be-
tween the minerals within quartz-pyrite-carbonate
veins. Combined with SEM-EDS and LA-ICP-MS
methods it allowed us to study the compositional
evolution of pyrite from the quartz-pyrite-sericite to
the later quartz-carbonate stage.
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