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A B S T R A C T

The Mofete and San Vito geothermal fields, located west of Naples, Italy, are part of the Campi Flegrei volcanic
complex. In the 1970s, exploratory wells were drilled to a depth of ~3000 m in an attempt to locate high-
enthalpy fluids for potential power production. Drill core samples from Mofete wells (MF1, MF2, and MF5)
and from San Vito wells (SV1 and SV3) contain authigenic ore mineralization. Pyrite, pyrrhotite, and galena are
abundant. Less common are chalcopyrite, sphalerite, arsenopyrite, and scheelite; rare are millerite, violarite,
native bismuth, tellurobismuthite, cassiterite, molybdenite, and acanthite. Mineral chemistry was determined by
electron microprobe wavelength dispersive spectroscopy aided by a scanning electron microscope equipped with
energy-dispersive spectroscopy. The mineral assemblage suggests a low sulfidation environment and the absence
of pyrrhotite in the MF1 well and upper part of the SV1 well indicates variable sulfur activity. Both molybdenite
and scheelite were identified in samples SV1–2860 and SV3–2353 and scheelite in the SV3 well is zoned with
variable Mo6+ content; low Mo6+ zones show blue cathodoluminescence, whereas, zones with high Mo6+ content
are yellow to brown. Zoned scheelite and the occurrence of both Mo-bearing minerals attest to the variability of
ƒO2 and ƒS2 in the geothermal fluid.

1. Introduction

Magmatic-related hydrothermal systems form where heat drives
extensive fluid flow, and these systems often have a component of fluid
directly exsolved from the cooling magma (Mahon and McDowell, 1977;
Hedenquist and Lowenstern, 1994). Ore deposits form in these systems
and have supplied significant metals to society through millennia.
Detailed analysis of ancient and active magma-generated geothermal
systems can provide an excellent analogue for near surface ore-
mineralization environments (e.g., White, 1981; Sander and Mitchell,
1988; Bogie et al., 2000). Although young geothermal systems rarely
contain economic ore deposits, they are especially important to inves-
tigate as active fluid transportation, depositional processes, and authi-
genic mineral deposition can be studied from either surface
manifestations or by drilling. Although we use the term “ore mineral”,
we do not suggest that we have found or that an ore deposit exists or is
forming in the Campi Flegrei area.

The Campi Flegrei volcanic complex, located west of Naples in

southern Italy (Fig. 1), has extensive surface manifestations, hot springs,
and fumaroles to the extent that the early Greek settlers named the area
Phlegrean Fields, translated as ‘burning fields’. Lake Avernus, which
occupies a crater in Campi Flegrei, was thought to be the entrance to
Hades as portrayed by Virgil in the Aeneid and the Romans have used
the extensive thermal-mineral hot springs since Imperial time (Giaco-
melli and Scandone, 2012). Although the extensive exploration drilling
by a joint venture between the Italian Geodynamic Project and the
Italian national electric and petroleum utilities (Rosi and Sbrana, 1987;
Carlino et al., 2012) for high enthalpy fluids did not locate any
geothermal fields with sufficient flow to be useful to generate electricity,
there have been recent proposals to use the geothermal fields for a va-
riety of other uses (e.g., Barbato et al., 2018). Recently, there have been
studies of the Agnano geothermal field in the Campi Flegrei area to
investigate the potential for low–middle enthalpy resource exploitation
(Iorio et al., 2024). The Italian Geodynamic Project exploration program
produced much drill core and geochemical and geophysical knowledge
to a depth of about 3 km (Rosi and Sbrana, 1987; De Vivo et al., 1989).
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Early detailed studies of this drill core investigated fluid inclusions,
mineralogy, and other geochemical and geophysical parameters (e.g.,
Chelini and Sbrana,1987; De Vivo et al., 1989; Altaner et al., 1991;
Zamora et al., 1994; Caprarelli et al., 1997; Belkin and De Vivo, 2004).
More recently, some of the Mofete and San Vito core has been studied:
(1) to examine water-rock reactions as an aid to geochemical modeling
(Piochi et al., 2021), (2) to examine the subsurface structure (Piochi
et al., 2014), (3) to study the secondary hydrothermal mineral assem-
blage in relation to rock physics and the state of the volcanic system
(Mormone et al., 2011), and (4) to document the compositional varia-
tion and zoning of epidote supergroup minerals (Belkin and De Vivo,
2023). These four studies identified only two sulfides, pyrite and pyr-
rhotite, and no compositional data were given.

During detailed investigations of the Campi Flegrei drill core for a
previous study of fluid inclusions (De Vivo et al., 1989), we observed the
occurrence of a diverse group of metal sulfides, tungstate, telluride,
oxide, and native element phases. Their texture indicated that these
phases were authigenic and were deposited by geothermal fluids. Our
goal in this report is to document the distribution, petrography, and
mineral chemistry of these authigenic ore minerals.

2. Geologic setting

The Campi Flegrei caldera complex is part of an active volcanic

region developed on the subsiding western margin of the Apennine
Chain (Fig. 1). Although the region has been active intermittently during
the last 600 ka (Belkin et al., 2016), a major event occurred in 39 ka (De
Vivo et al., 2001) with the very large eruption (310 km3) of the Cam-
panian Ignimbrite (Rolandi et al., 2003). Early studies (e.g., Barberi
et al., 1978; Rosi et al., 1983) of the Campanian Ignimbrite assumed that
the large Campi Flegrei caldera was the result of this eruption, but recent
data suggest that the caldera was formed by the younger Neapolitan
Yellow Tuff (NYT) eruption (Rolandi et al., 2020a), and that the Cam-
panian Ignimbrite erupted from fissures north of the NYT caldera
(Rolandi et al., 2020b). Subsequent to NYT event, the Campi Flegrei
region has had much volcanic activity ending with the Monte Nuovo
eruption of 1538 CE (Di Vito et al., 1987; Piochi et al., 2005). The
chemistry of all the products is Si-undersaturated, low in MgO, but rich
in alkalis. Trachyte and alkali-trachyte are predominant volumetrically
with much lesser amounts of trachybasalt, latite, and peralkaline-
phonolitic-trachyte (Rosi and Sbrana, 1987). The chemistry of the
rock penetrated by the Mofete and San Vito wells is generally similar
from top to bottom although some wells end in hydrothermally meta-
morphosed marine siltstones and sandstones (Rosi and Sbrana, 1987).

The Campi Flegrei hydrothermal system is still active with major
fumarolic activity at Solfatara and Pisciarelli (Fig. 1; Fedele et al., 2017;
Bagnato et al., 2020; Isaia et al., 2021; Marini et al., 2022) as well as the
numerous hot springs (e.g., Valentino and Stanzione, 2003) and other

Fig. 1. Schematic location map adapted from De Vivo et al. (1989) showing various geologic features in the Campi Flegrei volcanic complex, and the positions of the
five geothermal wells MF1 (40.824N, 14.069E), MF2 (40.826N, 14.065E), MF5 (40.831N, 14.060E), SV1 (40.849N, 14.121E), and SV3 (40.864N, 14.121E).
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hydrothermal manifestations in the region (Chiodini et al., 2022). Bra-
dyseismic events are also attributed to hydrothermal fluid movement at
depth (e.g., Gaeta et al., 1998; De Vivo and Lima, 2006; Bodnar et al.,
2007; Lima et al., 2009, 2021; Troise et al., 2019).

3. Samples studied

We obtained the Mofete (MF) and San Vito (SV) samples in 1985
from the joint venture drilling program between the Italian Geodynamic
Project and the Italian national utilities, Agip and Enel (both now pri-
vatized) (Rosi and Sbrana, 1987). The initial selection of core was
designed for a fluid inclusion study (De Vivo et al., 1989), which
emphasized the deeper, hotter parts of the geothermal system, hence our

study does not cover the shallow part of the geothermal system. The
Campi Flegrei geothermal system is liquid-dominated and exhibits evi-
dence of boiling in the upper portions, and fluid reservoirs of different
salinity (De Vivo et al., 1989; Caprarelli et al., 1997). The lithologic and
mineralogic details of the studied samples are described in De Vivo et al.
(1989). Generalized stratigraphic columns are given in Piochi et al.
(2014; MF5 and SV1) and Mormone et al. (2011; MF2 and SV1) and
cross sections of both the San Vito and Mofete areas are given in Belkin
and De Vivo (2023; Fig. 2). Table 1 lists the samples containing the ore
minerals, which come from the Mofete 1 (MF1), Mofete 2 (MF2), Mofete
5 (MF5), San Vito 1 (SV1), and San Vito 3 (SV3) exploratory geothermal
wells (Fig. 1). Although some of the cores were sampled from an interval
of several meters, the sample numbers are based on the top of the

Fig. 2. All BSE images: A) Pyrite (py) cube in K-feldspar (Kfs) showing two types of inclusions: 1- large irregular-shaped solid albite (ab) inclusions and 2 - K-feldspar
inclusions trapped along growth zones marked by the dashed line, sample MF1-1398; B) euhedral pyrite (py) with pyritohedron form in K-feldspar, quartz, and clay,
sample MF1-928; C) anhedral pyrite (py) containing meionite (me) and titanite (ttn) inclusions with diopside (di) and meionite, sample SV3-2353; D) ring of pyrite
(py) cubes around a former vesicle now filled with K-feldspar (Kfs) in K-feldspar, sample SV1-2860; E) a pyrite (py) core of an epidote (ep) mass in quartz (qz) and K-
feldspar (Kfs), sample MF1-1495, modified from Belkin and De Vivo (2023); F) subhedral pyrite showing three stages of formation with different As (wt%) contents,
from 4.70 wt% to bdl (below detection limit <0.3 wt%) in calcite (cal), sample MF1-928; G) residual pyrrhotite (pyh) included in pyrite (py), sample SV3-2353; H)
anhedral pyrrhotite (pyh) containing many K-feldspar and albite inclusions in albite (ab) and K-feldspar (Kfs); small euhedral pyrite (py) cube is indicated by arrow,
sample MF2-1715; I) portion of a 10 mm-long vein composed of pyrite (py), K-feldspar (Kfs), and small crystals of clinozoisite (czo), sample MF1-1597; J) portion of a
15 mm-long vein composed of pyrrhotite (pyh) and zoned epidote-clinozoisite (ep-czo) in a quartz-albite (qz-ab) matrix, sample MF2-1824.
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interval (Table 1). On the basis of detailed petrography and X-ray
diffraction analysis, Chelini and Sbrana (1987) defined four descending
hydrothermal zones with different characteristic mineralogy: argillic,
chlorite-illite, calcium‑aluminum silicate, and thermometamorphic. The
calcium‑aluminum silicate zone is characterized by abundant epidote
and quartz, feldspars, various sulfides, and layered silicates. The tem-
perature at the top of this zone as defined by Chelini and Sbrana (1987)
is about 250 ◦C in the Mofete area, but was less well defined in San Vito
area at between 220◦ to 270 ◦C. The bottom of this zone was assessed by
Chelini and Sbrana (1987) to be at 325 ◦C in the Mofete area, whereas in
San Vito 1 it corresponds to the current 360 ◦C isotherm, and in San Vito
3 it corresponds to the current 270 ◦C isotherm. This lower temperature
in San Vito 3 reflects the complexity of recent faulting and De Vivo et al.
(1989) suggest hotter temperatures were present during mineral for-
mation. The thermometamorphic zone is characterized by two subzones,
amphibole-biotite and diopside, where both show nearly complete
recrystallization and/or replacement of the host rock (Chelini and
Sbrana, 1987). All the studied samples come from the calcium‑alumi-
num silicate and the thermometamorphic zones.

4. Methods

Petrographic examination and preliminary mineral identification
were done on polished thin sections with a JEOL JSM-840 scanning
electron microscope (SEM) using a LaB6 electron emitter equipped with
a Princeton Gamma Tech Si(Li) energy-dispersive X-ray spectrometer
(EDS) and a Hitachi SU5000 Schottky thermally assisted field emission
SEM equipped with an Oxford Ultima 100mm2 EDS silicon drift detector
with Oxford AZtec software. The samples were examined optically and
by SEM back-scattered electron (BSE) imaging to define points for
analysis. Quantitative electron microprobe analyses (EPMA) of major
and minor elements were obtained in Reston, VA, with a JEOL JXA-
8900R five spectrometer, fully automated electron microprobe using
wavelength-dispersive X-ray spectrometry (WDS). Analyses for all
minerals described below were made at 20 kV accelerating voltage and
30 nA probe current, and counting times of 20 to 120 s, using a 1 or 2 μm
diameter probe spot. Standard reference materials were appropriate
synthetic or natural reference materials available in the U.S. Geological

Survey Reston Microbeam Laboratory (Huebner and Woodruff, 1985).
The analyses were corrected for electron beam/matrix effects, and
instrumental drift and deadtime using a Phi-Rho-Z (CITZAF; Armstrong,
1995) algorithm as supplied with the JEOL JXA-8900R electron
microprobe. Relative accuracy of the analyses, based upon comparison
between measured and published compositions of standard reference
materials, is ~1–2 % for concentrations >1 wt% and ~ 5–10 % for
concentrations <1 wt%. Detection limits (wt%) at the three-sigma level
were Al (0.02), Ag (0.05), As (0.03), Au (0.10), Bi (0.10), Ca (0.02), Cd
(0.03), Co (0.02), Cu (0.02), Fe (0.02), Hg (0.30), Mg (0.02), Mn (0.02),
Mo (0.04), Na (0.02), Ni (0.02), Pb (0.15), S (0.02), Sb (0.02), Se (0.02),
Si (0.02), Sr (0.04), Te (0.10), W (0.05), and Zn (0.03).

Some minerals were too small, in cracks or vugs, or poorly polished
and hence were not amenable for EPMA experiments, but were easily
identified with EDS spectra. To obtain compositions for some of these
phases we used the Oxford AZtec EDS beam measurement system with
the extended set of factory element standardization. Operating condi-
tions were 20 kV, 40 spot position (~1.7 nA probe current), 10 mm
working distance, and 200 s live counting time. Cathodoluminescence
(CL) images were collected with a Delmic SPARC cathodoluminescence
detector attached to a Hitachi SU5000 Schottky thermally assisted field
emission SEM. The color CL images were obtained using a filter wheel
and serial collection of blue (<505 nm), green (505–575 nm), and red
(>605 nm) channels with a photomultiplier tube detector.

The full data set for pyrite, pyrrhotite, chalcopyrite, sphalerite,
galena, arsenopyrite, Ni-sulfides, and scheelite can be found in Belkin
et al. (2023) and in the supplementary tables (S1–S8).

5. Results - petrography and mineral chemistry

Mineralization in the Mofete and San Vito fields comprises sulfide,
native element, telluride, oxide, and tungstate phases (Figs. 2A–J, 3A–I,
4A–H, 5A–G). Table 1 gives the distribution of the mineralization
identified in the Mofete and San Vito drill core samples.

5.1. Pyrite

Pyrite (FeS2) was the most abundant sulfide found in terms of volume

Table 1
Distribution of mineralization in Mofete and San Vito core samples.

Samplea py pyh gn ccp sp apy aca sch mol cas Ni Bi T ◦Cb Alteration zone

MF1-928 X X X X 255 C
MF1-1150 X X X X X X 275 C
MF1-1299 X X 295 C
MF1-1398 X X X X 308 C
MF1-1495 X X X X X 320 C
MF1-1597 X X X X 347 C
MF2-1582 X X X 315 C
MF2-1715 X X X X 325 C
MF2-1824 X X X 335 C
MF5-2605 X X X X X 350 D
MF5-2610 X X X X 350 D
SV1-1715 X X 285 C
SV1-1720 X X 285 C
SV1-2125 X X X X X 300 C
SV1-2510 X 335 C
SV1-2676 X X X 350 D
SV1-2860 X X X X X X X X 390 D
SV3-2105 X X X X X 320 D
SV3-2353 X X X X X X X 330 D
SV3-2359 X X X X X X X X 330 D

py = pyrite, pyh = pyrrhotite, gn = galena, ccp = chalcopyrite, sp. = sphalerite.
apy = arsenopyrite, aca = acanthite, sch = scheelite, mol = molybdenite.
cas = cassiterite, Ni = nickel phases, Bi = bismuth phases.
C = calcium‑aluminumsilicate zone, D = thermometamorphic zone.
a Well and depth (m) to the top of the sampling interval.
b Measured well temperature after stabilization (De Vivo et al., 1989).
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Fig. 3. BSE images: A) Euhedral chalcopyrite (ccp) in an open space in calcite (cal), sample MF1-928; B) euhedral sphalerite (sp) in an open space in albite (ab),
sample MF2-1715. C) A large anhedral mass of sphalerite (sp) in a mixture of chlorite (chl) and K-feldspar (Kfs), sample SV1-2125; D) a sphalerite (sp) inclusion in
pyrite (py). The enlarged high-contrast inset shows the pattern of chalcopyrite disease in the inclusion. K-feldspar (Kfs), albite (ab), and allanite-(Ce) (aln-Ce)
surround the pyrite, sample MF1-1150; E) a euhedral fluorite (flr) crystal that has inclusions of sphalerite (sp) close to three corners. Hosted by epidote (ep) on the
edge of a vug (V), sample SV3-2359; F) a euhedral galena (gn) crystal that grew on the edge of K-feldspar (lower Kfs below dashed line), then covered by later fine-
grained K-feldspar, sample SV1-2125; G) mass of hundreds of minute galena inclusions (arrows) in the corner of a pyrite (py) cube in quartz (qz), K-feldspar (Kfs), and
albite (ab), sample MF1-1495. H) A large multi-crystal of pyrite (py) that grew around a mass of smaller pyrite crystals. Upper arrow shows area enlarged in I. Lower
arrows indicate albite and K-feldspar inclusions that occur near the terminations of all the pyrite crystals. Surrounded by K-feldspar (Kfs) and albite (ab), sample MF1-
1495; I) enlarged area from H, showing late-stage masses of sub-micrometer galena (gn) crystals growing among euhedral pyrite (py).
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in the drill cores. We identified it in all samples except MF2–1824 and
MF5–2605 (Table 1; see Section 6.1 for discussion). It occurred in
various crystal habits including cubes (Fig. 2A), pyritohedrons (Fig. 2B),
and amoeboid-shaped subhedral to anhedral masses (Fig. 2C). The
subhedral and anhedral shapes ranged in size from ~20 μm to ~3 mm,
whereas the euhedral crystals, the most abundant, ranged in size from
~1 μm to 0.8 mm; pyritohedrons were rare and were all <20 μm. In a
few cases we observed pyrites outlining (Fig. 2D) or filling (Fig. 3H)
what may have been vesicles or pores. Solid inclusions are very common
in pyrite, some follow growth zones (Fig. 2A), whereas most appear to be
randomly trapped (Fig. 2C). Anhedral pyrite masses were early in the
sequence of authigenic mineral precipitation and are observed in the
cores of zoned epidote group masses (Fig. 2E; see Belkin and De Vivo,
2023). Pyrite is also common in later cross-cutting silicate (Fig. 2I) and
calcite veins.

Pyrite (FeS2) commonly contains minor elements substituting for
either S or Fe. Copper, Zn, Mn, Pb, and Sb were all <0.2 wt%; only As,
Co, and Ni were > 1.0 wt%, but only in some grains. In the Mofete
samples, the element ranges are the following in wt%: As dl (detection
limit)–4.89, Cu dl–0.09, Zn dl–0.12, Co dl–1.67, Mn dl–0.07, Pb dl–0.16,
Sb dl–0.03, and Ni dl–0.39. In the San Vito samples, the element ranges
are the following in wt%: As dl–0.03, Cu dl–0.07, Zn dl–0.03, Co
dl–0.99, Mn dl–0.05, Ni dl–1.43, Pb and Sb - not detected. For both

Mofete and San Vito pyrite, Au and Se were not detected.
Most pyrite in the Mofete and San Vito samples is unzoned. When we

did observe zoning in BSE images, we were interested in what elements
were involved and preferentially analyzed those grains; therefore, the
number of zoned pyrites in Table 2 is not representative of the frequency
of zoning. Mofete samples were zoned in As, whereas, San Vito samples
were zoned in Ni. One pyrite grain in sample MF1–928 had a ring shape
exceptionally enriched in As (4.70 wt%), whereas, the core and rim were
below detection for As (Fig. 2F). For the Mofete samples, about half had
high As cores with low As rims and about half had the opposite, high As
rims,

with low As cores. In the two zoned grains in the San Vito samples,
the cores had higher Ni than the rims. Table 2 gives representative
compositions of pyrite.

5.2. Pyrrhotite

Pyrrhotite (Fe7S8) was a common Fe sulfide mineral in all the wells,
except MF1 and the upper part of SV1 (see Section 6.2 discussion below).
Grains were typically amoeboid anhedral or subhedral (Fig. 2H);
euhedral grains were uncommon and small. Where we could observe the
textural relationship between pyrrhotite and pyrite, pyrrhotite formed
earlier, and sometimes as an inclusion in pyrite (Fig. 2G), or the pyrite
was in the later-stage minerals surrounding pyrrhotite (Fig. 2H). Pyr-
rhotite ranged in size from ~3 μm to ~0.5 mm and was unzoned. Pyr-
rhotite commonly contains minor elements substituting for Fe and S. We
detected As, Cu, Ni, Co, and Mn, but all were very low (<0.15 wt%),
except for an inclusion in pyrite that had Cu 0.27 and Ni 0.55 wt%
(Table 3, Fig. 2G). Table 2 gives representative compositions of
pyrrhotite.

5.3. Chalcopyrite

Chalcopyrite (CuFeS2) was an uncommon sulfide in all the wells
except SV3 (Table 1). In many cases the grains were small (Fig. 3A), in
cracks in pyrite, poorly polished, and not amenable for EPMA, although
were readily identified by EDS. Minor elements in chalcopyrite include
Ni, Zn, and Co and were all below 0.5 wt%; Pb and Se were below
detection (Table 4). We identified chalcopyrite disease (Barton Jr. and
Bethke, 1987), in sphalerite, but could not get an acceptable analysis
(see Section 5.4).

5.4. Sphalerite

Sphalerite (ZnS) was an uncommon sulfide in all the wells (Table 1),
but where it did occur, it was relatively abundant. Small crystals were
identified as inclusions in calcite veins (Fig. 3A) as well as in pyrite.
Irregular shaped large masses, unzoned, trapped small silicate inclusions
(Fig. 3B). We also observed anhedral sphalerite with chalcopyrite dis-
ease (Barton Jr. and Bethke, 1987) either as inclusions in pyrite (Fig. 3D)
or isolated. The blebs of chalcopyrite are irregular in shape and range in
size from 1 to 3 μm. We observed chalcopyrite disease only in sample
MF1–1150 in anhedral grains with a rough outline. In a few cases,
sphalerite was also associated with fluorite (Fig. 3E).

For those sphalerites with disease, EMPA data were difficult to obtain
without electron beam excitation of the chalcopyrite blebs; EMPA Cu
values ≥2 wt% were assumed have included chalcopyrite except for a 3
μm sphalerite inclusion having 2.99 wt% Cu found in pyrite (Table 5).
Arsenic and Se were detected in trace amounts at or just above their
respective detection limits. Copper varies from 1.79 wt% to dl and Mn
was relatively uniform and ranged from 0.25 to 0.12 wt%. Iron varies
from 1.78 to 11.85 wt% and FeS mole% ranged from 3.4 to 20.7.
Although Cd is a common element in substitution for Zn, we observed
only four sphalerite crystals with detectable Cd, which varied from 0.07
to 0.18 wt%. Table 5 gives representative compositions of sphalerite.

Fig. 4. BSE images: A) Euhedral arsenopyrite (apy) with a euhedral core
(arrow) of Co-poor arsenopyrite surrounded by a Co-rich rim, sample MF5-
2605; B) subhedral arsenopyrite (apy) with a euhedral core (arrow) of Co-
poor arsenopyrite surrounded by a Co-rich rim, sample MF5-2605. Both A
and B occur in a mix of quartz (qz), clinozoisite (czo), plagioclase (pl) and K-
feldspar, and both the inner zones have inclusions (dark spots) of quartz, K-
feldspar, and clinozoisite; C) arsenopyrite (apy) in the space between two py-
rites (py), sample MF1-928; D) chalcopyrite (ccp) later than violarite (vio) with
a more Ni-rich violarite (lower vio), in epidote (ep), sample SV3-2353; E) two
euhedral violarite (vio) grains in epidote with titanite (ttn) and a fluid inclusion
(FI) intersected by sample preparation, sample SV3-2353; F) A mass of arbo-
rescent acanthite (aca) around phlogopite (phl), K-feldspar (Kfs), and a vug (V)
now filled with epoxy, sample MF2-1854; G) native bismuth (bi) in between
pyrite (py) and K-feldspar (Kfs), sample MF5-2610; H) tellurobismuthite (tbi)
between the open space (V) of two pyrite (py) grains with the lower right pyrite
grain not shown, sample MF5-2610.
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5.5. Galena

Galena (PbS) is mostly a late-stage mineral in the wells. Euhedral or
subhedral crystals (Fig. 3F) are uncommon and are small relative to the
iron sulfides. Most galena occurs as inclusions either trapped by the
growing crystal (Fig. 3G), precipitated in pores of crystal aggregates
(Fig. 3H, I), or in cracks between pyrite or silicates; some in cracks were
as large as 45 μm. We only found galena inclusions in pyrite, not in
pyrrhotite. Galena maybe the most numerous sulfide in the wells due to
its occurrence as multitudes of micrometer-size inclusions.

Galena is not zoned and contains minor amounts of trace elements.
Copper, Se, Ag, and Cd were detected, but in amounts usually<0.2 wt%.
A few high values of Fe, we attribute to the analyzed galena as an in-
clusion or adjacent to pyrite. Table 6 gives representative compositions.

5.6. Arsenopyrite

Arsenopyrite (FeAsS) was observed only in the Mofete wells (see
Section 6.2 discussion), but only in MF5–2605 was it abundant
(Table 1). In MF5–2605, euhedral to subhedral crystals (Fig. 4A, B) are
widely distributed in a matrix of quartz, clinozoisite, and alkali and
plagioclase feldspar. High contrast BSE shows zoning in many crystals
(Fig. 4A, B) and this is reflected in the minor element abundance. We
suspect that all arsenopyrite in thin section MF5–2605 is zoned, but the
zoning may not be at the surface due to the grain orientation during thin
section preparation. We also identified arsenopyrite as small inclusions
between pyrite grains (Fig. 4C) or in the pyrite. Those arsenopyrite
grains in cracks or inclusions, except one, were not amenable to EPMA
experiments, but were identified by EDS.

Fig. 5. BSE images except where noted: A) Unzoned scheelite (sch) in vug (dark area) in K-feldspar (Kfs) with titanite inclusions (ttn), sample MF1-1150; B) unzoned
scheelite in quartz (qz) and calcite (cal) with an albite (ab) inclusion, sample MF1-1398; C) unzoned scheelite (sch) with fluorite (flr) surrounded by K-feldspar (Kfs),
epidote (ep), and biotite (bt), sample SV1-2125; D) zoned scheelite (sch; white grains in BSE)) filling open spaces created by diopside (di), meionite (me), and minor
titanite (ttn), sample SV3-2353; E) same area as D, but with greatly enhanced BSE contrast to show zoning in scheelite. Analyzed spots are marked with the weight
percent of MoO3 and are given in Table 9; F) same area as D showing only RGB cathodoluminescence; G) typical blade of molybdenite (mol) in a vug with apatite
(ap), biotite (bt), and K-feldspar (Kfs), sample SV1-2860.
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Table 2
Representative compositions of pyrite.

Analysis
no.

Zoned MF1-
928a.11

MF1-
1150.9

MF1-
1495.2

Zoned MF1-
1495.2

MF2-
1582.1

MF5-
2610.6

SV1-
2125.2

SV1-
2510.13

Zoned SV3-
2353.2a

MF1-
928b.16HighZ

MF1-
928b.16rim

MF1-
1495.7rim

MF1-
1495.7core

SV3-
2353.4rim

SV3-
2353.4core

Size 200 μm 200 μm 25 μm 100 μm 100 μm 120 μm 120 μm 100 μm 5 μm 850 μm 200 μm 50 μm 60 μm 60 μm 55 μm

Comment Subhedral Subhedral Euhedral Subhedral Euhedral Euhedral Euhedral Euhedral Euhedral Subhedral Subhedral Euhedral Anhedral Anhedral Subhedral

n= 1 1 1 3 1 1 2 1 1 3 2 1 1 1 1

S (wt%) 50.90 54.01 52.27 52.49 51.96 52.41 53.25 51.96 51.79 53.30 53.67 53.45 52.88 53.99 52.63
As 4.70 bdl bdl 0.15 0.85 1.30 0.78 0.85 0.25 bdl bdl bdl bdl bdl bdl
Cu bdl bdl 0.03 bdl bdl 0.02 bdl bdl 0.06 bdl bdl 0.06 0.03 bdl 0.02
Zn bdl bdl 0.04 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Co bdl bdl 0.06 bdl 0.26 1.67 0.23 0.26 0.19 0.04 0.14 0.12 bdl 0.04 0.99
Fe 46.22 46.33 43.87 47.43 45.50 44.39 45.80 45.50 44.67 46.58 45.57 46.03 45.79 44.95 45.27
Mn bdl bdl bdl bdl bdl bdl bdl bdl 0.04 0.02 bdl bdl bdl bdl 0.04
Pb bdl bdl bdl bdl 0.09 bdl bdl 0.09 bdl bdl bdl bdl bdl bdl bdl
Sb bdl bdl bdl bdl bdl bdl bdl bdl 0.03 0.02 bdl bdl bdl bdl bdl
Ni 0.05 0.03 0.11 bdl 0.03 0.39 0.03 0.03 bdl 0.07 bdl bdl 0.52 1.43 0.03
Total 101.87 100.37 96.38 100.09 98.69 100.18 100.09 98.69 97.03 100.02 99.38 99.66 99.21 100.42 99.01

S (at.%) 64.057 66.996 67.399 65.793 66.099 65.952 66.552 66.099 66.645 66.544 67.162 66.834 66.670 67.324 66.448
As 2.532 0.000 0.000 0.079 0.462 0.697 0.416 0.462 0.139 0.000 0.000 0.000 0.000 0.000 0.000
Cu 0.000 0.000 0.020 0.000 0.000 0.014 0.003 0.000 0.038 0.000 0.000 0.041 0.017 0.000 0.015
Zn 0.000 0.000 0.025 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000
Co 0.000 0.000 0.042 0.000 0.182 1.141 0.156 0.182 0.131 0.027 0.098 0.081 0.000 0.026 0.680
Fe 33.395 32.995 32.477 34.128 33.229 32.067 32.863 33.229 33.006 33.385 32.738 33.044 33.141 32.181 32.816
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.029 0.015 0.000 0.000 0.000 0.000 0.029
Pb 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.007 0.000 0.000 0.000 0.000 0.000
Ni 0.017 0.010 0.037 0.000 0.010 0.129 0.009 0.010 0.000 0.023 0.000 0.000 0.172 0.469 0.011

n = number of analyses averaged; bdl = below detection limit; cal = calcite; Se, Au = bdl.

H
.E.Belkin

etal.
Journal of Geochemical Exploration 265 (2024) 107556 

8 



Arsenopyrite crystals in sample MF5–2605 were either euhedral or
subhedral; however, all the inner, low Co zones, were euhedral with a
sharp boundary separating the low Co portion from the higher Co outer
portion (Fig. 4A, B). All the inner low Co areas were inclusion rich
relative to the outer high Co areas. Alkali and plagioclase feldspar and
quartz inclusions were identified by EDS; some inclusions were empty
and are probable fluid inclusions intersected by the thin section surface.
Roedder (1984) suggests that such inclusion textures indicate rapid
growth, hence trapping solids and fluids.

Although the ideal formula of arsenopyrite is FeAsS, the chemistry of
naturally occurring phases varies from FeAs0.9S1.1 to FeAs1.1S0.9 where
the ratio of Fe:(As + S) is 1:2 (Morimoto and Clark, 1961; Kerestedjian,
1997). This variation is a systematic effect of changes in temperature
and pressure of formation. Arsenopyrite typically contains Co and forms
a series with glaucodot ((Co, Fe)AsS). Arsenopyrites in Mofete sample
MF5–2605 have S > As and the formula is FeAs0.9S1.1. Co is enriched in
the rims, producing the observed zoning (Table 7). Co varies from 1.72
to 0.06 wt%, Ni varies from 0.60 to 0.05 wt%, and Se, Cu and Mn were
detected in minor abundance usually at dl or 2 or 3 times dl. Au and Pb

were not detected. Table 7 gives representative compositions of
arsenopyrite.

5.7. Nickel sulfides

Nickel sulfides were rare and only identified in three samples
(Table 1). Between two pyrrhotite grains in sample MF5–2605, we
identified one small (~2 μm)millerite (NiS) grain by EDS. The other two
occurrences were both from the San Vito 3 core, but the single grain in
SV3–2105 was too small for EPMA. The Ni-sulfide grains in SV3–2353
varied from anhedral, subhedral, to euhedral and all were in epidote or
clinozoisite. One large grain (30 μm) was mottled and had an attached
small grain (20 μm) that appeared altered (Fig. 4D); we analyzed the
higher Z part of the two grains. The other grains in sample SV3–2353
were not mottled, appeared unaltered, and were euhedral or subhedral,
thus we assume they are authigenic (e.g., Fig. 4E).

The thiospinel violarite, ideally Fe2+Ni3+2 S4, has a large range of
composition with the Fe:Ni ratio highly variable. Fe + Ni typically is >3
and sulfur is commonly deficient (e.g., Misra and Fleet, 1974; Vaughan

Table 3
Representative compositions of pyrrhotite.

Analysis no. MF2-
1824.3

MF2-
1824.7

MF2-
1824.8

MF2-1824.6 MF5-
2605.4

MF5-
2605.13

SV1-
2860.3

SV1-
2860.9

SV1-
2860.12

SV3-
2353.13

Size 360 μm 50 μm 250 μm 125 μm 100 μm 65 μm 195 μm 105 μm 95 μm 5 μm

Comment Anhedral Subhedral Subhedral Anhedral in vein Subhedral Anhedral Subhedral Subhedral Subhedral Incl in py

n= 1 1 1 1 3 1 3 3 3 1

S (wt%) 38.29 38.57 38.59 38.34 38.16 38.99 39.16 39.25 39.35 38.29
As 0.03 bdl bdl bdl bdl bdl bdl bdl bdl bdl
Cu 0.09 0.15 0.10 0.12 0.05 0.07 0.08 0.09 0.07 0.27
Ni bdl bdl bdl bdl bdl 0.04 0.03 0.02 0.03 0.55
Co 0.05 0.05 0.06 0.03 0.06 0.04 0.10 0.11 0.10 bdl
Fe 60.96 61.23 61.04 59.99 60.19 60.06 60.25 60.42 60.18 59.07
Mn 0.04 0.03 0.03 bdl bdl bdl 0.03 0.03 0.04 bdl
Total 99.46 100.03 99.82 98.48 98.48 99.23 99.68 99.92 99.81 98.18

S (at.%) 52.163 52.228 52.330 52.618 52.432 53.004 53.000 52.982 53.146 52.704
As 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cu 0.063 0.099 0.066 0.084 0.036 0.051 0.057 0.064 0.050 0.190
Ni 0.000 0.001 0.002 0.000 0.000 0.026 0.024 0.014 0.023 0.410
Co 0.033 0.040 0.041 0.025 0.043 0.033 0.075 0.083 0.075 0.001
Fe 47.690 47.611 47.534 47.274 47.489 46.887 46.818 46.834 46.674 46.695
Mn 0.031 0.022 0.027 0.000 0.000 0.000 0.026 0.023 0.032 0.000

n = number of analyses averaged; bdl = below detection limit; incl = inclusion; py = pyrite; Se, Pb = bdl.

Table 4
Compositions of chalcopyrite.

Analysis no. MF1-928b-21 MF1-928b-22 MF1-928b-102 MF1-928b-101 SV3.2353.7 SV3.2353.1 SV3-2353a.23 SV3-2353a.22

Size 5 μm 15 μm 8 μm 5 μm 40 μm 8 μm 9 μm 12 μm

Comment Subhedral Subhedral Euhd incl in cal Euhd incl in cal Anhedral Subhedral Subhedral Subhedral

n= 1 1 1 1 3 1 1 1

S (wt%) 34.69 34.34 34.16 33.96 34.45 34.38 34.13 34.04
Cu 35.08 34.96 34.93 34.99 35.04 33.78 35.05 35.27
Ni 0.00 0.00 0.05 0.05 0.27 0.17 0.41 0.29
Zn 0.00 0.00 0.09 0.08 0.10 0.14 0.00 0.00
Co 0.00 0.00 0.20 0.00 0.00 0.05 0.00 0.00
Fe 28.69 29.65 29.65 29.61 30.25 30.20 29.86 29.76
Total 98.46 98.95 99.08 98.69 100.12 98.70 99.45 99.36

S (at.%) 50.372 49.766 49.513 49.441 49.430 49.86 49.33 49.27
Cu 25.706 25.565 25.548 25.709 25.365 24.72 25.56 25.76
Ni 0.000 0.000 0.040 0.040 0.210 0.13 0.32 0.23
Zn 0.000 0.000 0.064 0.057 0.074 0.10 0.00 0.00
Co 0.000 0.000 0.158 0.000 0.000 0.04 0.00 0.00
Fe 23.923 24.670 24.678 24.753 24.921 25.15 24.78 24.74

bdl = below detection limit; incl = inclusion; cal = calcite; euhd = euhedral; n = number of analyses averaged; Pb, Se = bdl.
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and Craig, 1985). Desborough and Czamanske (1973) have suggested
that the stoichiometry of violarite should be (Fe, Ni)9S11, although Misra
and Fleet (1974) and Vaughan and Craig (1985) do not support this
argument. Only one analyzed grain (Table 8) has a stoichiometry of
M3S4, the others vary from M3.44S4 to M3.63S4. We have tentatively
identified these Ni-bearing sulfides as violarite. Violarite is commonly
found as an alteration product of pentlandite in hydrothermal envi-
ronments (e.g., Misra and Fleet, 1974; Tenailleau et al., 2006). The two
grains shown in Fig. 4D could be from altered magmatic pentlandite,
although we are unaware of pentlandite described in the Campi Flegrei
volcanic products. Table 8 gives the compositions of these Ni, Fe
sulfides.

5.8. Acanthite

In five samples from three wells (Table 1), we identified a late-stage

silver sulfide by EDS. In all occurrences, the habit was arborescent,
thorn-shaped masses (Fig. 4F), some as large as 70 μm, but all unpo-
lished and in cracks, or vugs. We used the AZtec Oxford EDS software to
obtain compositions and they all appeared to have the same composition
and relative Ag and S spectra peak heights. Two analyses from sample
MF2–1824 yielded Ag 87.02, S 12.98 wt%, which calculates to Ag 66.6,
S 33.4 atomic % compatible with Ag2S. No other elements ≥0.5 wt%
were detected.

Monoclinic acanthite (α-Ag2S) is paramorphic with isometric
argentite (β-Ag2S) with the transition between the higher temperature
argentite and the lower temperature acanthite at 176.85 ◦C (Sadovnikov
and Gusev, 2019). Hence, all Ag2S at room temperature is acanthite. We
could not determine crystal shape; however, considering the measured
well temperatures (Table 1), we assume that the initial phase was
argentite (β-Ag2S).

Table 5
Compositions of sphalerite.

Analysis
no.

MF1-
1150.12

MF1-
1150.17

MF1-
1150.25

MF1-
1150.7

MF1-
1150.13

MF1-
1150a.101

MF1-
1150.20

MF2-
1715.101

MF2-
1715.102

SV1-
2125.5

SV1-
2125.10

Size 40 μm 60 μm 30 μm 15 μm 30 μm 20 μm 15 μm 15 μm 16 μm 3 μm 80 μm

Comment Subhedral Subhedral Subhedral Euhd in
vug

Anhedral Euhedral Subhedral Euhedral Euhedral Incl in py Anhedral

n= 3 2 2 1 1 1 1 1 1 1 3

S (wt%) 32.36 32.56 31.79 30.76 33.25 32.45 32.33 32.86 34.15 33.10 33.34
Se 0.02 bdl 0.03 bdl bdl bdl bdl bdl bdl bdl bdl
Zn 63.08 63.86 62.03 58.51 64.65 61.42 62.68 50.67 52.67 59.24 64.96
Cu 1.04 0.89 1.48 0.13 0.78 0.51 0.30 0.02 0.02 2.99 bdl
Fe 2.89 2.49 3.67 1.78 2.29 2.67 3.4 11.40 11.85 2.91 2.93
Mn 0.24 0.23 0.17 bdl bdl 0.27 0.16 0.45 0.47 bdl bdl
Cd bdl bdl bdl bdl bdl 0.18 0.18 0.07 0.07 bdl bdl
Total 99.62 100.04 99.18 91.18 100.97 97.50 99.05 95.47 99.23 98.23 101.25

S (at.%) 49.322 49.421 48.786 50.814 49.884 50.261 49.502 50.913 50.907 50.669 49.855
Se 0.008 0.000 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Zn 47.135 47.527 46.669 47.385 47.552 46.642 47.055 38.491 38.495 44.467 47.624
Cu 0.801 0.680 1.146 0.112 0.589 0.399 0.232 0.016 0.015 2.308 0.006
Fe 2.529 2.171 3.230 1.688 1.975 2.375 2.989 10.142 10.143 2.556 2.514
Mn 0.214 0.202 0.148 0.000 0.000 0.244 0.143 0.407 0.409 0.000 0.000
Cd 0.000 0.000 0.000 0.000 0.000 0.080 0.079 0.031 0.030 0.000 0.000
mole% FeS 5.0 4.3 6.3 3.4 3.9 4.8 5.9 20.7 20.7 5.2 5.0

n = number of analyses averaged; bdl = below detection limit; incl = inclusion; py = pyrite; euhd = euhedral; Pb, As = bdl.

Table 6
Representative compositions of galena.

Analysis no. MF1-1150.21 MF1-1495.10 SV1.2125.3 SV1-2125.12 SV1-2125.7 SV1-2125.11a SV1-2125b.1 SV3-2353.5

Size 30 μm 3 μm 5 μm 6 μm 4 μm 10 μm 10 μm 4 μm

Comment Subhedral Incl in py Subhedral Subhedral Incl in py Subhedral Incl in py Euhedral

n= 1 1 2 3 1 1 1 1

S (wt%) 12.66 13.36 13.41 13.48 13.45 13.19 12.68 13.36
Se bdl 0.10 bdl 0.03 bdl 0.03 bdl 0.12
Cu 0.02 0.04 0.14 0.09 0.03 0.05 bdl 0.13
Fe 0.92 bdl 0.07 bdl 0.04 0.29 0.88 bdl
Ag bdl bdl bdl bdl bdl bdl 0.05 0.07
Pb 81.03 86.24 87.15 87.29 87.28 87.68 86.19 86.72
Cd bdl bdl 0.09 0.14 bdl bdl bdl 0.11
Total 94.63 99.73 100.95 101.06 100.80 101.24 99.80 100.54

S (atomic %) 49.184 49.917 49.603 49.764 49.825 48.913 47.776 49.575
Se 0.000 0.147 0.000 0.047 0.000 0.041 0.000 0.178
Cu 0.045 0.072 0.255 0.166 0.050 0.101 0.000 0.247
Fe 2.046 0.000 0.141 0.000 0.084 0.607 1.904 0.000
Ag 0.000 0.000 0.000 0.000 0.000 0.000 0.056 0.078
Pb 48.725 49.863 49.910 49.878 50.038 50.339 50.264 49.804
Cd 0.000 0.000 0.091 0.143 0.000 0.000 0.000 0.119

n = number of analyses averaged; bdl = below detection limit; incl = inclusion; py = pyrite; Sb, Mn = bdl.
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5.9. Bismuth phases

We identified two late-stage bismuth minerals in samples MF5–2610
and SV1–2860. All the grains were either too small and/or unpolished in

cracks, which precluded EPMA experiments. We used AZtec Oxford EDS
software to obtain compositions. One grain in SV1–2860 and three in
MF5–2610 (Fig. 4G) appeared to be native bismuth with no other
element ≥0.5 wt%. Sample MF5–2610 also contained 12 grains of a

Table 7
Representative compositions of arsenopyrite.

Analysis
no.

Zoned Zoned Zoned MF5-
2605.12

MF5-
2605.6a

MF5-
2605.7a

MF1-
1398.1

MF5-
2605.5r

MF5-
2605.5c

MF5-2605.8r MF5-
2605.8c

MF5-
2605.15r

MF5-
2605.14c

Size 80 μm 80 μm 40 μm 40 μm 80 μm 80 μm 100 μm 65 μm 55 μm 8 μm

Comment Euhedral
rim

Euhedral
core

Subhedral
rim

Euhedral
core

Euhedral rim Euhedral
core

Euhedral Euhedral Euhedral Incl in py

n= 1 2 1 1 1 1 3 1 1 1

S (wt%) 20.11 21.14 21.18 20.50 20.54 20.07 20.25 20.935 20.363 21.49
As 44.48 42.39 42.75 43.83 44.31 44.53 44.36 43.32 44.39 43.76
Se bdl bdl 0.04 0.04 0.06 0.04 0.04 bdl bdl bdl
Cu bdl bdl 0.02 0.02 bdl bdl 0.02 bdl bdl bdl
Ni 0.23 0.23 0.60 0.05 0.22 0.06 0.19 0.06 0.22 0.07
Co 1.09 0.10 1.72 0.26 1.47 0.26 0.97 0.97 1.21 0.20
Fe 33.74 35.55 33.47 34.93 33.42 33.24 33.71 34.59 33.92 34.48
Mn bdl 0.02 bdl bdl 0.02 bdl bdl 0.07 0.09 0.03
Total 99.65 99.43 99.77 99.58 100.04 98.20 99.53 99.95 100.19 100.03

S:As 1.06 1.15 1.16 1.09 1.08 1.05 1.07 1.13 1.07 1.15
S (at.%) 33.946 35.290 35.309 34.447 34.432 34.361 34.174 34.925 34.125 35.706
As 32.137 30.295 30.503 31.524 31.798 32.637 32.048 30.938 31.840 31.123
Se 0.000 0.000 0.027 0.029 0.039 0.025 0.030 0.000 0.000 0.000
Cu 0.000 0.000 0.013 0.015 0.000 0.000 0.014 0.000 0.000 0.000
Ni 0.212 0.210 0.547 0.046 0.202 0.056 0.175 0.058 0.203 0.064
Co 1.001 0.090 1.560 0.235 1.341 0.242 0.887 0.879 1.107 0.181
Fe 32.704 34.085 32.040 33.704 32.170 32.678 32.672 33.134 32.638 32.897
Mn 0.000 0.019 0.000 0.000 0.019 0.000 0.000 0.066 0.087 0.029

n = number of analyses averaged; bdl = below detection limit; incl = inclusion; py = pyrite; Pb, Au = bdl.

Table 8
Compositions of violarite.

1 2 3 4 5 6 7 8

Analysis no. SV3-2353.9 SV3-2353.10 SV3-2353.115 SV3-2353.117 SV3-2353a.Ni3 SV3-2353.111 SV3-2353a.5 SV3-2353.113

Size 30 μm 20 μm 35 μm 10 μm 10 μm 20 μm 4 μm 8 μm

Comment Anhedral Anhedral Euhedral Euhedral Subhedral Subhedral Euhedral Euhedral

n= 2 1 1 1 1 1 1 1

S (wt%) 40.94 38.43 37.90 39.03 38.59 39.22 37.96 39.00
As bdl bdl 0.31 0.30 bdl bdl bdl 0.29
Cu 0.46 0.18 0.18 0.24 0.15 0.32 bdl 0.21
Ni 41.53 50.48 47.23 15.07 20.57 7.18 45.91 14.86
Zn bdl bdl 0.04 0.04 bdl bdl bdl bdl
Co 1.65 0.07 1.90 0.25 0.23 0.26 1.39 0.26
Fe 13.06 9.29 12.88 45.13 39.41 52.99 12.63 44.77
Total 97.64 98.44 100.44 100.06 98.95 99.97 97.89 99.39

S (at.%) 56.657 53.769 52.362 53.041 53.110 53.090 53.423 53.279
As 0.000 0.000 0.183 0.175 0.000 0.000 0.000 0.170
Cu 0.322 0.125 0.125 0.165 0.104 0.219 0.000 0.145
Ni 31.402 38.590 35.656 11.191 15.469 5.311 35.306 11.093
Zn 0.000 0.000 0.027 0.027 0.000 0.000 0.000 0.000
Co 1.240 0.051 1.429 0.185 0.172 0.192 1.065 0.193
Fe 10.379 7.465 10.218 35.217 31.145 41.189 10.207 35.120

n = number of analyses averaged; bdl = below detection limit; Se = bdl.
1 - (Fe, Co, Cu, Ni)Σ3.06 (S)4.
2 - (Fe, Co, Cu, Ni)Σ3.44 (S)4.
3 - (Fe, Co, Cu, Zn,Ni)Σ3.63 (As+S)4.01.
4 - (Fe, Co, Cu, Zn,Ni)Σ3.53 (As+S)4.01.
5 - (Fe, Co, Cu, Ni)Σ3.53 (S)4.
6 - (Fe, Co, Cu, Ni)Σ3.53 (S)4.
7 - (Fe, Co, Ni)Σ3.49 (S)4.
8 - (Fe, Co, Cu, Ni)Σ3.50 (As+S)4.01.

H.E. Belkin et al. Journal of Geochemical Exploration 265 (2024) 107556 

11 



bismuth telluride, some as large as 9 μm (Fig. 4H), but unpolished and in
cracks. Using the AZtec EDS system we obtained the following compo-
sition (n = 3) Bi 51.8, Te 48.2 wt%, which calculates to Bi 39.6, Te 60.4
atomic %; no other element ≥0.5 wt% was detected. This is compatible
with tellurobismuthite (Bi2Te3). Furthermore, some grains showed a
platy habit (Fig. 4H) characteristic of some tellurobismuthite occur-
rences (Anthony et al., 2023).

5.10. Scheelite

We identified scheelite (Ca(WO4)) in both the Mofete and San Vito
cores, but only in the San Vito 3 well was it abundant. In the MF1 well, it
was a late-stage mineral occurring in vugs (Fig. 5A), associated with
calcite (Fig. 5B), and with fluorite (Fig. 5C); its habit was subhedral, but
most often anhedral filling spaces between earlier phases. It was rare
and too small in well MF5 for EPMA and not identified in MF2 (Table 1).
In the SV1–2125 sample, scheelite grains were small, often associated
with fluorite, and not amenable for EPMA. In the lower portion of SV1,
sample SV1–2860, two relatively large amoeboid-shaped scheelite
grains in alkali and plagioclase feldspar had feldspar inclusions.
Scheelite was common in the three SV3 samples, but in SV3–2105 the
scheelite grains were too small or in cracks and not amenable for EPMA.
Scheelite was abundant in SV3–2353 (Fig. 5D) and somewhat less so in
sample SV3–2359. In those two samples, late-stage scheelite filled
spaces between diopside, titanite, meionite, and alkali and plagioclase
feldspar.

In preparation for EPMA experiments on scheelite, we ranWDS scans
and did not observe peaks indicative of rare earth elements (REEs) or Y
in those wavelength scans. Laser ablation inductively coupled mass
spectrometry (LA-ICP-MS) would be the technique of choice for deter-
mining low amounts of REE + Y, but was not available for this study.

Tetragonal scheelite (Ca(WO4)) and powellite (Ca(MoO4)) form an
isostructural binary solid-solution series where W6+ substitutes for
Mo6+. Hazen et al. (1985) report very small differences (<1 %) in unit

cell parameters, such that miscibility should be common where both ion
species are available. Scheelite analyzed in MF1 is unzoned in BSE im-
ages, but has a Mo6+ content that varies from dl to 4.8 mol% Ca(MoO4);
WO3 varies from 77.10 to 79.25, MoO3 varies from dl–2.43, and CaO
varies from 19.28 to 20.20 wt%. Other minor detected elements are (in
wt%) Na2O dl–0.11, FeO as total iron dl–1.01, MgO 0.04–0.14, Al2O3
dl–0.10, and MnO dl–0.08. The two scheelite grains in sample SV1–2860
are unzoned and close to stoichiometric Ca(WO4) (0.0 and 0.2 mol% Ca
(MoO4)). Scheelite in SV3–2353 has widely variable Mo6+ content that
varies from 0.0 to 9.8 mol% Ca(MoO4) and is complexly zoned. Fig. 5E
shows a typical example of the irregular, patchy zoning; Table 9 gives
the complete analysis of the marked points. We suggest that all of the
scheelite in sample SV3–2353 may be zoned, but only displays zoning as
a function of how the thin section surface cuts the grain. Scheelite in
sample SV3–2359 is zoned, but with much less Mo6+; mole% Ca(MoO4)
varies from 0.2 to 1.0. Analyses of SV3–2353 and SV3–2359 yield, in wt
%, CaO 19.32–20.30, WO3 73.68–81.93, MoO3 dl–4.98, Na2O dl–0.28,
FeO as total iron dl–0.83, MgO dl–0.19, Al2O3 dl-0.36, andMnO dl–0.05.
Table 9 gives representative compositions for scheelite.

During SEM scans using a Hitachi UVD CL detector, we noted that
scheelite is intensely CL active, but we could not discern differences in
color. Fig. 5F shows an RGB-filtered CL image obtained with a Delmic
SPARC CL detector at an exposure time of 59.3 μs/pixel. Note that the
colors correlate with the composition as shown in Fig. 5E. Low values of
MoO3 are in shades of blue, whereas higher values are in yellows, or-
anges, and browns. Also reflected in the color variability is the
complexity of zoning as shown with BSE imaging. However, the CL
shows more complex zoning. Poulin et al. (2016) studied the correlation
of CL color response with composition using LA-ICP-MS to obtain Mo,
As, Sr, and ΣREE+Y compositions of scheelite from geologically diverse
ore-deposit environments. They found that only the Mo concentration
was correlatable with color; variations in the other measured elements
produced no effect in CL response.

Table 9
Representative compositions of scheelite.

Analysis no. MF1-
1150.1

MF1-
1398.3

MF1-
1495.12

SV1-
2860.1

SV3-
2353.1

SV3-
2353.2

Zoned Zoned

SV3-
2353.10b

SV3-
2353.12b

SV3-
2353.11b

SV3-
2353.13b

SV3-
2359.7

SV3-
2359.8

Size 12 μm 30 μm 15 μm 75 μm 30 μm 25 μm 65 μm 65 μm 55 μm 25 μm 50 μm 50 μm

Comment Subhedral Anhedral Euhedral Anhedral Euhedral Anhedral Anhedral Anhedral Anhedral Anhedral Subhedral Subhedral

n= 1 1 1 1 1 1 1 1 1 1 1 1

Na2O (wt%) bdl 0.03 0.04 bdl 0.02 bdl bdl bdl bdl bdl bdl 0.28
CaO 19.45 20.20 19.28 19.32 20.00 19.64 19.63 19.69 19.63 20.01 19.59 19.78
FeO* 0.26 bdl 0.75 0.04 0.03 0.05 bdl 0.07 0.08 0.03 0.15 0.08
MgO 0.04 0.10 0.05 bdl bdl bdl bdl 0.06 0.04 0.07 bdl bdl
Al2O3 0.09 bdl 0.08 bdl bdl bdl bdl bdl bdl bdl bdl bdl
WO3 79.25 77.98 77.27 79.61 76.80 81.93 78.35 76.21 78.66 73.68 81.26 79.51
MoO3 bdl 2.43 0.28 0.09 2.54 bdl 0.56 2.98 1.27 4.98 0.08 0.51
MnO 0.03 bdl bdl bdl 0.02 0.02 bdl bdl bdl bdl 0.04 0.02
Total 99.12 100.74 97.75 99.06 99.41 101.64 98.54 99.01 99.68 98.77 101.11 100.19
Formulae on
the basis of
4 oxygens
Na 0.000 0.003 0.004 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.026
Ca 1.005 1.012 1.008 1.001 1.016 0.993 1.018 1.002 1.002 1.008 0.994 1.009
Fe2+ 0.010 0.000 0.031 0.002 0.001 0.002 0.000 0.003 0.003 0.001 0.006 0.003
Mg 0.003 0.007 0.004 0.000 0.000 0.000 0.000 0.004 0.003 0.005 0.000 0.000
Al 0.005 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
W 0.991 0.946 0.977 0.997 0.943 1.002 0.983 0.938 0.972 0.898 0.998 0.981
Mo 0.000 0.047 0.006 0.002 0.050 0.000 0.011 0.059 0.025 0.098 0.002 0.010
Mn 0.001 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.002 0.001
Total 2.02 2.02 2.03 2.00 2.01 2.00 2.01 2.01 2.01 2.01 2.00 2.03
Ca(WO4)
(mol.%)

100.0 95.2 99.4 99.8 94.9 100.0 98.9 94.1 97.5 90.2 99.8 99.0

Ca(MoO4) 0.0 4.8 0.6 0.2 5.1 0.0 1.1 5.9 2.5 9.8 0.2 1.0

n = number of analyses averaged; FeO* = total iron as FeO; bdl = below detection limit; Si, Sr = bdl.
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5.11. Molybdenite

Molybdenite was observed in only two samples from the San Vito
wells, SV1 and SV3 (Table 1). In all cases, they were late stage,
commonly in vugs, and all had a blade shape (Fig. 5G). None were
amenable for EPMA experiments, but were identified by EDS.We did not
find any elements ≥0.5 wt% other than Mo and S.

5.12. Cassiterite

Only three grains, from 2 to 3 μm in size, of cassiterite were identified
by EDS (Table 1). Their occurrence in vugs and cracks suggests that they
are a rare late-stage authigenic phase. EDS spectra did not yield any
elements ≥0.5 wt% aside from Sn and O.

6. Discussion

6.1. Distribution of mineralization

Table 1 gives the occurrence of the various minerals as identified
with EPMA or EDS. A caveat to this distribution table is that a typical
petrographic thin section (46 mm × 26 mm × 30 μm) may not give
representative sampling in geothermal systems at any particular depth.
Geothermal systems typically are highly fractured and brecciated (e.g.,
Hulen and Nielson, 1987; Watanabe and Takahashi, 1995; Fischer et al.,
2003; Hanano, 2004; Wang et al., 2020) such that the mineral deposi-
tion maybe irregular or isolated in veins or in their proximity. Gaps in
the distribution such as the absence of galena in SV1–2510 or SV3–2105,
we do not think are significant. However, we believe that the absence of
arsenopyrite in the San Vito wells, and the absence of pyrrhotite in the
MF1well and upper part of the SV1well are significant and reflect on the
depositional pressure, temperature, and chemical (PTX) conditions.

6.2. Environment of ore deposition

Since the end ofWorldWar II, there have been, at least, a thousand or
more experimental studies on various sulfide systems at different PTX
conditions. Reports on the various phase-intensive parameter relation-
ships have been from equilibrium-assumed experiments. Barton Jr.
(1991) warns us that for the successful application of any sulfide
experiment to a natural system, one must be able to prove textural
equilibrium between or among the phases. However, we have not
observed any convincing textural equilibrium in either the San Vito or
Mofete samples, except on a very local scale. For example, in some
samples, we see pyrite later than pyrrhotite or sulfides in the cracks of
earlier phases. We also note that accompanying silicates, such as the
epidote supergroup (Belkin and De Vivo, 2023) are pervasively zoned.
However, the absence of pyrrhotite in theMF1well and in the upper part
of the SV1 suggests higher log ƒS2 conditions relative to pyrrhotite sta-
bility such that pyrite is the stable phase. Studies of pyrite-pyrrhotite
equilibria (e.g., Barker and Parks, 1986 and references therein) show
that pyrite is favored by higher sulfur activity at the well temperatures of
the studied Mofete and San Vito samples. Thus, we assume that the
absence of pyrrhotite in MF1 and in the upper part of the SV1 samples is
due to higher sulfur activity. Although, in terms of sulfidation state (e.g.,
Einaudi et al., 2003; Fontboté et al., 2017), both the Mofete and San Vito
wells would be classified as low sulfidation.

Arsenic in pyrite is common in all Mofete well pyrite and ranges from
dl to 4.89 wt%, but is rare in the San Vito well pyrites; As was only
detected in four San Vito pyrite grains and just at the detection limit.
Arsenopyrite was identified in the MF1, MF2, and MF5 wells, abundant
in sample MF5–2605, but not detected in either SV1 or SV3. Various
studies (e.g., Kretschmar and Scott, 1976; Pokrovski et al., 2002) on the
formation of arsenopyrite in sulfide- bearing hydrothermal systems
suggest that the PT conditions were appropriate for arsenopyrite for-
mation in the SV1 and SV3 wells.

Guglielminetti (1986) reports for the Mofete wells that the sampled
fluid arsenic composition calculated at reservoir conditions was 9 ppm
in MF1 (550–896 m), 11 ppm in MF1 (1273–1606 m), and 11 ppm in
MF2 (1275–1989 m). The As fluid composition in MF5 (2310–2699 m)
was not determined. Bruni et al. (1985) give a partial analysis of fluids
sampled during purge tests of San Vito 1 well, but did not analyze for As.
De Vivo et al. (2011) and Albanese et al. (2023) indicate that, in general,
the Campi Flegrei soils are enriched in As and Aiuppa et al. (2006) report
that the As content of groundwaters sampled in the Campi Flegrei area
varies from 1.6 to 6900 μg/l, which was similar to the results of Celico
et al. (1992) for a 20 year (1970–1990) monitoring of wells and springs
from the Campi Flegrei area. Valentino and Stanzione (2003) analyzed 4
pumped well water samples from the San Vito area, that varied from 20
to 43 μg/l As, which were among the lowest values they obtained for
samples from wells, springs, and pools. It appears from our literature
survey that the As content of fluids in the Campi Flegrei area varies at
least four orders of magnitude. We do not have any direct data for the As
concentration in fluids encountered during drilling of the SV1 and SV3
wells. However, we think it is reasonable to suggest that the absence of
arsenopyrite in those wells is a result of a low concentration of As in the
geothermal fluid.

Tungsten in most hydrothermal/geothermal or ore-forming envi-
ronments occurs as W6+ even in moderately reducing environments
(Che et al., 2013); however, molybdenum can occur as either Mo6+ or
Mo4+ as a function of oxygen fugacity. The Mo6+ species can substitute
for W6+ in the scheelite structure. Under reducing conditions Mo4+ can
form molybdenite as a function of sulfur fugacity if sulfur is present in
the fluid. We identified both Mo-bearing scheelite and molybdenite in
samples SV1–2860 and SV3–2353 and scheelite in sample SV3–2353 is
strongly zoned (Fig. 5E, F) in MoO3.These occurrences attest to the
variability of ƒO2 and ƒS2 in the geothermal fluid. This ƒO2 variability is
compatible with the origin of the zoning observed in the epidote su-
pergroup minerals described in the same samples by Belkin and De Vivo
(2023).

6.3. Geothermal ore-mineral occurrence

Ore minerals such as pyrite, pyrrhotite, chalcopyrite, sphalerite, and
galena, are very commonly identified during drilling of geothermal
fields (Skinner et al., 1967; McKibben and Elders, 1985; McKibben et al.,
1988) and in sulfide-rich scale formed in pipes transmitting high
enthalpy fluids to power plants (e.g., Hardardóttir et al., 2005; Raymond
et al., 2005; Harijoko et al., 2015). The other minerals identified in the
Mofete and San Vito wells have various levels of abundance in modern
geothermal systems. Ballantyne and Moore (1988) indicate that most
geothermal systems are undersaturated with respect to arsenopyrite and
that its occurrence is uncommon, although Bundschuh andMaity (2015)
indicate arsenopyrite is the dominant As-bearing mineral at tempera-
tures >250 ◦C. We found arsenopyrite throughout the Mofete 1, 2 and 5
wells, from 255 to 350 ◦C and, except for sample MF5–2605, it was not
abundant. Arsenopyrite has been identified from a few other geothermal
fields (Browne, 1984; Goff and Gardner, 1994). Native bismuth and
bismuth tellurides are not common geothermal minerals, although
geothermal fluids may have relatively high concentrations especially of
tellurium (Simmons and Kirby, 2020). Native bismuth has been reported
as inclusions in sphalerite (Daliran, 2008). Silver, Au, and Pb tellurides
have been reported from various geothermal fields (e.g., Daliran, 2008;
Ward et al., 2006). Tellurides are commonly associated with gold-
bearing fossil geothermal/epithermal deposits (e.g., Pals and Spry,
2003); however, we are unaware of any modern geothermal tellur-
obismuthite occurrence. Silver-bearing minerals and native silver are
common in geothermal fields (e.g., Goff and Gardner, 1994; Ward et al.,
2006; Reich et al., 2020; Grant et al., 2020) and acanthite (or argentite)
has been reported from geothermal fields (e.g., Krupp and Seward,
1987; Raymond et al., 2005; Reich et al., 2020). Ni-bearing minerals are
rare in geothermal fields. However, Browne (1969, 1984) reports Ni-rich
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glaucodot as exsolution in sphalerite and rare pentlandite, both from the
Broadlands geothermal field and Reyes et al. (2002) identified millerite
and pentlandite from mineral deposits in the Rotokawa geothermal
pipelines, New Zealand. Geothermal cassiterite is rare, but it has been
reported from the Tauhara Geothermal Field, NZ (Kakimoto and
Browne, 1986). A poorly crystalline molybdenite has been reported from
the Valles caldera, New Mexico geothermal system (Hulen et al., 1987;
Goff and Gardner, 1994).

Tungsten concentrations have been measured in many geothermal
fluids. For example, Guo et al. (2019) report very high values up to 1103
μg/l W in the Tibet geothermal province, China, and Zhao et al. (2021)
report concentrations up to 78 μg/l W in the Rehai geothermal area,
China. In all cases in modern geothermal systems, we are unaware of
scheelite reported as an authigenic mineral. However, in ancient por-
phyry/epithermal/geothermal systems, especially related to Au occur-
rences, scheelite is a common phase (e.g., Schenk and Höll, 1991; Milési
et al., 1994; Grancea et al., 2002).

Choi and Youm (2000) describe the Ulsan scheelite-bearing skarn
deposit as genetically related to a low-sulfidation porphyry system. The
Ulsan deposit has similar element and mineral associations that we
found in the Campi Flegrei geothermal system, scheelite, Bi, Ag, and Ni
minerals, pyrrhotite, and arsenopyrite. This suggests that the environ-
ment of deposition of the ore mineral assemblage that we identified in
the Campi Flegrei geothermal field is similar to a low-sulfidation por-
phyry system as described by Choi and Youm (2000).

Wang et al. (2021) investigated experimentally the solubility of W6+

species in fluorine-rich aqueous fluids to model granite-fluid interaction.
They found that the W6+ solubility was increased significantly in F-
bearing solutions at vapor-saturated conditions between 100 and
250 ◦C. We identified common fluorite (e.g., Figs. 3E, 5C) and fluo-
rapatite in both the Mofete and San Vito samples. This suggests that the
ability of the Campi Flegrei geothermal fluids to carry W species was
likely enhanced by the fluorine content of the fluids. Unfortunately, the
only measurement of the F content during Mofete or San Vito drilling is
by Bruni et al. (1985) who gives the value of 5 ppm F in fluids sampled
during purge tests in SV1. Wang et al. (2023) investigated the control of
Ca-bearing mineral (fluorite and apatite) precipitation duringW-bearing
ore-fluid transport to form W ore deposits. They suggest that major
ferberite (Fe2+(WO4)) ore deposits are the result of the removal of Ca
from the W-bearing solutions by fluorite and/apatite precipitation such
that scheelite does not form. In contrast, the geothermal fluids in both
the Mofete and San Vito fields had sufficient Ca2+ such that Ca-bearing
mineral (e.g., epidote supergroup, diopside, titanite, fluorite, and
apatite) formation did not interfere with scheelite deposition.

7. Summary

Geothermal fluids in the Mofete and San Vito fields, Campi Flegrei
volcanic complex, west of Naples, Italy, have precipitated various
authigenic ore minerals. Sulfides, oxides, native elements, tungstates,
and tellurides have been identified in theMF1, MF2, andMF5 wells from
the Mofete field, and in the SV1 and SV3 wells from the San Vito field.
The distribution of the ore mineralization is controlled mainly by sulfur
activity and the availability of ionic species in the fluids. The mineral
assemblage indicates a low sulfidation environment. Scheelite was
identified in both the Mofete and San Vito wells, but was more abundant
in the SV3 well. In the SV3 well, scheelite is zoned with variable Mo6+

and the compositional zoning is reflected in different cath-
odoluminescence, blue in low Mo6+ zones, yellow to brown in high
Mo6+ zones. The occurrence of Mo-bearing scheelite and MoS2 in the
same sample indicates the variability of ƒO2 and ƒS2 in the geothermal
fluid.
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Fischer, M., Röller, K., Küster, M., Stöckhert, B., McConnell, V.S., 2003. Open fissure
mineralization at 2600 m depth in Long Valley Exploratory Well (California)–insight
into the history of the hydrothermal system. J. Volcanol. Geotherm. Res. 127,
347–363. https://doi.org/10.1016/S0377-0273(03)00176-8.
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