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ARTICLE INFO ABSTRACT
Keywords: Distal skarns form by the metasomatic reactions of a host rock induced by far-traveled hydrothermal fluids.
Distal skarn Physical and structural characteristics and geochemical patterns of distal Pb—Zn skarn bodies were studied at the

Skarn formation
Metasomatism
Mineral geochemistry

Petrovitsa deposit in southern Bulgaria. Skarn bodies formed from the interaction of hydrothermal fluids with
reactive host lithologies (marble and gneiss). These fluids were transported along sub-vertical feeder structures
Pyroxene and lithological contacts. Epidote skarn developed in gneiss protolith, and pyroxene (johannsenite) skarn
Epidote developed in marble. Detailed geological mapping, complimented by measurements of the internal structure of
Pb-Zn deposit the skarn body using pyroxene growth versors, quantifies the propagation direction of the skarn body: 1) away
Madan from the major local fluid conduit (feeder structure), and 2) away from lithological contacts between alumi-
nosilicate rock and marble. Such growth suggests that fluid flow was generally orthogonal to the skarn front
propagation direction in the pyroxene skarn.

Textural, mineralogical and geochemical data from skarn samples reveal multiple growth generations of major
skarn calc-silicates epidote and pyroxene. The epidote skarn is characterized by limited spatial distribution and
fine-grained epidote/clinozoisite growth associated with massive replacement and sulfide mineralization. The
pyroxene skarn consists of acicular clinopyroxene crystals which form spheroidal aggregates with discrete
growth banding. These bands are the physical representation of the cyclic fluid pulses which resulted in rhythmic
skarn growth marked by geochemical banding. In situ geochemical analyses in the epidote skarn reveal early Al-
rich epidote overprinted by Fe-rich epidote associated with higher Mn and Sr contents and irregular composi-
tional banding. Clinopyroxene (Jogo_gs) shows general increase in Na, Al, Mn, and REE + Y with distance from
the feeder structure and lithologic contacts. These elements correlate with the distance traveled by the hydro-
thermal fluid from the feeder to the site of skarnification, which we define using a proxy based on the Al content
of pyroxene crystals. This reflects an increasing degree of fluid “contamination” by interaction with the alumi-
nosilicate host rocks and functions as a proxy for fluid transport distance. The spatial distribution of trace-
elements in pyroxene on an outcrop scale is indicative of discrete pulses of hydrothermal fluid resulting in
precipitation of skarn calc-silicates along the increasingly tortuous fluid pathway between the feeder structure
and the skarn front, resulting in both the macro- and micro-scale chemical and textural variability of the skarn
body.

1. Introduction 1981; Zharikov, 1970). Metasomatic fluids preferentially destroy and
replace reactive minerals (e.g., carbonates) via dissolution-precipitation

Skarns form from the fluid-induced replacement of reactive host li- reactions which allow for additional fluid flow and calc-silicate growth
thologies by calc-silicate minerals as a function of host rock composi- (Korzhinskii, 1968; Yin et al., 2017). This process generates zonation
tion, fluid chemistry, and overall system temperature (Einaudi et al., patterns (physical, chemical, and mineralogical) which are used to
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categorize skarns based on proximity to fluid source (proximal vs.
distal), timing of replacement stages (prograde vs. retrograde), compo-
sition (calcic vs. magnesian), and metal endowment (Einaudi and Burt,
1982). Skarns formed from magmatic-hydrothermal fluids can host a
wide range of economic metals, which constitute globally significant
resource of Fe, Cu, Sn, W, Pb, Zn, Ag, and Au (Meinert et al., 2005).
Better understanding of the physical growth mechanisms and
geochemical exchange reactions during prograde skarn is needed to
improve exploration and exploitation efficiency.

Structural mapping can be used to quantify fluid propagation di-
rection(s) in order to understand relative growth timing of the skarn
body. Characterization of major fluid conduits, such as faults, dikes, and
lithological contacts, helps to delineate physical distribution of potential
ore bodies even at great distances (~10s km) and low water/rock ratios
(Megaw et al., 1988; Meinert, 1987). At the outcrop scale, structural
mapping sheds light on skarn front propagation, growth processes, and
relative timing of events based on internal structures, such as crystal
lineations in banded skarns (Vezzoni et al., 2016). Skarn microstructures
also provide information on the local P-T-X conditions, yielding evi-
dence for mineral growth mechanisms during skarn formation (e.g.,
Ciobanu and Cook, 2004; Williams-Jones et al., 2010). These internal
structures preserve information on the nature of the lithological contact
between skarn and host rock — a feature directly relatable to the reac-
tivity of the host rock (Dipple and Gerdes, 1998). Interpreting paleo-
fluid flow and cyclic skarn growth using field and petrographic obser-
vations remains the most efficient and cost-effective method of pre-
dicting skarn and ore body distribution.

Chemical zoning exists in all skarn systems (e.g., Burt, 1974; Korz-
hinskii, 1968). Banded skarn silicates result from changes of the physical
and chemical parameters of the system, such as temperature, pressure,
pH, and/or redox during calc-silicate growth (Chang and Meinert,
2008). Rhythmic chemical bands can form due to compositional layer-
ing in the host rock (e.g., organic matter heterogeneous distribution),
distinct pulses of metasomatic fluid, or boundary-layer competition for
chemical components (Ismail et al., 2014; Vidale, 1969). Thermally and
compositionally derived zonation patterns serve as a valuable explora-
tion vector towards more proximal portions of the mineralized system in
the porphyry-epithermal environment (Meinert, 1997), and the
geochemical signatures of alteration minerals (e.g., chlorite and
epidote) in these systems have drawn recent interest (Cooke et al., 2020;
Pacey et al., 2020). Similar patterns exist in skarns, but the complex
petrogenesis and overprinting mineral assemblages require detailed
investigation to determine the metasomatic history of each unique
system.

Skarns do not imperatively require a carbonate host to form. In
aluminosilicate lithologies, metasomatic reactions can produce epidote-
rich skarns with little change in volume and specific gravity identical to
that of the host rock (Lentz, 2005). This can occur via bimetasomatic
exchange with adjacent lithologies (Zarayskiy et al., 1987) or by the
dissolution of original mineralogy, which is replaced by aluminous calc-
silicate skarns (Shimazaki, 1982). Because of the influence of host rock
geochemistry, skarn formation along a lithological contact can result in
drastically different skarn assemblages forming from a single meta-
somatic event. While metasomatism of aluminosilicate-rich rocks is less
voluminous, skarn formation still plays a critical role in the chemical
evolution of the whole system.

To better understand skarn growth and zonation patterns, the py-
roxene skarns at the Petrovitsa deposit in the Madan Pb—Zn ore field in
southern Bulgaria were studied to characterize the prograde evolution of
a distal skarn system, which serves as the dominant host for Pb—Zn
sulfide mineralization. Detailed structural mapping, petrographic ana-
lyses, quantitative mineralogy, and geochemical analyses were com-
bined to discern the relationships between skarn bodies in carbonate and
aluminosilicate host rocks with respect to a local feeder structure. In
such a controlled setting, this approach was used to trace the progressive
evolution of a skarn body at the outcrop, hand sample, and microscopic
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scale and to decipher the physical and chemical processes that govern
the prograde formation of mineralized distal skarn systems.

2. Geological setting

The Madan ore field in southern Bulgaria (Fig. 1) hosts polymetallic
Pb—Zn (+ Ag, Cu) deposits which have produced more than 100 Mt. of
ore since 1940, with average grades of 2.54 wt% Pb and 2.1 wt% Zn,
with Cu and Ag by-products (Milev and Ivanov, 1996). The ore field is
hosted in the uplifted basement sequence of the central part of the
Rhodope Massif (Fig. 1B), in the exposed Gondwana-derived meta-
morphic basement (Schmid et al., 2020). The Central Rhodopian dome is
exposed by a series of low-angle detachment faults that juxtapose tec-
tonic units of different metamorphic grades (Kounov et al., 2020). The
lower plate of the detachment system is comprised of an orthogneiss
composed of late Paleozoic granitoids metamorphosed at upper
amphibolite to granulite facies (Peytcheva et al., 2000). The upper unit,
the Madan Unit, is composed of biotite gneiss, locally migmatized, with
layered metagabbros (amphibolites) and marble lenses (Sarov et al.,
2007). The Asenitsa Unit, to the north, is composed of lower-
amphibolite facies biotite gneiss and thick marble units (Kounov et al.,
2020). Crustal thickening and peak metamorphism in the Central Rho-
dopian tectonic units occurred in the Cretaceous to Paleogene in an
active Tethyan arc setting which had ceased compression by the Eocene
(Burg, 2011).

Peraluminous Eocene granitoids (Smilian Granite: Fig. 1B), mark the
beginning of post-collisional extension in the region (Kaiser-Rohrmeier
et al., 2013). Pegmatite intrusions (35.70 + 0.23 Ma; U—Pb dating on
monazite; Ovtcharova et al., 2004) mark the end of Eocene extension
and uplift, but subaerial magmatism continued, expressed geologically
as rhyolite dikes and ignimbrite deposits beginning at 31.70 + 0.18 Ma
(U—Pb dating on zircon; Ovtcharova et al., 2003) and continuing into
the mid-Oligocene in the Smolyan Basin to the north. Skarn formation
and sulfide mineralization in the Madan ore field post-date extension
along the Madan detachment, and has been constrained between 31.41
+ 0.39 Ma (U—Pb dating on zircon; Hantsche et al., 2017) and 29.95 +
0.23 Ma (Ar—Ar dating on hydrothermal muscovite; Kaiser-Rohrmeier
et al., 2004).

A series of NW-trending, post-detachment, transtensional fault sys-
tems controls the mineralization in the Madan ore field (Fig. 1B). The
Madan ore field hosts Pb—Zn sulfide mineralization which is observed
dominantly as vein- or skarn-hosted deposits. In aluminosilicate-rich
hosts, mineralized faults generally produce vein-style mineralization
(Bonev and Piperov, 1977). Conversely, faults running through marble
lenses within the Madan Unit contain mineralization expressed as skarn-
and carbonate-hosted deposits (Vassileva et al., 2009). Radiogenic
isotope tracing on sulfides has been used to propose a genetic model for
the hydrothermal system, suggesting that crustal melting associated
with extension generated hydrothermal fluids and provided a heat
source for meteoric fluid circulation, retaining Pb and S isotopic signa-
tures of sulfides that match the host rock (Marchev et al., 2005; Marchev
and Moritz, 2006). No systematic relationship has been discovered be-
tween mineralization and related intrusive units at depth. Post-
mineralization E-W extensional faults cross cut all lithologies and
mineralization in the district.

3. Geology of the PETROVITSA deposit

Located 5 km south of the town of Madan, the Petrovitsa deposit is
situated on a northwest-trending regional structure and is one of six
remaining mining operations within the Madan ore field (Fig. 1C). The
deposit is hosted in the Madan Unit biotite gneiss complex, with inter-
bedded marble and amphibolite units forming discontinuous lenses up
to 10 m-thick (Fig. 1C). The foliation direction of the metamorphic
sequence is highly variable, but can be generally constrained as dipping
to the south-west at 30°-40°. Both syn-metamorphic (~ 50 Ma according
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Fig. 1. (A) Map of tectonic units of Bulgaria (modified from Dabovski et al., 1991). (B) Regional geologic map of the Central Rhodopes (after Kounov et al., 2020).
(C) District-scale geologic map with deposit locations (from Ivanov et al., 1987).

to U—Pb ages on titanite: Milenkov et al., 2020) and post-metamorphic
(35.89 + 0.20 Ma U-Pb dating on monazite; Ovtcharova et al., 2003)
pegmatite intrusions are observed. The major fault system at Petrovitsa
is a syn-mineralization NW-SE trans-tensional primary structure, which
is traceable for up to 2.5 km, with sulfide mineralization extending from
surface (~1250 m above sea level, m.a.s.1.) to the lowest working level
(600 m.a.s.l.) which is crosscut by post-mineralization E-W extensional
faults (Kostova et al., 2004). Mineralized veins have Pb/Zn ratio > 2 and
contain early quartz, epidote, and chlorite, with later precipitation of
sulfides, primarily galena, sphalerite, pyrite, chalcopyrite, arsenopyrite,
and pyrrhotite, along with quartz, carbonates, and muscovite (Milenkov
et al., 2019; Vassileva and Bonev, 2003). The skarn-hosted ore bodies
form where these veins or splays crosscut the conformable marble lenses
and where fluid exploited lithological contacts, generally limited by the
vertical thickness of the marble units (Fig. 2; Vassileva et al., 2009).

3.1. Skarns of the Petrovitsa Deposit

The most impressive skarn bodies in the Madan ore field are
composed of Mn-rich calcic clinopyroxene which extend 10’s of meters

away from the mineralized veins into the marble lenses (Fig. 2B; Vas-
sileva, 2004; Hantsche et al., 2019). The skarn bodies form along con-
tacts between the marble and the feeder structure, as well as along
lithologic contacts between gneiss (or pegmatite) and marble (Fig. 2B
and C). The pyroxene skarns are composed of radial spheroidal aggre-
gates of elongated pyroxene crystals diverging from central nucleation
points (Fig. 3). In large skarn bodies, these radial aggregates have grown
together, amalgamating into a massive pyroxene skarn with irregular
growth bands, partially terminated spheroidal aggregates, and scallop or
cauliflower textures terminating sharply at the classic “knife-edge”
skarn front.

Retrograde replacement of the prograde skarn occurs most heavily
near lithological contacts and mineralized feeder structures. Texturally,
the overprinting by retrograde minerals occurs along grain boundaries
and bands of fine-grained clinopyroxene which are first altered by
pseudomorphic/interstitial replacement, followed by texturally
destructive, massive overprinting by retrograde skarn minerals (Vassi-
leva et al., 2009). The retrograde mineral assemblage consists of a
mixture of fine-grained calcite + quartz + rhodonite + rhodochrosite +
bustamite + chlorite + Mn-amphibole + K-feldspar and is associated
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Fig. 2. (A) Plan view map of part of the Petrovitsa mine horizon 865 m. (B) Photogrammetry view and sample locations of a skarn-feeder system at the Petrovista
865 m North outcrop. (C) Photogrammetry view and sample locations of skarn along lithological boundaries between gneiss, pegmatite and marble at the Petrovitsa

865 m South outcrop. Abbreviations: Ep — epidote; Cpx - clinopyroxene.

with sulfide mineralization which is dominated by sphalerite + galena +
pyrite + chalcopyrite (Milenkov et al., 2019; Vassileva and Bonev,
2003).

In the aluminosilicate-rich host rocks such as gneiss and pegmatite,
metasomatic replacement of original minerals produces epidote skarns,
which are described at the Petrovitsa deposit for the first time. Due to
the impermeable nature of the host rock, epidote skarns rarely extend
more than 1 m away from the lithological contacts and fault structures
which served as major conduits for the mineralizing fluids. Fluid
transport within the host was controlled by the secondary permeability
generated during skarn formation (Ortoleva et al., 1987a), which
favored the metasomatism of feldspar-rich pegmatites and melanocratic
bands of the gneiss. Replacement occurs in two styles — selective
replacement along foliation planes or massive replacement of the host.
Sulfide mineralization occurs in the open space generated during skarn
formation and consists of sphalerite, galena, chalcopyrite, and pyrite
(Kolkovski and Manev, 1988).

3.2. Mineralizing Fluids

The best constraints on the physicochemical parameters of the
mineralizing fluid at Petrovitsa indicate that the earliest quartz gener-
ation synchronous with sulfide precipitation (Q1; 280°-320 °C) entrap-
ped a neutral, low-salinity fluid (average salinity of 4.5 wt% NaCl
equiv.) with only trace concentrations of metals (median composition:
128 ppm Mn, 102 ppm Zn, and 3 ppm Pb; Kostova et al., 2004). Sulfide
precipitation is interpreted to have been triggered by an influx of
meteoric water late in the lifespan of the hydrothermal system (Kotzeva
etal., 2011). Hydrodynamic modeling of the system is coherent with the
thermal maturation of a magmatic heat source and the associated cir-
culation of hydrothermal fluids(Driesner and Geiger, 2007). Novel work
using the 3D morphology and crystal growth patterns of quartz indicate
a shift in fluid directions, supporting the influx of meteoric water
influencing Pb and Zn sulfide precipitation (Milenkov et al., 2019).

4. Sampling and analytical methods

A combination of geologic mapping and structural measurements of
a distal skarn body has been used to constrain the position of the samples
used for optical microscopy, QEMSCAN, laboratory XRF whole rock and
portable XRF (pXRF), EPMA and LA-ICP-MS techniques for major, minor
and trace element mineral geochemistry. Detailed analytical methods
are reported in Appendix 1.

4.1. Geologic Mapping, Versor Measurements, and Sampling

Geological mapping of the outcrop was done using photogrammetry
and high-resolution outcrop mapping methods at 1:20 scale. Oriented
samples were taken for textural, petrographic, and chemical analysis
(Fig. 4A and B; Appendix 2).

Mineral growth versors were first identified as an indicator of skarn
propagation direction by Vezzoni et al. (2016) in the banded skarns at
Campiglia Marittima (Italy). Elongate skarn minerals were shown to
record skarn growth towards open space generated by fluid flow along a
single fracture zone. Growth versor mapping was applied to the Petro-
vitsa 865 m North skarn body to interpret the propagation sense and
timing of the skarn front in 3D. Lineation measurements (i.e., plunge and
plunge direction) of 411 individual pyroxene crystals were made in the
skarn body which extends up to 15 m from the mineralized feeder vein
(Fig. 4A and B). The full dataset is reported in Appendix 3. All mea-
surements were made on the well-exposed skarn body on the west side of
the mineralized fault. Pyroxene crystals were selected based on available
measurement surfaces, and measurements were grouped into domains
based on their position on the outcrop (near the upper contact, at center,
near the lower contact: Fig. 4C). Most measurements were made on
coarse-grained pyroxene (more than 2 cm in length) and spaced apart by
3-5 cm. For each domain, every individual crystal that could be
measured meeting the above criteria was recorded, with accepted biases
of grain size and geometric constraints of the outcrop. Because the
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cated in Fig. 2B), where arrows indicate the sense of the unidirectional growth
versor. (B) Cartoon diagram of pyroxene spheroidal aggregates growth with
textural and compositional banding ending at a sharp skarn front.

massive texture of the skarn body, no preference was given to crystal
orientation relative to the skarn front, as was done in the previous study
(Vezzoni et al., 2016). Orientation data were plotted on stereographic
projections and a rose diagram to assess outcrop scale growth direction
(Fig. 4B and Q).

4.2. Optical petrography and QEMSCAN analysis

A standard optical transmitted- and reflected-light petrographic
study was carried out on the selected samples; detailed descriptions,
images, and mineral maps can be found in Appendix 2. Detailed infor-
mation on QEMSCAN mineral mapping, data acquisition and processing
can be found in Appendix 1.2.

4.3. Bulk Rock analyses

Whole-rock measurements were performed by wavelength disper-
sive X-ray fluorescence (XRF) spectrometer PANalytical Axios™ fitted
with a 4,0 KW Rh X-ray tubeon glass pellets at the University of Lau-
sanne, Switzerland for major element compositions. Trace element
compositions were determined on the same glass pellets by using an
Inductively Coupled Plasma — Mass Spectrometer (ICP-MS) coupled to
an excimer laser system at ETH Ziirich. In situ measurements were also
made using Thermo Fischer Niton XL3t portable XRF with an 8 mm spot
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size. Whole-rock methodology is reported in Appendices 1.3 and 1.4,
and data tables can be found in Appendix 4.

4.4. In-situ Mineral analyses

Major element compositions of pyroxene and epidote were measured
using a JEOL 8200 Superprobe at the University of Geneva, Switzerland.
Measurement conditions used an accelerating voltage of 15 kV with a
current of 20 nA, and a beam diameter of 1 ym. Detailed methods and
data treatment are reported in Appendix 1.5. Trace-element composi-
tions of pyroxene and epidote were determined using a RESOlution
excimer ArF (193 nm) laser ablation system with a spot size of 19 pm
coupled to an Element XR sector-field ICP-MS. Detailed methodology
can be found in Appendix 1.6. All in-situ geochemical results are re-
ported in Appendices 6 and 7.

5. Results
5.1. Physical Skarn Growth

Mineralized skarn systems preserving clear structural relationships
linking skarn bodies to a feeder structure (865-North) and growth along
a conformable pegmatite-marble contact (865-South) were discovered
(Figs. 2 and 4). The mineralized feeder vein (N 350°) is a splay of the
primary structure of the Petrovitsa deposit and is directly associated
with metasomatic replacement of both carbonate (pyroxene skarn) and
aluminosilicate (epidote skarn) rocks (Figs. 2B and 4). Both skarns
exhibit varying degrees of retrograde overprint and sulfide
mineralization.

Spatial measurements were made to locate each sample: the distance
from the feeder vein (DF), calculated by taking the shortest distance to
the feeder structure, and the distance from the lithological contact (DC),
the shortest measured distance to the aluminosilicate-rich rock. The
relative timing of each sample was constrained by combining distance
measurements with the pyroxene versor measurements (Fig. 4B and C).

Pyroxene growth versors indicate a westward crystal growth direc-
tion, orthogonal to the feeder structure (Fig. 4B). Groups of versor
measurements show clusters of data indicating two general growth di-
rections: 1) away from the feeder structure, and 2) away from the lith-
ological contacts. Therefore, the thickness of the skarn body is directly
linked to the timing of growth, and the oldest parts of the skarn body
formed closest to these structures.

5.2. Petrography and Quantitative mineralogy

Detailed sample descriptions and petrographic data can be found in
Appendix 2.

(i) Marble: Unaltered marble lenses are characterized by coarse-
grained calcite with often abundant graphite flakes defining the meta-
morphic foliation. Rare phlogopite and pyrite are present (<1 vol%),
and rare calcite (£ chlorite) veins <1 mm cut across some parts of the
marble.

(ii) Gneiss: Unaltered gneiss is dominated by quartz, plagioclase, K-
feldspar, foliation-defining biotite (partially altered to chlorite + titanite
near the contact between gneiss and marble). All titanite in these sam-
ples is replaced by Ti-oxides prior to skarn formation, referred to here-
after as the mineral mixture leucoxene (Lx).

(iii) Skarns: A generalized comparison between the two skarn types
can be found in Table 1.

Epidote skarn: Epidote skarn is dominated by massive epidote
replacement of aluminosilicate minerals that decreases in volume with
distance from the fluid conduit (Fig. 5A). Epidote crystals are small and
euhedral (generally <2 mm), with early epidote found along with K-
feldspar replacing plagioclase (often albite) using the host minerals as
reaction surfaces (Fig. 5B). This early assemblage of epidote + K-feld-
spar is overgrown by a later assemblage that includes epidote + quartz +
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calcite; these epidote generations will hereafter be referred to as epidote
1 and 2, respectfully (Figs. 5B-D). Epidote 2 can be seen as an over-
growth on early epidote 1 (Fig. 5D) and as cavity infill (Fig. 5E).
Muscovite (texturally, sericite) replaces K-feldspar, and chlorite replaces
epidote (both generations). A retrograde assemblage of epidote + quartz
+ calcite is also found in the mineralized feeder vein in sample MN-
101B, in which early pyroxene has been destroyed (Milenkov et al.,
2019).

Pyroxene skarn: Pyroxene skarns are composed of spheroids formed
by radial aggregates of calcic clinopyroxene replacing the carbonate
host (Fig. 5F). Clinopyroxene nucleates and grows towards open space
along fluid conduits (Fig. 5G) often generating hemispherical aggregates
of radially-disposed crystals grown sequentially to create a cauliflower-
like crown at the skarn-marble contact or where spheroidal aggregates
collide (Fig. 5H). The prograde skarn front terminates sharply against
the marble, and is characterized by a boundary layer of quartz, rhodo-
nite, and recrystallized carbonate (Fig. 5F). Pyroxene can grow up to 10
cm-long, and terminates sharply at the contact with the marble, either as
fibrous needles or prismatic crystals with flat terminations hosted in
hydrothermal calcite and quartz (Bovay, 2016). Inert graphite flakes
from the marble are trapped during skarn growth, roughly retaining the
original metamorphic foliation. Subsequent generations of pyroxene
create new bands, which are frequently distinguished by crystal size or
composition (Fig. 5F and H).

Retrograde overprint begins with the pseudomorphic replacement of
euhedral pyroxene crystals following the sequence of rhodonite +
amphibole + bustamite + chlorite (e.g., Capitani et al., 2003). Calcite,
quartz, and in some cases, adularia, crystallized in pore spaces generated
during the breakdown of pyroxene to amphibole and chlorite. QEMS-
CAN mineral mapping reveals that the pseudomorphic replacement and

interstitial infill are followed by massive, fine-grained replacement that
destructively overprints the cyclic banding (Fig. 5J).

Sulfide Mineralization: Sulfide mineralization of the skarn bodies
overlaps with retrograde skarn formation. Mineralization occurs in both
epidote and pyroxene skarns, and is found along fluid pathways,
commonly the skarn front, near the feeder, or in interstices generated by
the destruction of preexisting skarn minerals (Figs. 5E, J). Sulfide
mineralization occurs in three stages: 1) quartz + pyrite, 2) quartz +
sphalerite + galena + chalcopyrite, and 3) pyrite + calcite. While these
sulfides dominate the assemblage, a complete detailed list of accessory
phases can be found in Kolkovski and Manev (1988). Continued sulfide
mineralization results in the textural destruction and massive overprint
of the skarn bodies (Fig. 5J).

5.3. Whole Rock Geochemistry

Whole rock geochemical analyses show drastic increase in the Mn,
Fe, and Si content of the pyroxene skarn, accompanied by a loss of Ca
when compared to the host marble. In the epidote skarn, the contents of
Ca, Fe, and Mn increase, while Na is removed with respect to the un-
altered gneiss. Portable XRF measurements reveal an influx of Ca to the
gneiss, accompanied by an increase in the content of K, Rb, and Ba near
the contact. Bulk rock XRF and pXRF analyses and profiles can be found
in Appendices 4 and 5.

5.4. Pyroxene Mineral Chemistry
5.4.1. Major element geochemistry

Major element analyses indicate pyroxene compositions in the
ternary calcic clinopyroxene solid solution series johannsenite
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Table 1
Textural features and mineral composition of epidote and pyroxene skarns at the Petrovitsa Pb—Zn deposit.
Epidote Skarn Pyroxene Skarn
Textures Mineralogy Textures Mineralogy
« Irregular distribution in gneiss * Radial agglregates of
and pegmatite (Fig. 5A) elongate, acicular pyroxene
crystals reaching up to 10 cm
» Foliation controlled or massive
replacement (Fig. 5B) * Pyroxene nucleates at fluid
conduit, grows in marble (Fig.5G)
« Pale pink or pistacchio green o
color replacing host (Fig. 5A) « Blue/Green pyroxene oxidized
to dark green/brown (Fig. 5F)
()
© * Thin fractures perpenduclar to Epidote (1)
1 | foliation (Fig. A2.23) K-feldspar | ° Sharp "knife edge" contact
o)) squart with marble (Fig. 51) Ca-pyroxene
o . . *quartz + rhodonite
E C_gatrse gratmled (1-2mm) « Growth bands determined by
epidote crystals grain size (Fig. 5H)
« Epidote replacement of « Pyroxenes terminate as
plagioclase feldspar and biotite prismatic crystal faces OR fine
Fig. A1.18) accicular fibers
» Smaller crystals with distance *1-2mm thick band of
from conduit recrystallized calcite at skarn
front
* ‘Leucoxene precedes skarn .
formation (Fig. 5E) * Graphite flakes encapsulated
by skarn pyroxene (Fig. 5J)
* Veins cross cutting other « Pale brown in color
structures (Fig. 58) * Loss of internal structures
- More volumnous epidote (Fig. A2.24) Quartz
% replacement (Fig. A1.23) « Quartz and calcite form calcite
© ) ¢ | Epidote (2) interstitially in the degrading amphibole
E’ ;Elsirc)ilgt(:ati Z(EEZS?IID?vergrowth 0 quartz pyroxene spheroids (Fig. A2.11) rhodonite
o i ) calcite « Rhodonite pseudomorphic chlorite
° + Accicular needles of Epidote 2 replacement of pyroxene at +adularia
o grow |nt9 open space with skarn front (Fig. 51) +rhodochro-
quart (Figs. 5C-D) . site
« Destructive replacement by .
massive fine-grained tsphalerite
carbonates
c « Sulfide in cavities from calcite  Massive replacement of calcite
0 complete destruction of quartz retrograde skarn quartz
& | feldspars (Fig. 5C) sericite sericite
g Eoidot laced by chiorit chlorite + Weak, crumbly material chlorite
E (Figl 5oB<_eCr;ap aced by chiorite galena composed of clay and calcite galena
) ’ sphalerite - . ) i sphalerite
- . « Infil into cavities and interstices .
E « K-feldspar replaced by sericite pyrite within the skarn bod pyrite
Flg. 5B) ) y + chalconvrit
= + chalcopyrite + chalcopyrite

[CaMnSiOg] — hedenbergite [CaFeSisOg] — diopside [CaMgSioOgl
(Fig. 6A). EMPA data from 1358 point analyses show that most pyroxene
in this study is Mn-rich, with Mn2* spanning from 0.17 to 0.98 a.p.f.u.
(atoms per formula unit), correlating inversely with the Fe>* content (up
to 0.38 a.p.f.u). Clinopyroxene composition varies with both DF and DC,
and with the crystal length (Figs. 6A-B). The average pyroxene compo-
sition is Jhny; Hd;g Dis and higher Mn contents are observed with
increasing DC and DF. Elemental maps produced using QEMSCAN show
distinct Fe/Mn ratios in pyroxene growth bands for certain samples
(Appendix 2), which is supported by high-resolution quantitative EPMA
mapping and backscattered electron (BSE) imaging (Figs. 6C-F). Major
element maps of individual crystals show a sharp boundary between
core (JhnygHd;9Dis) and rim (JhnsgHdogDigs) (Figs. 6C-E). Cumula-
tively, these data highlight the wide range of clinopyroxene composi-
tions generated during each skarn growth event, defined by

compositional, textural, and grain size variations (hereafter referred to
as a growth cycle: see discussion in section 6.3).

5.4.2. Trace element geochemistry

Clinopyroxene (708 analyses) has relatively low abundances of trace
elements (generally <10 ppm), the most common of which are shown in
Fig. 7, where the data are grouped in function of distance measurements,
DF (Fig. 7A) and DC (Fig. 7B). Magnesium and Al are the only minor
elements detected in the clinopyroxene, and Na and Zn are the only trace
elements with concentrations higher than hundreds of ppm (Fig. 7).
Certain trends are observed with increasing distance from the feeder
(decrease in Mg, Ti, V, and Co; Fig. 7A), which differ when data are
sorted by distance from the lithological contact (Fig. 7B), highlighting
the impact of fluid transport distance.

The BSE image in Fig. 8A shows that both clinopyroxene generations
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EPIDOTE SKARN

PYROXENE SKARN

Fig. 5. (A) Hand-sample photo of foliation-controlled epidote skarn (MN-102). (B) QEMSCAN mineral map showing early replacement of albite in the protolith by K-
feldspar and epidote (MN-103e). (C) QEMSCAN mineralogy highlighting late epidote growth with calcite in a vein (MN-102v). (D) Epidote 1 and subsequent
overgrowth by fine-grained euhedral epidote 2 hosted in quartz (MN-102v, PPL photomicrograph). (E) Secondary porosity in epidote skarn infilled with retrograde
and sulfide minerals (MN-108a, PPL photomicrograph). (F) Hand-sample photo of banded pyroxene skarn in marble (MN-25). (G) Pyroxene skarn growing bidi-
rectionally into marble from a fluid conduit (MN-96b, PPL photomicrograph). (H) Fine-grained cyclic banding of late pyroxene spheroids terminating against each
other resulting in interstitial cavity (MN-94c, PPL photomicrograph). (I) QEMSCAN mineral map highlighting textural and chemical banding within a banded py-
roxene skarn (MN-25b). (J) QEMSCAN mineral map of retrograde skarn alteration and sulfide mineralization (MN-98a). Abbreviations after Whitney and Evans
(2010): Ab - albite, Alt — johannsenite altered by calcite, Ap — apatite, Cal - calcite, Chl - chlorite, Cpx — clinopyroxene; Ep - epidote, Gn — galena, Gr - graphite, Jhn -
johannsenite, Lx — leucoxene, Py - pyrite, Qz - quartz, Rdn - rhodonite, Ser - sericite, Sp — sphalerite.
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Fig. 6. (A) Pyroxene compositions from Petrovitsa 865 m North outcrop plotted on calcic-clinopyroxene ternary diagram. Data from EPMA. (B) Crystal size vs. Fe (a.
p-f.u.) plot for pyroxene. (C) BSE image of pyroxene crystal at growth band interface. (D—F) EPMA elemental map in wt% of MnO (D), FeO (E), and MgO (F).
Abbreviations: Cal - calcite, Cpx — clinopyroxene, Py — pyrite, Rdn - rhodonite.
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(MN-25b). (B) LA-ICP-MS data showing mole fraction of Al (Xa)). (C) Average
element content in pyroxene 1 and pyroxene 2 based on LA-ICP-MS analyses
(MN-25b).

formed during a single cycle can be differentiated by their Al content
(Fig. 8B). Trace elements are preferentially incorporated into clinopyr-
oxene 2 (Fig. 8C). There is no evidence for sector zoning along specific
crystal axes. The dataset of chemical results on pyroxene can be found in
Appendix 6.

5.5. Epidote Mineral Chemistry

Major element geochemistry. Epidote major element data (777 ana-
lyses) fall within the clinozoisite [Cay (A13+)3(Si03)4OH] - ferriepidote
[Cay (Fe3t, A13+)(Si03)40H] solid solution series due to direct ex-
change of AI** and Fe®* in the M-site of the crystal structure (Fig. 9A;
see Armbruster et al., 2006). Epidote 1 (427 analyses) is more aluminous
in all samples, with mean values for AI** of 2.31 a.p.f.u. and for Fe3" of
0.68 a.p.f.u. In contrast, epidote 2 (350 analyses) has an average
composition for AlI>" of 2.18 ap.fu. and for Fe3* of 0.80 a.p.f.u
(Fig. 9A). Clear relationships between different epidote generations can
be observed in transmitted light and BSE images, combined with high-
resolution EPMA maps. Which illustrate the compositional differences
between epidote 1 and epidote 2 overgrowth (Figs. 9D-F).

5.5.1. Trace element geochemistry

Epidote trace element analyses (n=301, Fig. 10) show that epidote 1
is characterized by higher contents of Mg, Ti, and Zn and lower contents
of Mn, Sr, and Pb than epidote 2. Rather, the shift in Mn/Mg ratio is a
definitive feature of the two epidote crystallization events, correlating
with base metal (Pb and Zn) and Sr content (Fig. 10B).

The average of TREE (4 Y) is about two times higher than that of
pyroxene, but still fails to meet the hundreds of ppm ZREE (+ Y) present
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in the whole rock, which is principally hosted in metamorphic apatite
and other accessory phases. The REE patterns, separated by sample and
epidote generation (Fig. 10D), are characterized by relatively flat slopes
(Lan/Yby = 1.15) and moderately positive Eu anomalies (Eu/Eu* = 2).
The full dataset of epidote geochemical results can be found in Appendix
7.

6. Discussion

The massive Petrovitsa skarns formed due to fluid flow along the
primary NW-trending mineralized fault and its subsidiary splays where
these conduits intersected reactive carbonate rocks and exploitable
lithological contacts. Cyclic pulses of over-pressured fluid resulted in
hydraulic fracturing along such contacts, forming skarn on either side.
While this was limited by reactivity and permeability in aluminosilicate-
rich host rocks, widespread skarn growth in the marble occurred due to
the dissolution and subsequent generation open-space. Using the struc-
tural and geochemical results obtained in this work, it is possible to
explore the mechanisms of skarn formation and fluid propagation at
both macro- and micro-scale.

6.1. Skarn Front Propagation in Massive Skarn Bodies

The validating principles of skarn front propagation in banded skarns
(Vezzoni et al., 2016) hold true in the massive skarn bodies at the Pet-
rovitsa deposit. Pyroxene versor measurements quantify the crystal
growth direction parallel to the longest axis and perpendicular to the
ancient skarn front, which creates the convex shape of the pyroxene
spheroids (Abrecht, 1985; Rusinov and Zhukov, 2008). Therefore, sili-
cate growth initially occurred along the lithological contacts, as well as
along the contact with the feeder (Fig. 4). The two directions of skarn
growth were primarily perpendicular to either: 1) the feeder structure,
or 2) lithological contacts between marble and aluminosilicate-rich li-
thologies (gneiss, pegmatite). These two modes of skarn growth were
approximately concurrent, implying that skarn thickness corresponds to
relative age of formation. Skarn minerals formed near fluid conduits at
the boundary of the carbonate rock (low DF/DC) represent early pre-
cipitation and relatively short fluid transport distances. Conversely,
pyroxene crystals from the center of the marble lens formed later,
precipitating from fluid which traveled longer distances prior to meta-
somatic pyroxene growth.

Pyroxene lineation measurements should not be mistaken to repre-
sent fluid flow direction, as they only record the crystallization direction
of pyroxene during skarn growth. Similar growth textures occur in
natural settings in igneous systems in which acicular pyroxene crystals
form rapidly from an undercooled melt. Spinifex textures, defined by the
acicular crystallization of olivine or pyroxene in komatiites, occur due to
strong thermal gradients and rapid crystal growth towards chemical
nutrients along the long axis (Arndt and Fowler, 2004). Experimental
studies found that pyroxene nucleation does not occur until these sys-
tems were significantly undercooled, triggering oriented crystallization
in the [001] direction (Bouquain et al., 2014; Faure et al., 2006). While
there are no studies on the nucleation and growth of hydrothermal py-
roxene, the radial texture of pyroxene aggregates suggests limited
nucleation followed by an explosion of rapid growth of skeletal pyrox-
ene crystals in the direction of chemical nutrients, i.e., the fluid flow
boundary along the knife-edge skarn marble contact. Rapid growth
textures are also observed at the microscopic scale as [001] growth
twins and polysomatic fractures in other manganoan pyroxene skarns
(Capitani et al., 2003). A similar formation mechanism for the prograde
skarn textures is proposed in this study, in which undercooling and cy-
clic hydrothermal activity at Petrovitsa resulted in rapid bursts of py-
roxene growth that generated the typical banded texture of the prograde
pyroxene skarns.

Existing skarn models often invoke fluid flow through preexisting
skarn prior to the dissolution and metasomatic growth of new skarn
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Fig. 9. (A) Fe vs Al (a.p.f.u.) compositional plot of epidote, based on EPMA data. Feeder epidote data from Milenkov et al. (2019). (B) Epidote 1 with euhedral
epidote 2 overgrowth in a quartz vein (PPL photomicrograph). (C) BSE image highlighting fine-grained mineral assemblage associated to epidote skarn formation.
(D) QEMSCAN mineral map supporting early epidote associate with K-feldspar. Note relict leucoxene enveloped by epidote. (E) EPMA elemental map of Al;O3 (wt%).
(F) EPMA elemental map of FeO (wt%). Abbreviations: Cal - calcite, Chl - chlorite, Ep - epidote, Kfs - K-feldspar, Lx - leucoxene, Qz — quartz, Ms. — muscovite.

minerals (Meinert, 1992; Meinert et al., 2005). This may occur in more
permeable skarn bodies (i.e., garnet skarns), but detailed structural
mapping indicates little evidence for fluid propagation through skarn
bodies at Petrovitsa. Rather, fluid flow was apparently perpendicular to
the crystal growth direction and parallel to the skarn front, meaning that
metasomatic fluids propagation and skarn formation into a reactive unit
is actually the “side” of the system (Yardley and Lloyd, 1995).

6.2. Fluid pathway and transport parameter

Following the argument above, the continuous and irregular
expansion of the skarn front requires that later fluids exploited a longer,
more tortuous pathway along lithological boundaries prior to arriving at
the pyroxene nucleation site. Longer transport distances exposed these
fluids to higher degrees of fluid-rock interaction, which is recorded in
pyroxene mineral chemistry by changes in the Fe/Mn ratio and Al
content of clinopyroxene at thin section, hand sample, and outcrop
scale.

The complete range of Fe/Mn and Al contents from entire outcrop
are contained within clinopyroxene from a single sample located about
6 m from the feeder (MN-108; Figs. 11A-B). The clinopyroxene chem-
istry can be split into two distinct groups based on the linear relationship
between Fe/Mn and Al content. The first (low-gradient) group is char-
acterized by larger variability in Fe/Mn content. These pyroxene crystals
are adjacent to the aluminosilicate contact and exhibit poorly developed
pyroxene spheroids and finer grain size (Figs. 11C-D). The second (high-
gradient) group is characterized by larger variability in Al content, and it
is comprised of often coarse-grained johannsenite crystals with higher
DC values (Fig. 11E). These pyroxenes are likely to have grown from a
“non-pristine” hydrothermal fluid which incorporated more Al during
interaction with the aluminosilicate host rocks.

For the two groups identified above, the spread of data within a
single sample is related to chemical variability at crystal scale. The

11

gradient of the slope, however, is a function of the fluid pathway during
transport from the main conduit to the site of skarn formation. Hydro-
thermal fluids that were transported along lithological contacts produce
clinopyroxene with higher Al content, suggesting that Xa; value in-
creases with the fluid transport distance. The “contamination” of Al in
the metasomatic fluid is accompanied by the decrease in Fe/Mn ratio at
outcrop scale, as Fe is consumed earlier along the fluid flow path (e.g.,
pyroxene closer to the feeder is more ferric). Consequently, the slope
between Fe/Mn and Al content for a single sample can be used as a proxy
for degree of fluid-rock interaction. The early pyroxene skarn which
occurred near the contact formed from a fluid with a much shorter
transport distance than the later skarn (MN-108d; Appendix 2).

All other measurements from the Petrovitsa deposit lie between the
two indicated slopes in Fig. 11B, exhibiting positive correlation in the Al
— Fe/Mn space, and increasing Al contents with increasing DC and DF
values. These relationships suggest that the geochemical signature of a
pyroxene can be used as a transport parameter (TP),

_ Xa X Xun
XFe.

P

which reflects fluid-rock interactions that occurred along the marble-
gneiss boundary prior to skarn formation. Higher degrees of contami-
nation from the aluminosilicate rock explain the increase of the Al
content of pyroxene with DC. Critically, this is built on the assumption
that fluid arriving from the feeder at any given time is uniform and that
TP records changes occurring in fluid chemistry after the fluid trans-
portation along the feeder structure from a deeper source. Hydraulic
fracturing and exploitation of the lithological contacts allow fluid-rock
interactions which result in generally higher TP values for samples
with longer fluid transport distances (Fig. 12A-B). Sodium, Ga, ZREE (+
Y) correlate positively with the average TP, while Co and Mg, among
others, have inverse correlation trends (Fig. 12B; Appendix 8). The
overall chemical evolution at the outcrop scale is a product of
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Fig. 10. (A) Box plot of trace element composition of epidote from Petrovitsa 865 m North outcrop sorted by generation. Lower horizontal marks correspond to
average limits of detection (LOD) for each element. (B) Molar abundance of Sr vs. Mn/Mg ratio plot. (C) Trace element contents in epidote 1 vs. epidote 2. (D)
Average REE pattern for epidote by sample and generation. REE values normalized to chondrite (Sun and McDonough, 1989)

progressive evolution achieved through cyclic banding during succes-
sive skarn growth events.

6.3. Cyclic formation and geochemical evolution of pyroxene skarns

The importance of cyclic growth banding of pyroxene skarns cannot
be understated. Many skarn systems exhibit banded textures at multiple
scales, as compositional growth zones or repeating grain size variations
(Guy, 1993; Jiang, 1993; Xu et al., 2016). The absence of compositional
zoning in the host marble at Petrovitsa, requires that chemical and
physical banding occurred in one of two manners: 1) open system
growth via pulses of chemically distinct metasomatic fluid, or 2) closed
system growth in which bands form from geochemical competition
resulting in a self-organized structure. While both require reactive
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infiltration and undergo similar crystallization sequences, self-
organizing structures cannot, by definition, be formed by the constant
introduction of external fluids (Guy, 1993).

Each growth cycle, composed of multiple pyroxene generations with
distinct geochemical compositions, begins with the formation of open
space via dissolution of the carbonate minerals of the host marble. This
follows a positive-feedback loop in which dissolution results in increased
fluid flow, which in turn results in increased dissolution (Ortoleva et al.,
1987b). The introduction of new fluid to the system suggests that open
system behavior is responsible for textural and chemical features at the
growth cycle scale. The mechanisms of precipitation within a growth
cycle, behave in a closed system (or “steady-state””) manner, governing
geochemical variations within the growth band.

The open space associated with initial dissolution reactions is
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Fig. 11. (A) Hand-sample along a pyroxene-epidote skarn boundary (sample MN-108). Thin section locations along a transect across the boundary are indicated. (B)
Fe/Mn molar ratio vs. Al mole % plot, used to define TP (see main text for explanation). (C) BSE image of pyroxene aggregate close to the contact (MN-108b). (D) BSE
image of lower portion of intermediate sample (MN-108c). (E) BSE image of more distal banded pyroxene skarn (MN-108d). Abbreviations: Cal - calcite, Cpx -
clinopyroxene, Rdn - rhodonite, Sp - sphalerite.
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coupled with subsequent precipitation reactions following a path of geologic evidence of this mechanism during each cyclic growth event.
supersaturation — nucleation — depletion (Jiang, 1993; Ortoleva et al., The skarn front, marked by prismatic crystals or tiny fibers of pyroxene,
1987a; Yin et al., 2017). The repetition of pyroxene generations, clino- served as a nucleation surface for the next skarn mineral growth. This
pyroxene 1 (Jhnys_gs) overgrown by clinopyroxene 2 (Jhnss_gs), is the mechanism has been attributed to self-organizing structures in skarns
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due to boundary layer chemical competition during mineral growth
(Korzhinskii, 1968). These dissipative structures begin each growth
cycle formed by a supersaturated fluid which rapidly nucleates mineral
(s) and depletes the boundary layer in specific chemical components
(Guy, 1993). Consecutively, crystallization at the boundary layer adjusts
naturally, new phases precipitate incorporating the residual chemical
components from oversaturated fluids.

Without the input of new fluid, the activity of Mn (o) in the fluid
prevailed over the activity of Fe (ag.), allowing for high-Mn johann-
senite (pyroxene 1 - Joys_gs) to grow first and larger. Finer-grained,
more ferrous johannsenite (pyroxene 2 - Joss gs) crystallizes at the
end of cycles, when the ay, is diminished. This occurred systematically
and repeatedly at local scale, producing alternating, cyclic chemical
bands recorded by the Fe/Mn ratio of the pyroxene within a single py-
roxene generation as a product of boundary layer depletion (Fig. 13).
Sample MN-94c (Fig. 5H; Appendix 2) exhibits a rhythmic banding
texture which requires that each fluid pulse was ephemeral in nature,
allowing for closed-system processes in a relatively stagnant fluid and
the formation of a new skarn front. The closed system processes will
continue to control pyroxene crystallization in this manner as long as
there are adequate i) chemical components, ii) thermodynamic favor-
ability, and iii) open space.

While the pyroxene chemical composition and banding record shifts
in local fluid chemistry (Abrecht, 1980), textural differences shed light
on the open system behavior during the subsequent fluid pulses.
Changes in pyroxene grain-size represent the end of a growth cycle,
leaving a static skarn front and a stagnant fluid until the next infiltration
of metasomatic fluid. Growth bands with larger grain sizes result from
periods of sustained skarn growth and higher volume of fluid flux. When
a new fluid enters the skarn system, rapid nucleation will again be
governed by the dominant chemical component of the system, in this
case Mn. The overall availability of Fe in the system limits the growth of
the more ferrous clinopyroxene 2 (Joss gs) to smaller grain sizes.
Modeling of micro-scale chemical heterogeneity in clinopyroxene is
inferred to represent unsystematic fluctuations in fluid composition,
reinforcing the idea of boundary layer disequilibrium during pyroxene
growth (Nakano, 1989).

Grain-size changes are almost always accompanied by a shift in the
Fe/Mn ratio (Appendix 2 — MN-25b). This bears a clear relationship with
the trace element content, which is a product of the availability of those
elements, structural charge balance, and changing partition coefficients
with incorporation of Al into the pyroxene structure (Fig. 12; Wood and
Blundy, 2001; Bédard, 2014). The resultant micro-scale zonation pat-
terns account for the much of the chemical variance at the outcrop scale.
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While trace element contents compositions remain relatively con-
stant within a single pyroxene generation, systematic changes in the REE
geochemistry occur during a growth cycle (Fig. 14). Decreases in
abundance of ZREE (+ Y) occur along texturally distinct growth bands
and are accompanied by an increase in Eu/Eu*, potentially recording
input of fresh fluid to the hydrothermal system (Fig. 14B-C). Variations
between pyroxene growth cycles potentially reflect new pulses of REE-
rich fluid with negative Eu anomalies, which increase through time.
Calcic clinopyroxene should readily incorporate excess Eu?" into its
crystal structure, leading to positive Eu anomalies. Since this is not
observed, there must be modifications of the availability of Eu?* in the
fluid due to: 1) temperature variations, 2) available ligands for transport
of Eu3+, 3) depletion of Eu prior to fluid exsolution, or 4) removal of Eu
by coeval crystallization of a more favorable mineral phase (e.g.,
epidote: Sverjensky, 1984; Haas et al., 1995).

The mineral chemistry of pyroxene is directly comparable with
existing data from pyroxene skarns in the Madan ore field (Bonev, 2003;
Bovay et al., 2015; Vassileva, 2004). Much of the variation in pyroxene
composition at a district scale presented in previous works can be con-
tained within clinopyroxene crystals from a single sample, highlighting
the need for detailed mineral chemistry to understand prograde distal
skarn formation. Other Pb—Zn skarns also exhibit Mn enrichment and
compositional variation of pyroxene (Abrecht, 1985; Nakano et al.,
1994). Host rock - fluid interactions govern the trace element compo-
sitions, resulting in enrichment of Na, Al, and Zn, among other elements,
which may indicate proclivity for sulfide deposition within those sys-
tems (Nakano, 1998). While whole rock and portable XRF analyses still
provide valuable information on element mobility during the lifespan of
the system (pre-, syn-, and post- mineralization), they represent an
amalgamation of processes including element re-distribution during
retrograde overprinting, nugget effects for trace elements such as Be, P,
Ti, Zr, and REE + Y, and loss of relative timing information (Appendix
5).

6.4. Growth and chemical evolution of epidote skarns

Epidote skarn distribution is governed by host rock composition and
permeability generated by irregular fluid pulses during skarn formation.
Because of this, spatial measurements for the epidote skarns (DC and DF)
have little meaning, as epidote growth occurs repeatedly in the same
location. The porosity generated in the epidote skarn does not approach
the reactive infiltration instability feedback generated in the marble,
meaning that limited space is available for voluminous skarn growth. In
contrast to the pyroxene skarn, which becomes a (relatively)

éo.zs o ‘_ _‘ __________ T | W —————— JoHd
S W\WMWMMWN M i i MMWWMWWW o
)0( ’ ® Distance (mm) ® ? 23(7;5

Fig. 13. (A) Fe/Mn ratio map generated using the Image-J software, based on QEMSCAN element intensity maps (MN-108d). (B) Spectrum of Fe/Mn with growth
bands outlined along profile X-X’. Red dashed lines correspond to change in Fe/Mn ratio in (A). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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impermeable lithologic contact, epidote replacement moderately in-
creases the local porosity with respect to the protolith.

Protolith replacement begins with the destruction of plagioclase and
biotite by the metasomatic fluids and the incorporation of their chemical
components into a metasomatic assemblage of epidote + K-feldspar
(Fig. 5C). A later generation of epidote crystallizes along quartz + calcite
in open space filling, which overlaps with the timing of sulfide miner-
alization (Fig. 5A, D). During this stage, K-feldspar is replaced by fine-
grained white mica (sericite), and both epidote 1 and 2 may be
replaced by chlorite.

Epidote generations are best distinguished by the Fe content, which
increases by ~0.5 a.p.f.u in the later epidote (Fig. 9A). Calcium for
epidote growth was readily available during both stages due to marble
dissolution and plagioclase replacement in the host gneiss. The chemical
evolution of the system from epidote 1 (Fe ~ 0.55 a.p.f.u.) to epidote 2
(Fe ~ 0.95 a.p.f.u.) is reflected in the trace element geochemistry, as Mg
and Ti are notably higher in epidote 1, likely retaining the elemental
signature of the host mineralogy (biotite) during early stages of
replacement. While epidote growth continued, the chemical compo-
nents in later epidote increasingly reflect fluid input and less of the
dwindling remnant Al-silicate phases. Empirical evidence indicates that
limited mobility of REE + Y in epidote skarn systems formed in alumi-
nosilicate hosts caps the impact of these elements on the chemical
evolution of these skarns when compared to the REE + Y progression of
skarn minerals in a carbonate precursor (e.g., Kato, 1999; Xu et al.,
2016).

Epidote crystallization spanned the duration of the metasomatic
system, an interpretation which is supported by the textural relation-
ships between epidote 1 and 2 and the general similarities between
epidote 2 and the retrograde stage of the pyroxene skarn. The positive
shift in Mn content from epidote 1 (~5500 ppm) to epidote 2 (~7100
ppm) suggests an increase in Mn availability with ongoing epidote
crystallization, also corresponding to an increase in Sr content from an
average content of 982 ppm in epidote 1 to 1260 ppm in epidote 2. This
can be explained by the release of these elements during the breakdown
of clinopyroxene during retrograde metasomatism. Chemical evolution
of epidote throughout the skarn formation process (increase in Mn, Sr)
may be a product of system cooling and/or telescoping by cooler
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hydrothermal fluids (Ahmed et al., 2020). If this is the case, the prece-
dent epidote 1 crystallization overlaps temporally with the prograde
formation of the pyroxene skarn.

6.5. Skarn growth model

The distal skarns at Petrovitsa formed via metasomatic reactions by a
fluid which arrived via rapid transport along subvertical feeder struc-
tures following the schematic evolution outlined in Fig. 15A. Cyclic fluid
pulses resulted in hydraulic fracturing and fluid exploitation of litho-
logic boundaries (arrows, Fig. 15A). Thermochemical interactions be-
tween fluid and host rock resulted in selective replacement of reactive
mineralogy in both aluminosilicate (Fig. 15B) and carbonate (Fig. 15C)
hosts.

Epidote and K-feldspar are the primary replacement products of
reactive feldspar and biotite during initial epidote skarn formation. The
abundance of these minerals is controlled by the amount of fluid inter-
acting with the aluminosilicate host and the availability of the reactive
mineral phases. Prograde epidote metasomatism is associated with an
increase in Ca, Fe, and Mn and a decrease of Na content in the host rock,
driven by the first generation of epidote (1) + K-feldspar (Fig. 15B, T2).
Epidote 1 is generally more Al-rich with higher contents of Mg, Zn, Ti,
and V (£ REE). Irregular banding in epidote due to Al—Fe exchange
suggests multiple epidote growth cycles, in which epidote 1 is eventually
overgrown by epidote 2 in the retrograde stage. The less aluminous
epidote 2, accompanied by quartz + calcite, clearly overprints the early
epidote skarn. The more ferric epidote 2 has higher contents of Na, Mn,
Sr, and Pb. The non-cyclic crystallization of epidote is caused by
discontinuous fluid flow events, generating epidote growth in different
locations at different times based on physical fracturing during hydro-
thermal events. The sulfide mineralization stage in the epidote skarn
occurs in open spaces, and it is accompanied by muscovite (sericite) and
chlorite replacement of earlier epidote and feldspar crystals (Fig. 15B,
T3).

Dissolution of calcite in the marble horizons (Fig. 15C, T1) resulted
in the generation of significant secondary porosity, which in turn pro-
moted fluid flow. This created open spaces along fluid conduits which
allowed for the metasomatic growth of johannsenitic pyroxene as
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spheroidal aggregates with relatively low permeability (Fig. 15C, T2).
Cyclic pulses of skarn-forming fluid resulted in a progressively
expanding skarn front, forming growth bands with coherent cyclic fea-
tures in the pyroxene skarn. During crystallization of a single growth
sequence, johannsenite 1 (Joys gs) crystallized rapidly, incorporating
trace concentrations of Zn, Ti, and Co. As fluid chemistry changed and
temperature decreased, a more ferrous johannsenite 2 (Joss_g5) crys-
tallized as an overgrowth, incorporating trace amounts of Na, Al, Ga and
REE (+ Y). This process was repeated for each successive fluid pulse,
corresponding to a skarn formation cycle during the prograde stage.
During the retrograde phase, pyroxene was replaced by rhodonite +
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bustamite + calcite + quartz + amphibole, generating interstitial
porosity which allowed for more fluid flow in the skarn itself. As the
retrograde fluid cooled, sulfide mineralization began, precipitating py-
rite, sphalerite, galena and minor chalcopyrite in these cavities, as well
as in open space generated at fluid conduits (e.g., the skarn front).
Chlorite and bustamite are common alteration products associated with
the massive Pb—Zn sulfide mineralization and the selective textural
destruction along the growth bands of the pyroxene (Fig. 15C, T3).
The relationship in timing between the formation of the epidote and
pyroxene skarns is based on textural evidence linking epidote 2 to the
sulfide mineralization. The relative timing of these two events suggests
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that early epidote formation was coeval with prograde pyroxene skarn
formation (Fig. 15D). Compositionally zoned epidote implies that
epidote 2 may even begin at the end of the prograde stage. This rela-
tionship links the epidote to the prograde skarn assemblage of the py-
roxene skarn, in which both generations of johannsenite are part of the
prograde assemblage (Fig. 15D). Chemical trends overlapped and
“piggy-backed” on each other, meaning that small scale cyclicity in
crystallization led to skarn body-scale chemical evolution. Both epidote
and pyroxene skarns formed during prograde metasomatism and acted
as favorable hosts for Pb—Zn mineralization.

7. Summary and conclusions

Distal skarn bodies at the Petrovitsa Pb—Zn deposit in Bulgaria re-
cord complex growth history and formation driven by cyclic fluid-rock
interaction along lithological contacts. Main features, common for
pyroxene-dominated distal Zn skarn systems worldwide, can be sum-
marized as follows:

1) Elongate skarn minerals can be quantitatively mapped as versors and
used as structural indicators towards more proximal parts of the
skarn body with respect to the local fluid conduit. The strongest
retrograde overprint and sulfide mineralization are generally found
closest to the conduit. The possibility of vectoring towards more
proximal mineralization styles remains an attractive application of
structural mapping in similar settings.

Cyclic growth banding records intermittent fluid pulses and open-
system metasomatism (continuous input of new fluids) and is gov-
erned internally by closed system process (boundary layer chemical
competition) within each cycle. This is expressed by cyclic changes in
mineral chemistry at the crystal scale and in growth bands at sample
and outcrop scales.

Epidote formed during prograde skarn formation generated by
metasomatism of aluminosilicate host rocks. This process was less
regular and less pronounced than the pyroxene skarn growth due to
limited permeability for fluid flow.

The degree of fluid-rock interaction is related to the increasing fluid
transport distance along lithological contacts. Pyroxene mineral
chemistry can be used as a proxy for this using a transport parameter
(TP), which combines the Fe/Mn ratio (decreasing with increased
fluid transport) and Al content (increasing with increased fluid
transport) within individual pyroxene crystals.
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