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Abstract: Sulfuric acid minerals are important clues to identify the speleogenetic phases of hypogene 
caves. Italy hosts ~25% of the known worldwide sulfuric acid speleogenetic (SAS) systems, 
including the famous well-studied Frasassi, Monte Cucco, and Acquasanta Terme caves. 
Nevertheless, other underground environments have been analyzed, and interesting 
mineralogical assemblages were found associated with peculiar geomorphological features 
such as cupolas, replacement pockets, feeders, sulfuric notches, and sub-horizontal levels. 
In this paper, we focused on 15 cave systems located along the Apennine Chain, in Apulia, 
in Sicily, and in Sardinia, where copious SAS minerals were observed. Some of the studied 
systems (e.g., Porretta Terme, Capo Palinuro, Cassano allo Ionio, Cerchiara di Calabria, 
Santa Cesarea Terme) are still active, and mainly used as spas for human treatments. 
The most interesting and diversified mineralogical associations have been documented in 
Monte Cucco (Umbria) and Cavallone-Bove (Abruzzo) caves, in which the common gypsum 
is associated with alunite-jarosite minerals, but also with baryte, celestine, fluorite, and 
authigenic rutile-ilmenite-titanite. In addition, the core of alunite and jarosite, from these two 
systems, results enriched in PO4

3-, clearly suggesting hypogene hydrothermal origin. Santa 
Cesarea Terme, Capo Palinuro, and Acqua Mintina caves show important native sulfur 
deposits, which abundantly cover walls, ceilings, and speleothems. Abundant copiapite, 
pickeringite, tamarugite, hexahydrate assemblages have been observed in the Calabrian 
systems; their association with pyrite and hematite would suggest they formed in very acidic 
conditions with pH ranging between 0 and 4.

hypogene, rising waters, Apennine Chain, mineralogy, cave sulfates
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INTRODUCTION

Italy hosts a wide variety of karstic rocks, such 
as carbonates (limestone, dolostone, conglomerate), 
evaporites (gypsum, anhydrite, and halite) and 
quartzites, in which important epigenic (due to the flow 
of shallow meteoric waters) or hypogenic (produced 
by ascending deep-seated waters or by aggressive 
solutions formed at depth below the surface) cave 
systems can develop (Palmer, 2007, 2011). Recently, 
the definition of hypogene processes has been 
rearranged, as cave speleogenesis related to “the 
formation of solution-enlarged permeability structures 
(void-conduit systems) by upwelling fluids that recharge 
the cavernous zone from hydrostratigraphically lower 

units, where fluids originate from distant or deep 
sources, independent of recharge from the overlying or 
immediately adjacent surface” (Klimchouk, 2017 p.3). 

Upwelling fluids, along the pathway, are normally 
subjected to changes in pressure and temperature, 
causing continuous disequilibrium conditions, 
triggering mineral reactions and formation of macro-
porosity. The combination of variable conditions 
result in diverse genetic types with typical void-
conduit patterns (Klimchouk, 2007, 2017). A genetic 
subdivision has been created in accordance with the 
dissolutive chemistry involved in cave speleogenesis, 
and the principal hypogenic karst types are: sulfuric 
acid (SAS), hydrothermal, mixing-corrosion, and 
evaporite-dissolution (Klimchouk, 2017). 
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Here we focus on sulfuric acid speleogenetic 
(SAS) caves, which represent interesting systems 
characterized by peculiar geomorphological features 
due to rising flows (Palmer & Palmer, 2000; Audra, 
2008; Klimchouk, 2009; Palmer, 2013; De Waele 
et al., 2016), secondary mineral deposits (Polyak & 
Provencio, 2001; Onac et al., 2009; Onac & Forti, 
2011; Audra et al., 2015), and peculiar biosignatures 
such as stream biofilms, vermiculations, moonmilk 
deposits, and snottites (Summers Engel et al., 2004; 
Macalady et al., 2006; D’Angeli et al., 2017b). They 
can evolve both in confined (under pressure) and 
unconfined settings (Klimchouk, 2005, 2009). Their 
main features are linked to ascending acidic waters, 
that gain their aggressiveness from deep-seated 
sources (Hill, 1990), such as: oxidation of magmatic 
gases (H2S and SO2), assimilatory-dissimilatory 
(60-80°C) and/or thermochemical (100-180°C)  
sulfate-reduction (Canfield, 2001; Machel, 2001) of  
hydrocarbon and evaporite layers, reduction of 
marine waters involved in deep circulation flows, 
and/or reduction of sulfide ore deposits through 
abiotic and/or microbially-mediated actions (Audra  
et al., 2015).

The most important mechanism of the sulfuric acid 
process, firstly demonstrated by Egemeier (1981), is 
the oxidation of H2S into H2SO4 (1).

H2S + 2O2 → H2SO4    (1)

This acid immediately reacts with the carbonate 
host-rock (2) producing replacement gypsum deposits 
and degassing CO2, further contributing in the 
dissolution processes.

CaCO3 + SO4 + 2H+ + 2H2O →  
CaSO4 · 2H2O + CO2 + H2O

    (2)

The interaction of H2SO4 with the insoluble  
deposits inside caves produces mineral assemblages 
belonging to the “speleogenetic by-products” (Polyak 
& Provencio, 2001), that have been clearly observed 
in some of the best-documented examples of fossil 
sulfuric acid caves, such as the case of Guadalupe 
Mountains (New Mexico, USA) (Hill, 1990; Jagnow 
et al., 2000; Palmer & Palmer 2000), which evolved 
in areas characterized by extremely dry weather 
conditions, allowing the preservation of original 
sulfuric acid features also after exhumation (Palmer 
& Palmer, 2000; Klimchouk et al., 2016). The 
speleogenetic by-products represent a consequence 
of: a) alteration of insoluble sediments (mostly 
aluminium phosphates and sulfates), b) replacement 
or alteration of carbonate rocks, and c) precipitation 
of dissolved species. They can mainly be divided 
(Polyak & Provencio, 2001) into “primary” (direct 
results of H2SO4), and “secondary” by-products (due 
to the alteration of the primary minerals or late-stage 
remobilization of elements). In addition, aluminium 
phosphate and sulfate (APS) minerals, containing 
rare earth elements (REE) or radioactive ones, can 
constitute economic deposits, and may be used as 
a guide for metal-bearing ore deposits (Dill, 2001). 
K-rich APS minerals belonging to the alunite group 
(alunite, natroalunite, and jarosite) are used to obtain 

relevant geochronological information, through K/Ar 
or Ar/Ar dating (Polyak et al., 1998). From an overall 
point of view, speleogenetic by-products are essential 
clues to understand the environmental conditions of 
cave formation. 

Italy hosts ~25% of the known worldwide sulfuric 
acid caves (Galdenzi & Menichetti, 1995; De Waele 
et al., 2014; D’Angeli et al., 2016), located especially 
along the Apennine Chain, in the southeast Apulian 
foreland, in Sicily and in Sardinia. Generally, the 
H2S source is thought to be related to the deep-
seated upper Triassic evaporite unit called “Anidriti 
di Burano Formation (Fm.)” (Martinis & Pieri, 1964; 
Ciarapica et al., 1986) cropping out in several regions 
of Italy including Emilia-Romagna, Tuscany, Latium, 
Umbria, Marche, and Apulia.

The findings of interesting mineralogical assemblages 
together with the presence of peculiar geomorphological 
features helped in the recognition of fossil SAS caves, 
and the aim of this paper is to revise the previous 
knowledge and put in light new insights into the 
origin of SAS minerals.

GEOLOGICAL SETTING

The geological history of Italy is very complex, and 
characterized by two main orogenic events (Doglioni 
& Flores, 1997). The Alps generated by a compression 
that started during the Eocene caused by the W-NW 
movement of the Adriatic Plate toward the Eurasian 
Plate. Whereas the Apennines evolved since the upper 
Eocene because of the slow subduction and movement 
of the Adriatic Plate toward the West. In Italy, sulfuric 
acid speleogenetic caves developed mainly along 
the Apennine Chain (asymmetric arc) divided into 
northern (E-Liguria, Emilia-Romagna, Tuscany, 
Marche), central (Latium, Umbria, Abruzzo, Molise), 
and southern (Campania, Basilicata, Calabria, 
Sicily), with three main forelands located in the Po 
Plain, Apulia, and southeastern Sicily. Generally, 
the stratigraphic succession is characterized by 
deep Caledonian-Hercynian rocks constituting 
the basement, covered by terrigenous clastic and 
peritidal sediments (upper Carnian), followed by 
shallow carbonate platforms “Dolomia Principale” 
(upper Triassic). Subsequently, tectonic movements 
controlled the geological structures, producing horsts 
and grabens and creating several sedimentary basins. 
During the Triassic, red beds called “Verrucano Fm.” 
and evaporites known as the “Anidriti di Burano 
Fm.” were deposited. In the terrains of Basilicata, 
Calabria, and Sicily deep water conditions allowed 
the deposition of cherts, limestone, and marls. Due 
to extensional tectonics, new basins were created 
during the Jurassic time, in which a series of new 
sediments were deposited: i) radiolarites and basinal 
limestones typical of oceanic domain (Liguria, 
W-Tuscany, southern Apennines), ii) pelagic and 
hemipelagic carbonates of basinal domain (southern 
Alps, and Sicily), and iii) shallow marine carbonates 
(Apulia, Friuli, Latium-Abruzzo, Campania-Lucania, 
Sicily platforms). The deposition of limestones of the 
“Maiolica Fm.” occurred during the lower Cretaceous, 
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while the “Scaglia Rossa Fm.” limestones and Rudistic 
facies developed during the upper Cretaceous. 

The above-described terrains were affected by 
compressive stresses due to the inversion of the 
relative motion between the Eurasian and Adriatic 
plates, that saw the later migration of thrust-belts.

Paleogene shallow water carbonates (Venetian 
foothills, Lessini) and Messinian evaporitic rocks 
“Gessoso-Solfifera Fm.” deposited along the Apennine 
Chain, when the Mediterranean sea-level dropped 
drastically.

Italy is also characterized by volcanic activities 
both in the past (Ordovician, Pennsylvanian, lower 
Permian, Triassic) and in recent times (Vesuvius, 
Etna, Stromboli, Vulcano and in the Sicily channel). 
Petroleum and natural gas reserves have been 
found especially in the Po Plain, in the Adriatic Sea 
and along the Bradanic trough. Lignitic coals are 
very abundant (especially in Sardinia) with a sulfur 
content >8%, whereas ore deposits are limited except 
for the Paleozoic terrains of Sardinia. Travertines are 
abundantly present in the central Apennines, both 
as actively forming and as fossil Quaternary deposits 
(Taddeucci et al., 1992; Minissale, 2004). 

The presence of abundant karstified rocks (Fig. 1), 
deep-seated Triassic evaporite deposits (at depths 
ranging between 600 and 2,500 m) (Martinis & 
Pieri, 1964), hydrocarbon reservoirs, deep faults and 
thrust-belts, allows the widespread occurrence of 
rising acidic waters containing high concentration 
of H2S, CO2 and CH4, as testified by the presence of 
still-active and fossil hypogenic cave systems. Several 
examples of sulfuric acid speleogenetic cave systems 
are reported in Fig. 1.

Fig. 1. Location of the sulfuric acid speleogenetic (SAS) caves studied: 
PR (Buso della Pisatela-Rana, Veneto), PT (Porretta Terme spa, Emilia-
Romagna), MC (Monte Cucco, Umbria), FS (Frasassi, Marche), AT 
(Acquasanta Terme, Marche), MO (Montecchio, Tuscany), CB (Cavallone-
Bove, Abruzzo), CP (Capo Palinuro, Campania), CC (Cerchiara di 
Calabria, Calabria), CI (Cassano allo Ionio, Calabria), SCT (Santa 
Cesarea Terme, Apulia), GP (Grotta che Parla, Sicily), AF (Acqua Fitusa, 
Sicily), AM (Acqua Mintina, Sicily), CS (Corona ’e sa Craba, Sardinia).

Buso della Pisatela-Rana (PR in Fig. 1) is located 
in the Venetian foreland, in the Faedo-Casaron 
Plateau. The area is characterized by shallow  
water deposits with terrigenous input (calcarenites, 
marls, claystones) belonging to the “Priabona Fm.” 
(upper Eocene) and Castelgomberto calcarenites 
(Oligocene) rich in fossils. The genesis of the cave 
system is related to a combination of normal epigene 
speleogenesis and the localized oxidation of pyrite, 
which induced the subsequently production of H2SO4 
(Tisato et al., 2012).

Porretta Terme spa (PT in Fig. 1), in the Tuscan-
Emilian Apennines, opens in the “Arenarie di Suviana” 
(Oligocene) belonging to the “Porretta Terme Fm.”. The 
artificial tunnels (realized in the 19th century), similar 
to cave environments, host several sulfuric thermal 
springs and secondary mineral deposits. 

Monte Cucco (MC in Fig. 1) and Frasassi (FS in Fig. 
1) caves in the Umbro-Marche Apennines, developed 
in Jurassic carbonate rocks of the “Calcare Massiccio 
Fm.” (Pialli et al., 1998). They represent the most 
studied SAS systems of Italy (Galdenzi & Menichetti, 
1995). They are huge cave systems (Monte Cucco is 
fossil, whereas Frasassi is still active) abundantly 
characterized by secondary minerals related to the 
interaction of the host rock with H2SO4.

Acquasanta Terme caves (AT in Fig. 1) open in the 
carbonate rocks belonging to the “Scaglia Rosata Fm.” 
(Jurassic-Eocene), covered by Oligocene-Miocene 
marls and sandstone of the “Scaglia Cinerea Fm.” 
(Menichetti, 2008; Galdenzi et al., 2010). Upwelling 
sulfuric thermal waters are still flowing through the 
gorge, and travertine terraces testify a long-lasting 
activity. Montecchio Cave (MO in Fig. 1), situated 
in southern Tuscany, evolved in massive Jurassic 
limestone of “Calcare Massiccio Fm.”, and in cherty 
limestones of the “Calcare selcifero di Limano”. It is 
composed of several sub-horizontal levels, the lower 
one hosting a still active sulfuric acid pool (Piccini et 
al., 2015).

Cavallone-Bove cave system (CB in Fig. 1), is located 
in the central Apennines, in the Majella Park (Abruzzo), 
and opens in fossiliferous marine limestones (upper 
Cretaceous). The two caves (Cavallone and Bove) were 
part of a larger system partially dismantled by surface 
erosion through formation of a deep gorge, and 
present evident signs of sulfuric acid speleogenetic 
processes, including an interesting association of 
minerals and typical geomorphological features. 
The Capo Palinuro (CP in Fig. 1) massif is located 
along the coast of Campania region (Tyrrhenian 
Sea) and is characterized by 32 submarine caves, 
completely or partially submerged (Canganella et 
al., 2007), developed in Jurassic marine limestones 
and dolostones. Only 13 caves show active sulfuric 
acid springs with elevated concentration of H2S and 
temperature up to 25°C (Stüben et al., 1996). The 
most famous and studied cave is “Grotta Azzurra”, 
in which the innermost part presents upwelling  
sulfidic waters. 

Cerchiara di Calabria (CC in Fig. 1) and Cassano 
allo Ionio caves (CI in Fig. 1) are located in the 
southern Apennines and developed in upper Miocene 
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biogenic calcarenites of the “Cerchiara Fm.” (Selli, 
1957) and Triassic dark-grey dolostones (Selli, 1962), 
respectively. The two areas are composed of well-
ramified caves both with sub-horizontal levels, and 
deep shafts carved by SAS processes. The lower levels, 
nowadays used as spa, present a still active flow of 
rising thermal waters. Santa Cesarea Terme Caves 
(SCT in Fig. 1), situated in the southeastern part of 
the Apulian foreland, are hosted in micritic limestones 
and dolostones belonging to the upper Cretaceous 
“Calcari d’Altamura Fm.” (Azzaroli, 1967). The system 
is composed of four caves of moderate size, developed 
along the Adriatic coastline at present-day sea level 
(D’Angeli et al., 2017a). In these environments, 
the mixing of sulfuric acid and sea waters occurs, 
producing interesting morphologies due to different 
dissolution-corrosion processes. 

Grotta che Parla Cave (GP in Fig. 1) opens in the 
NE sector of Montagna Grande, a relief located close 
to the Calatafimi village (Western Sicily). It is a small 
cavity 200 m long and 25 m deep, mainly oriented 
NW-SE. The cave develops on two levels, which 
mainly follow the bedding planes with a slope of 25° 
toward the SE. The passages show cupolas, pillars, 
pendants, likely related to the sulfuric acid processes. 
Its entrance opens in an artificial scarp of a still active 
limestone quarry. The cave evolves in sequences of 
limestone and dolomitic limestones of “Inici Fm.” 
(upper Jurassic). In this Formation a dense network 
of volcanic dikes filled by Jurassic deposits with Fe-
Mn oxides encrustations occurs (Martire et al., 2000; 
Basilone, 2012). 

Acqua Fitusa Cave (AF, in Fig. 1), is placed in the 
eastern part of the Sicani Mountains, in San Giovanni 
in Gemini (Sicily). It opens in the breccia member 
of “Crisanti Fm.” (upper Cretaceous), characterized 
by conglomerates and calcarenites with rudists 
and benthic foraminifera (Catalano et al., 2013). It 
represents a sulfuric water table cave (De Waele et al., 
2016), nowadays disconnected from the actual spring. 

Acqua Mintina Cave (AM in Fig. 1) is situated in 
the southern Sicily ~7 km NW from Butera village 
(Caltanissetta province). It opens in the lowest layer of 
the “Calcare di base Fm.” (Miocene) in contact with the 
underlying Tripoli marls (Lugli et al., 2016; Vattano et 
al., 2017). Above the “Calcare di Base Fm.” there are 

selenitic layers belonging to the upper Gypsum Unit 
of the “Pasquasia Fm.” (Manzi et al., 2009). Acqua 
Mintina is a 140 m long fossil cave and the conduit 
size decreases inland. Its walls are copiously covered 
by yellowish sulfur deposits, whereas on the floor it 
is possible to find inactive pools filled with selenitic 
gypsum crystals.

Corona ’e sa Craba Cave (CS in Fig. 1) is situated in 
the SW part of Sardinia, develops in quartzites (Sauro 
et al., 2014) produced by silicification processes that 
involved Cambrian sediments (Padalino et al., 1973). 
Corona ’e sa Craba is a relative large hydrothermal 
cave hosting an interesting association of secondary 
minerals (Sauro et al., 2014). As a matter of fact, 
the first visitors at the site were minerals collectors, 
searching for baryte crystals.

METHODS

We collected mineralogical samples from Porretta 
Terme (PT) thermal spa in Emilia-Romagna, Monte 
Cucco caves (La Grotta and Faggeto Tondo) in 
Umbria, Cavallone-Bove system in Abruzzo, Cassano 
allo Ionio and Cerchiara caves in Calabria, Santa 
Cesarea Terme caves in Apulia, Acqua Fitusa, Acqua 
Mintina and Grotta che Parla caves in Sicily. The 
mineralogical data from Buso della Pisatela-Rana 
(Veneto), Montecchio (Tuscany), Frasassi (Marche), 
Acquasanta Terme (Marche) and Corona ’e sa Craba 
(Sardinia) caves came from the literature (Table 1). 
In a few cases, we integrate our results with those 
reported in previous works.

Firstly, the samples were ground using agate 
mortar to obtain ultrafine powders. We analyzed 204 
samples using the Philips PW3710 diffractometer 
(equipped with a Co tube working with the following 
characteristics: λ = 1.78901Å, 20 mA, 40 kV, 3° to 80° 
2θ with a step size of 0.02°, analysis time 1 sec per 
point) and 44 samples, coated with carbon, have been 
observed using VEGA3-TESCAN type LMU Scanning 
Electron Microscope provided with a EDS detector 
(APOLLO XSDD, EDAX) at the University of Genoa. 

We recorded 54 different minerals, most of them 
strictly related to sulfuric acid processes, and other 
minerals unrelated to the speleogenetic by-products 
(such as muscovite, kaolinite, and montmorillonite).

Cave systems Location References Symbol

Buso della Pisatela-Buso della Rana VI, Veneto 
Tisato et al., 2012;

Fabiani, 1915
a
b

Monte Cucco PG, Umbria Forti et al., 1989 c

Frasassi AN, Marche

Caillère & Hénin, 1963;
Millot, 1964;
Perna, 1973;

Bertolani et al., 1976;
Galdenzi, 1990

d
e
f
g
h

Acquasanta Terme AP, Marche Galdenzi & Menichetti, 1995 i

Montecchio GR, Tuscany Piccini et al., 2015 j

Capo Palinuro SA, Campania Forti & Mocchiutti, 2004 k

Cassano allo Iono CO, Calabria Catalano et al., 2014 l

Corona ’e sa Craba CI, Sardinia Sauro et al., 2014 m

Table 1. List of the cave systems for which we used some mineralogical data from the literature.CORRECTED 
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RESULTS

All the caves reported in this paper host peculiar 
associations of speleogenetic by-products (Polyak 
& Provencio, 2001). The most common mineral is 
gypsum [Ca(SO4)·2H2O], abundantly present in all the 
investigated systems (Table 2). It can occur in different 
morphologies (Fig. 2), displaying chandelier structures 
(such as in Faggeto Tondo, Santa Cesarea Terme, and 
Acqua Mintina caves Fig. 2A-F-I), microcrystalline 
deposits (like in Cavallone-Bove and Calabrian 
caves Fig. 2B-C-D), stalactites (Santa Cesarea Terme 
Fig. 2E), white moonmilk deposits with a creamy 

appearance and radial crystals (Santa Cesarea Terme 
Fig. 2G-H). In some cases, gypsum is associated 
with native sulfur [S] deposits (Table 2), developed in 
small pockets (Faggeto Tondo Cave in Fig. 3A), on the 
walls and ceilings (Acquasanta Terme, Santa Cesarea 
Terme, and Acqua Mintina caves in Fig. 3B-C-F), and/
or covering gypsum speleothems as in Cala Fetente 
Cave (Fig. 3D-E), Capo Palinuro (Campania). In Acqua 
Mintina the external surface of the host rock is deeply 
weathered and replaced by a mineralogical assemblage 
of gypsum and celestine [Sr(SO4)], ultimately covered 
by a thin coating of organic matter with dark tones, 
visible on the lower part of Fig. 3F. 

Table 2. List of the minerals found in the SAS systems of Italy; the apex letters (a-m) refer to the references reported in Table 1. The mineral names 
and formulas are reported according to the presently accepted IMA list of minerals (http://nrmima.nrm.se//imalist.htm), and sorted following the 
order: native elements, halides, sulfides, oxides, hydroxides, carbonates, sulfates, phosphates, silicates. Caves labels as Figure 1.

Name Formula Compounds PR PT M
C

FS A
T

M
O

C
B

C
P

C
C C
I

SC
T

G
P

A
F

A
M C
S

Sulfur S Native element xa x x xi xk x x x

Fluorite CaF2 Halide x

Cinnabar HgS Sulfide xm

Pyrite FeS2 Sulfide xa xl

Pyrolusite MnO2 Oxide xm

Rutile TiO2 Oxide x x xl

Hematite Fe2O3 Oxide xa xj xl xm

Ilmenite Fe2+Ti4+O3 Oxide x

Magnetite Fe2+Fe3+
2O4 Oxide x x

Goethite FeO(OH) Hydroxide xa x xj x xl xm

Böhmite AlO(OH) Hydroxide xj

Brucite Mn(OH)2 Hydroxide x x

Gibbsite Al(OH)3 Hydroxide x x

Todorokite (Na,Ca,K,Ba,Sr)1-n 

(Mn,Mg,Al)6O12·3-4H2O
Hydroxide xm

Calcite Ca(CO3) Carbonates xa,b x xi xj x x x x x x xm

Aragonite Ca(CO3) Carbonates xi xm

Magnesite Mg(CO3) Carbonates xl

Dolomite CaMg(CO3)2 Carbonates xa,b x x x xm

Hydrotalcite Mg6Al2(CO3)(OH)16·4H2O Carbonates x

Thénardite Na2(SO4) Sulfate x

Celestine Sr(SO4) Sulfate xa xc x

Baryte Ba(SO4) Sulfate x xf xl xm

Hexahydrite Mg(SO4)·6H2O Sulfate x x

Epsomite Mg(SO4)·7H2O Sulfate x x

Gypsum Ca(SO4)·2H2O Sulfate xa x x xh xi xj x x x x x x x x xm

Felsőbányaite Al4(SO4)(OH)10·4H2O Sulfate xm

Tamarugite NaAl(SO4)2·6H2O Sulfate x

Alum-(K) KAl(SO4)2·12H2O Sulfate x

Pickeringite MgAl2(SO4)4·22H2O Sulfate x

Natroalunite NaAl3(SO4)2(OH)6 Sulfate x xm

Alunite KAl3(SO4)2(OH)6 Sulfate x xj x x xm

Walthierite Ba0.5Al3(SO4)2(OH)6 Sulfate xm

Tschermigite (NH4)Al(SO4)2·12H2O Sulfate x x

Eugsterite Na4Ca(SO4)3·2H2O Sulfate x

Metavoltine K2Na6Fe2+Fe3+
6O2(SO4)12·18H2O Sulfate x

Jarosite KFe3+
3(SO4)2(OH)6 Sulfate x x xd,e,g xj x x x x

Copiapite Fe2+Fe3+
4(SO4)6(OH)2·20H2O Sulfate x

Berlinite? Al(PO4) Phosphate xm

Fluorapatite Ca5(PO4)3F Phosphate x
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Fig. 2. Gypsum deposits from several SAS caves of Italy; A) Gypsum chandeliers of Faggeto Tondo Cave, Monte Cucco, Umbria 
(photo J. De Waele); B) Gypsum deposits of Cavallone Cave in Abruzzo (photo G. Antonini); C) Gypsum deposits along a water 
table level of Gigliola Cave, Cassano allo Ionio, Calabria (photo O. Lacarbonara); D) Gypsum deposits in the lower part of 
Sant’Angelo Cave in Cassano allo Ionio, Calabria (photo O. Lacarbonara); E) Sulfur deposits and gypsum stalactites growing 
on walls and the ceiling of Gattulla Cave, in Santa Cesarea Terme, Apulia (photo M. Parise); F) Gypsum crystals growing on the 
host rock of Solfatara Cave, in Santa Cesarea Terme, Apulia (photo M. Vattano); G) Gypsum crystals and gypsum moonmilk 
growing of walls and roof of Fetida Cave, in Santa Cesarea Terme, Apulia (photo M. Parise); H) Gypsum moonmilk on the wall 
of Fetida Cave, Santa Cesarea Terme, Apulia (photo I.M. D’Angeli); I) Gypsum deposits growing on the ceiling of a small cave 
close to Acqua Mintina (photo M. Vattano).

SEM images show that sulfur deposits (EDX 
analysis done in the yellow dot in Fig. 4) of Acqua 
Mintina Cave result intensely corroded, exhibiting 
linear weathered structures (Fig. 4A) and boreholes 
(Fig. 4B) on the surface. On the other hand, the sulfur 
deposits of Santa Cesarea Terme seem to be very 
porous, showing an overall powdery habit and circular 

voids. Generally, sulfur deposits are associated with 
gypsum crystals (EDX analysis in the blue dot) and, 
as occurring in Acqua Mintina Cave, with celestine 
minerals (Fig. 5F). 

Nevertheless, gypsum and sulfur are not the only 
speleogenetic by-products found in the SAS caves of 
Italy. As a matter of fact, we discovered copious powdery 

Hydroxylapatite Ca5(PO4)3(OH) Phosphate x x xm

Leucophosphite KFe3+
2(PO4)2(OH)·2H2O Phosphate x

Vashegyite Al11(PO4)9(OH)6·38H2O Phosphate xm

Robertsite Ca2Mn3+
3O2(PO4)3·3H2O Phosphate xm

Spheniscidite (NH4)Fe3+
2(PO4)2(OH)·2H2O Phosphate xm

Taranakite K3Al5(PO3OH)6(PO4)2·18H2O Phosphate xm

Goyazite SrAl3(PO4)(PO3OH)(OH)6 Phosphate x

Quartz SiO2 Silicate x x xj x x x x x x xm

Opal SiO2·nH2O Silicate xd,e,g

Titanite CaTi(SiO4)O Silicate x

Muscovite KAl2(Si3Al)O10(OH)2 Silicate x x x

Kaolinite Al2Si2O5(OH)4 Silicate x xj x

Greenalite (Fe2+,Fe3+)2-3Si2O5(OH)4 Silicate x

Lizardite Mg3Si2O5(OH)4 Silicate xm

Montmorillonite (Na,Ca)0.33(Al,Mg)2Si4O10 

(OH)2·nH2O
Silicate x

Halloysite-10Å Al2Si2O5(OH)4·2H2O Silicate xc xd,e,g x xm
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jarosite [KFe3+
3(SO4)2(OH)6] and alunite [KAl3(SO4)2(OH)6] 

deposits (Table 2 and Fig. 5). Jarosite has been found 
in eight cave systems, followed by alunite observed 
only in five systems (Monte Cucco, Montecchio, 
Cavallone-Bove, Acqua Mintina, and Corona ’e 
sa Craba caves). Natroalunite [NaAl3(SO4)2(OH)6] 
and tschermigite [(NH4)Al(SO4)2·12H2O] were 
found in two caves, while the others such as 
felsőbányaite [Al4(SO4)(OH)10·4H2O], tamarugite 
[NaAl(SO4)2·6H2O], alum-(K) [KAl(SO4)2·12H2O], 

pickeringite [MgAl2(SO4)4·22H2O], walthierite 
[Ba0.5Al3(SO4)2(OH)6], eugsterite [Na4Ca(SO4)3·2H2O],  
metavoltine [K2Na6Fe2+Fe3+

6O2(SO4)12·18H2O], and 
copiapite [Fe2+Fe3+

4(SO4)6(OH)2·20H2O] have been 
found only in one cave system. Alunite deposits have 
been abundantly found in Cavallone-Bove system 
showing a wide suite of different colors going from 
whitish (Fig. 5A-B) to light brown (Fig. 5D). Jarosite, 
instead, exhibits colors ranging from yellowish-brown 
(Fig. 5E), orange (Fig. 5C) to grey, if in association 

Fig. 3. Sulfur deposits from several SAS caves in Italy; A) Sulfur deposited in little pockets in Faggeto Tondo Cave 
located in Monte Cucco (photo M. Nagostinis); B) Sulfur deposits on the walls in the lower part of Grotta Nuova, 
Acquasanta Terme (photo R. Simonetti); C) Sulfur covering walls and ceiling in Gattulla Cave in Santa Cesarea Terme 
(photo M. Vattano), D) The biggest sulfur stalactite (1.5 m long) of Cala Fetente Cave in Capo Palinuro (photo P. Forti); 
E) Bothryoidal sulfur deposits covering gypsum speleothems of Cala Fetente Cave in Capo Palinuro (photo P. Forti); 
F) Sulfur deposited on walls and ceiling of Acqua Mintina Cave (Sicily), and coating a thin layer of organic matter 
characterized by dark color in the lower part of the picture (photo M. Vattano).

Fig. 4. Sulfur and gypsum deposits observed with Scanning Electron Microscope and EDX analyses; A) Sulfur deposits from Acqua 
Mintina Cave (Sicily). The crystal faces are deeply corroded. B) A higher magnification allowed us to see both lines of corrosion and 
interesting etching structures with rounded shapes; C and D) The sulfur deposits of Gattulla Cave in Santa Cesarea Terme (Apulia) 
have a very porous structure (with circular holes). They are always associated with gypsum crystals. E) Gypsum deposits found in 
Ninfe Cave (Cerchiara di Calabria) are associated with laminae of jarosite and hexagonal crystals of copiapite.
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with celestine and gypsum (Fig. 5F). SEM images 
(Fig. 6) show that these deposits are characterized 
by tiny crystals, sometimes smaller than 2 µm. 
EDX analyses allowed us to observe that deposits 
are not only characterized by pure crystals made of 

a unique phase, but also by solid solutions of two 
(Fig. 6A-G) or three (Fig. 6C) mineralogical phases 
enriched with P (phosphorus). Alunite and jarosite 
crystals are, mainly, perfect microcrystalline cubes 
(Fig. 6B-C-E), but sometimes they have defects such 

Fig. 5. Appearance of alunite and jarosite deposits; A. Whitish deposits located in Cavallone Cave, Abruzzo. They are dominated by alunite minerals, 
with a minor amount of jarosite, brucite and quartz minerals (photo M. Nagostinis); B. Deposits with different colors in the innermost part of Cavallone 
Cave, Abruzzo. The dark materials are made of Mn hydroxide, silicates and alunite, the brownish sediments of alunite and jarosite, while the greyish 
ones are characterized by alunite and natroalunite minerals (photo M. Nagostinis); C. Brownish deposits in Cavallone Cave, Abruzzo. They are 
composed of jarosite, alunite and 10% of muscovite minerals (photo M. Nagostinis); D. Light brown deposits in Bove Cave, Abruzzo, made of alunite, 
quartz, muscovite and magnesite minerals (photo M. Nagostinis); E. Jarosite and gypsum deposits found in Fetida Cave, Santa Cesarea Terme, 
Apulia (photo I.M. D’Angeli); F. Grey-yellowish deposits located in Acqua Mintina Cave, Sicily. They are characterized by jarosite, gypsum, celestine 
and quartz minerals (photo M. Vattano).

as the case occurring in Fig. 6H, showing square 
voids on the surface of the jarosite cubes. Alunite 
can also be characterized by bipyramidal crystals 
(Fig. 6D). Rounded crystals made of solid solutions 
of jarosite-alunite have been observed, likely related  
to subsequent weathering processes (Fig. 6G). In a 
sample coming from Acqua Mintina we saw tiny jarosite 
crystals covering quartz (Fig. 6I). Nanostar crystals of 
~1 µm, have been noticed on the surface of perfect 
cubic alunite minerals: they are, likely, composed of 
gibbsite (Fig. 6 E) that formed in a later stage. In the 
Calabrian cave systems and in Acqua Mintina Cave, we 
discovered interesting yellowish brown deposits made 
of quite rare speleogenetic by-products composed 
of metavoltine, copiapite, pickeringite, hexahydrite 
[Mg(SO4)·6H2O], or tamarugite (Fig. 7). SEM analyses 
allowed us to elucidate their crystal habits. Metavoltine 
(Fig. 7A-D) exhibits tabular crystal with hexagonal 
outlines (EDX analysis carried out in the yellow dot), 
and developed in association with Mg sulfates (such as 
epsomite [Mg(SO4)·7H2O] and hexahydrite). Copiapite 
minerals (Fig. 7E) are tabular with a perfect hexagonal 
shape and can occur together with gypsum and 
jarosite deposits (Fig. 4E) or with elongated crystals 
of pickeringite (Fig. 7E-F) and tabular rhombohedral 
hexahydrite (Fig. 7F) (EDX analyses are shown, 
respectively, in the light blue and orange dot). 

Rutile [TiO2], ilmenite [Fe2+Ti4+O3], and titanite 
[CaTi(SiO4)O] have been found, especially, in Monte 

Cucco and Cavallone-Bove systems (Fig. 8A-B) and 
EDX analyses are shown in Fig. 9 (yellow-light blue-
orange dots). SEM images (Fig. 9A-B-C-D) point out 
their morphology: needle (Fig. 9A) and rhombohedral 
(Fig. 9D) crystals of rutile, and spherical (Fig. 9C) 
and rounded (Fig. 9B) crystals of titanite have been 
observed. We found them in association with solid 
solutions of alunite-jarosite-natroalunite (Fig. 9C), 
muscovite [KAl2(Si3Al)O10(OH)2] (Fig. 9A), goyazite 
[SrAl3(PO4)(PO3OH)(OH)6] (Fig. 9B), or baryte [Ba(SO4)] 
(Fig. 9D-E). The fossil branches of several systems such 
as La Grotta (in Monte Cucco), Frasassi, Sant’Angelo 
(Cassano allo Ionio), and Corona ’e sa Craba caves 
host important baryte deposits (Fig. 8C-D), whilst 
Faggeto Tondo Cave (in Monte Cucco) accommodates 
significant fluorite [CaF2] deposits (Fig. 8E-F-G-H-I). 
The spectrum of baryte from La Grotta (Fig. 9, blue 
dot) points out the presence of Sr, likely related to a 
solid solution between baryte and celestine. Celestine 
was found also in other SAS systems like Buso 
della Pisatela-Rana (where it is related to allogenic 
volcanic sediments brought into the cave), and Acqua 
Mintina (Fig. 9F), where it is authigenic. Hydroxides 
such as gibbsite [Al(OH)3] and goethite [FeO(OH)] 
(Fig. 9I, Fig. 10D-E-F) together with phosphates  
(PO3-

4) have been observed and sometimes they occur 
on the surface of fluorites (Fig. 9G-H-I). Interesting 
solid solutions of goyazite-alunite-jarosite (Fig. 10A), 
hydroxylapatite-goyazite (Fig. 10C), and nanocrystals 
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Fig. 6. Alunite and jarosite deposits observed with SEM and some EDX analyses; A) Cubic alunite minerals are found together with pure jarosite 
crystals and solid solution (S.S.) of alunite-jarosite, Cavallone Cave, Abruzzo; B) Pure alunite crystals with a perfect cubic shape have been 
observed in Cavallone Cave, Abruzzo; C) Cubic crystals, characterized by a solid solution of alunite-jarosite-natroalunite, have been observed in 
Bove Cave, Abruzzo; D) Bipyramidal crystals of alunite are present in Cavallone Cave, Abruzzo. The blue dot represents the site of EDX analysis 
shown in the lower part of the figure; E) Sometimes, the cubic crystals of alunite are covered by star-shaped crystals (dark squares), probably 
made of gibbsite; F) Small crystals of alunite in Cavallone Cave, Abruzzo; G) Rounded and degraded crystals composed of a solid solution of 
alunite-jarosite, likely related to secondary weathering processes, found in Cavallone Cave, Abruzzo. The EDX analysis of the yellow dot shows 
the presence of an important amount of Si, likely related to clay minerals; H) Cubic crystals of jarosite, showing a peculiar defect of crystallization, 
Bove Cave, Abruzzo. The EDX analysis in the orange dot shows an almost pure jarosite composition; I) Small crystal of jarosite covering quartz 
minerals, Acqua Mintina Cave, Sicily.

of leucophosphite [KFe3+
2(PO4)2(OH)·2H2O] (Fig. 10 C)  

are common in the fossil middle branches of La  
Grotta (Monte Cucco system), whereas hydroxylapatite 
[Ca5(PO4)3(OH)], vashegyite [Al11(PO4)9(OH)6·38H2O], 
robertsite [Ca2Mn3+

3O2(PO4)3·3H2O], spheniscidite 
[(NH4)Fe3+

2(PO4)2(OH)·2H2O], berlinite(?) [Al(PO4)], 
taranakite [K3Al5(PO3OH)6(PO4)2·18H2O] have been 
detected only in Corona ’e sa Craba Cave, where they 
are related to bat guano. 

DISCUSSION

As observed in all the Italian sulfuric acid caves, 
gypsum is the most common secondary mineral, 
deriving from the immediate reaction between H2SO4 
and the carbonate host rock (see reaction 2), a 
process well-explained by Egemeier (1981). Abundant 
gypsum deposits have been found in several famous 

sulfuric acid caves including Carlsbad Caverns and 
Lechuguilla in New Mexico (Hill, 1995), Cueva de Villa 
Luz in Tabasco, Mexico (Hose et al., 2000), Grotte du 
Chat in France (Audra, 2007; De Waele et al., 2016), 
Kraushöhle in Austria (Plan et al., 2012), and Movile 
and Cerna Valley in Romania (Sarbu et al., 1994; 
Galdenzi, 2001; Onac et al., 2011). Several modes of 
gypsum precipitation have been described causing, for 
instance, different structures of cave gypsum deposits, 
depending on the genetic environment. Buck et al. 
(1994) classified them in: 1) subaqueous replacement 
crusts, 2) subaqueous sediments, 3) subaerial 
replacement crusts, 4) subaerial replacement crust 
breccias, and 5) evaporitic crusts. In Figure 2A-E-F-I we 
observed several examples of evaporitic speleothems 
formed in sub-aerial environments and similar to 
the ones described by Davis (2000). In Figure 2E 
gypsum stalactites that lack the central feeding 
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channels are presented, whilst the speleothems in 
Figs. 2A-F-I seem to be tiny chandelier stalactites. 
Their formation is related to airflow convection that 
leads to several condensation/evaporation cycles 
(Davis, 2000), inducing the dissolution-corrosion of 
carbonate rock and, subsequently, its replacement by  
gypsum materials.

In Figure 2B and C it is possible to observe 
subaqueous replacement crusts located in inactive 
SAS caves, such as Cavallone Cave (Fig. 2B) in 
Abruzzo, and Gigliola Cave (Fig. 2C) in Calabria. They 
developed parallel to ceilings and walls, but they are 
currently occurring as collapsed blocks with well-
altered external surface characterized by vertical holes 
caused by active dripping. In Figure 2D, there are 
sub-aerial replacement crusts in the fossil SAS cave 
called Sant’Angelo (Calabria), and nowadays they are 
subjected to secondary sub-aerial weathering. Figures 
2G and 2H display sub-aerial gypsum deposits made 
of creamy moonmilk with a microcrystalline structure 
and macrocrystalline euhedral needles growing in a 
still active cave in Apulia (Fetida cave at Santa Cesarea 
Terme). The genesis of such gypsum moonmilk 
deposits seems to be related to interesting acidophilic 
communities of archaea and bacteria, and deserves 
further studies. They thrive only in the innermost 
part of the Fetida Cave, where H2S contained in 
the upwelling waters, reaching the atmosphere, 
degasses and produces intense condensation-

corrosion processes, inducing the dissolution of the 
carbonate host rock and precipitation of newly formed  
gypsum minerals.

Gypsum moonmilk deposits have been described in 
other SAS systems around the world, and especially, 
in wet environments or where the aggressivity of 
H2SO4 is strong enough, such as in Lower Kane Cave 
in Wyoming (Egemeier, 1981), Guadalupe Mountains 
in New Mexico (Buck et al., 1994), Cocalière Cave in 
France, but also in Faggeto Tondo and Fiume-Vento 
Caves in Central Italy (Cucchi & Forti, 1988; Forti 
et al., 1989), and recently in Grotta Bella and Ramo 
Sulfureo in Frasassi Cave (Mansor et al., 2018). 

Sulfur deposits have been found in several locations 
(Table 2), but they are, really, abundant only in a few 
Italian cave systems such as: Capo Palinuro (CP), 
Santa Cesarea Terme (SCT), and Acqua Mintina (AM). 
They occur in the areas where the sulfuric waters 
reach the surface producing intense H2S exhalations. 
As demonstrated by Forti & Mocchiutti (2004), 
the sulfur cannot deposit directly on carbonate 
rock (because of its buffering capacity). In Cala 
Fetente (Fig. 3D-E), it has been observed that sulfur 
starts to grow on gypsum minerals only when the 
concentration of H2SO4 rapidly increases, whilst Ca2+ 
(related to carbonate dissolution) decreases (Forti & 
Mocchiutti, 2004). In Santa Cesarea Terme (Fig. 3C), 
as in Cala Fetente, sulfur developed on top of gypsum, 
completely covering cave walls and man-made wooden 

Fig. 7. Yellowish deposits found in some SAS cave of Italy and SEM-EDX analysis; A) Metavoltine-hexahydrite deposits, in Acqua Mintina  
Cave, Sicily (photo I.M. D’Angeli); B) Copiapite-jarosite deposits found in the spring of Ninfe Cave, Cerchiara di Calabria (photo O. Lacarbonara); 
C) Copiapite-pickeringite-hexahydrite-tamarugite deposits observed in Terme Sibarite Spring, Cassano allo Ionio, Calabria (photo O. Lacarbonara); 
D) Laminae of metavoltine minerals (the yellow dot represents the site of EDX analysis); E) Hexagonal laminae of copiapite, in the background 
it is possible to see elongated crystals of pickeringite; F) Pickeringite crystals (site of EDX analysis in the light blue dot), and hexahydrite 
minerals (EDX analysis in the orange dot).
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structures. Otherwise, in Acqua Mintina Cave (Sicily), 
sulfur grows (Fig. 3F) on a dark material characterized 
by organic matter, at the external weathered rock-
surface characterized by gypsum and celestine, as 
a result of carbonate replacement. Generally, the 
observed sulfur deposits are more than 1 cm thick 
and present a fine lamination as in the case of Santa 
Cesarea Terme (D’Angeli et al., 2017a). Well-developed 
sulfur folia have been described by Lugli et al. (2016) 
in Acqua Mintina Cave.

As shown in Figure 4, sulfur minerals exhibit linear 
corrosive structures (Fig. 4A-B), microscopic boreholes 
(Fig. 4C), porous and powdery habits (Fig. 4C-D).  
Sometimes it is possible to see filaments, likely 
related to biological activity (D’Angeli et al., 2017a). 
As a matter of fact, in Santa Cesarea Terme, a still 
active sulfuric acid system, we found and collected 
interesting biological substances including creamy 
white moonmilk deposits, vermiculations, and white 
substances floating on the water surface close to 
the spots where fluids are upwelling (D’Angeli et 
al., 2017b). The role of sulfur-oxidizing and sulfur-
reducing microorganisms has been demonstrated to 
be important in the sulfur cycle (Hill, 1992, 1995; 
Canfield, 2001, Mansor et al., 2018). It is well known 

that “purple sulfur bacteria” such as Chromatiales 
(Chromatiaceae and Ectothiorhodospiraceae) can use 
sulfide as sole electron donor and precipitate elemental 
sulfur inside or outside the cells, during oxidation 
(Imhoff, 2006). Intracellular storage of elemental 
sulfur allows their endogenous respiration under 
dark and oxidative conditions (cave environment), 
whilst it can be used as an electron acceptor during 
endogenous fermentation of carbohydrates (Imhoff, 
2006 and references therein) in dark anoxic (deep-
seated) environments. 

Significant baryte deposits have been described 
in Monte Cucco (Forti et al., 1989), Frasassi (Perna, 
1973), Cassano allo Ionio (Catalano et al., 2014), and 
Corona ’e sa Craba (Sauro et al., 2014).

In Monte Cucco cave system baryte occurs in 
association with fluorite. This paragenesis might 
invoke Mississippi Valley-type ore deposition, formed 
during large-scale orogenic events (Hanor, 2000). As 
demonstrated by Barbieri et al. (1982) the interaction 
between Ba-bearing (>7,000 ppm) deep fluids in 
contact with phyllites of the basement (Ba exists in 
solid solutions with K in minerals like K-feldspar and 
K-micas) and deep-seated Triassic evaporites allowed 
the deposition of baryte minerals in Tuscany. 

Fig. 8. Appearance of deposits containing ilmenite, rutile, baryte, fluorite, fluorapatite minerals. A) Reddish-brown deposit 
characterized by ilmenite, alunite and muscovite, located in Cavallone-Bove system (photo M. Nagostinis); B) Grey-browinsh 
deposit containing rutile minerals, in Cavallone-Bove system (photo M. Nagostinis); C) Greyish deposits of baryte, in the 
deepest part of La Grotta, Monte Cucco (photo J. De Waele); D) Orange-yellowish deposits characterized by baryte and 
calcite, in the deepest part of La Grotta, Monte Cucco (photo J. De Waele); E) Green-greyish fluorite deposits in contact with 
the carbonate host rock, in the upper part of Faggeto Tondo, Monte Cucco system (photo J. De Waele); F) Orange-brownish 
deposits made of fluorite-fluorapatite and hydroxylapatite, in Faggeto Tondo, Umbria (photo J. De Waele); G) Weathered 
fluorite, gibbsite and magnetite deposits in contact with the host rock (limestones), in Faggeto Tondo Cave, Umbria (photo M. 
Nagostinis); H) Brownish deposits made of fluorite and fluorapatite, in the middle part of Faggeto Tondo, Umbria (photo M. 
Nagostinis); I) Whitish fluorite and gypsum, in the middle-lower part of Faggeto Tondo, Umbria (photo M. Nagostinis).
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Barium can precipitate only in limited conditions, 
such as >10 ppm of Ba content, high salinity ranges 
(10,000-30,000 ppm), <200 ppm of sulfates, otherwise 
the Ca-sulfate precipitation is favored (Hanor, 2000 
and references therein). In SO4-rich environments, Ba 
can be mobilized, as barium chloride, only in highly 
reducing conditions, when sulfates are completely 
reduced (Hanor, 2000; Sauro et al., 2014). Instead, 
celestine (SrSO4) might be deposited when fluids with 
an extremely high Sr/Ba content (in condition of 
high salinity, high SO4

2-, and low Ba2+ concentration) 
reacted with evaporite-carbonate rocks. The most 

famous occurrence of celestine deposits in cave, as 
described by Wright (1898) and reported in Hill & Forti 
(1997), occurs in Crystal Cave (Put-in-Bay, Ohio), but 
other celestine deposits associated with gypsum have 
been described in Cumberland Caverns (Tennessee), 
Flint-Mammoth Caves (Kentucky) and Carlsbad 
Caverns (New Mexico) (Hill, 1981; Hill, 1987). 

Celestine, in the Italian SAS caves, has been observed, 
especially, in the Buso della Pisatela-Rana (Tisato et 
al., 2012) as inclusion in volcanic allogenic pebbles, 
in Acqua Mintina strictly associated with carbonate 
host rock and gypsum deposits, and in Monte Cucco 

Fig. 9. SEM and EDX analyses of the deposits reported in Fig. 8 A. The SEM image shows an elongated rutile crystal found in 
Cavallone-Bove system, Abruzzo (EDX analysis in the yellow dot); B) Rounded crystal of titanite found in the middle branches of  
La Grotta, Monte Cucco, Umbria; C) Sphere of titanite, while the background is dominated by a solid solution of alunite-jarosite,  
La Grotta, Monte Cucco, Umbria (EDX analysis in the light blue dot); D) The image shows an assemblage of rhombohedral rutile 
and baryte crystals found in the lower branches of La Grotta, Monte Cucco, Umbria (EDX analysis of rutile and baryte in the  
orange and blue dots); E) Baryte deposits associated with illite, found in the lower branches of La Grotta, Monte Cucco, Umbria;  
F) Celestine found in Acqua Mintina Cave, Sicily (EDX analysis in the beige dot); G) Cubic fluorite surrounded by fluorapatite and 
hydroxylapatite microcrystalline deposits due to weathering, in the upper part of Faggeto Tondo Cave, Monte Cucco, Umbria (EDX 
analysis in the magenta dot); H) Fluorite covered by hydroxylapatite and gibbsite, due to weathering processes, Faggeto Tondo Cave, 
Umbria; I) Fluorite in association with goethite, found in the lower branches of Faggeto Tondo Cave, Umbria.
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system (Forti et al., 1989) in assemblage with baryte 
deposits. In Acqua Mintina, celestine likely deposited 
when SO4 and Sr-rich fluids, related to sulfuric acid 
processes, interacted with the host rock, inducing the 
precipitation of SrSO4 and gypsum as replacement 
of carbonate. SEM observations on some samples of 
baryte from La Grotta (Monte Cucco) show minerals 
with perfect crystalline habits (Fig. 9D), indicating 
they formed in situ. In fact, barite is highly resistant 
in oxidizing environments, and the interaction with 
sulfuric acid waters, enhancing dissolution-corrosion 
of carbonate rocks, aids in stabilizing its crystallization. 
Nevertheless, as visible from EDX analysis (in the 
blue dot of Fig. 9), baryte is enriched in Sr, indicating 
a solid solution between baryte-celestine. Complete 
solid solutions between Ba(SO4) and Sr(SO4) occur due 
to the similarity of their ionic radii (1.16 and 1.36 Å for 
Sr and Ba, respectively); moreover, the incorporation 
of Sr2+ into baryte is facilitated at room temperature 
(Hanor, 2000). This occurrence would suggest the 
replacement of early baryte with Sr-rich baryte that 
might have happened when the temperature of the 

mother-solution was close to room temperature, and 
the concentration of sulfate was too low to precipitate 
Ca(SO4)·2H2O. The rising acidic waters, involved in the 
sulfuric acid speleogenesis are normally aggressive 
toward carbonates, and the dissolution of the host 
rock, due to sulfuric acid, might have increased the 
concentration of Sr2+ (stable in saline and high SO4

2- 
habitat) and the possibility of a secondary substitution 
of Ba2+ (in baryte) with Sr2+. In addition, baryte (Fig. 
8C-D) and fluorite (Fig. 8E-F-G-H-I) deposits of 
Monte Cucco systems exhibit an altered appearance 
with rusty colors. Fluorite (Fig. 9G) sometimes 
occurs as perfect cubes with weathered surfaces 
covered by fluorapatite [Ca5(PO4)3F]-hydroxylapatite 
[Ca5(PO4)3(OH)] (Fig. 9G), gibbsite (Fig. 9H) and/or 
goethite (Fig. 9I). The spectrum of goethite, grown in 
contact with fluorite (Fig. 10 dot in magenta color), is  
enriched with peculiar trace elements such as As and V.

Baryte and fluorite deposits have been observed in 
Luceram Cave (French Alps), and its association with 
vanadium and uranium materials has been found in 
Khaidarkan and Ferghana caves (Kirghizistan) and in 

Fig. 10. SEM and EDX analyses of phosphates, aluminum-phosphates and hydroxides of Al and Fe. A) It is possible to see the 
appearance of a solid solution of goyazite-alunite-jarosite, found in the middle galleries of La Grotta, Umbria (EDX analysis is 
reported in the yellow dot); B) Cubic hydroxylapatite crystals found in association with goyazite and alunite-jarosite, La Grotta, Monte 
Cucco; C) The picture shows an assemblage of hydroxylapatite-goyazite solid solution (light blue dot) and leucophosphite (orange 
dot), La Grotta, Umbria; D) Gibbsite associated with fluorite (EDX in the dark blue dot). A laminated mineral made of Al, F and O, 
is visible (EDX in the beige dot); E) Goethite (EDX in magenta dot) is also present in association with hydroxylapatite and fluorite 
crystals in La Grotta, Monte Cucco, Umbria. From the EDX of goethite it is possible to observe elements such as As, V, Ti; F) The picture 
shows the association of fluorite and goethite in more detail.
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some thermal springs in Hungary (Hill & Forti, 1997). 
They are thought to be deposited from hydrothermal 
fluids with temperature >150-180°C.

As suggested by Williams-Jones et al. (2000) 
fluorite can form when hydrothermal fluids (400°C 
characterized by sulfate-rich NaCl-KCl brines) 
meet CO2-bearing and sulfate-poor NaCl brines of 
external origin. The mixing between REE-fluoride-
bearing fluids and Ca-carbonate-bearing fluids (or 
the interaction with carbonate rocks) is an important 
control of REE-fluorocarbon mineral deposition 
(Williams-Jones et al., 2000). 

Monte Cucco cave system also hosts magnetite 
[Fe2+Fe3+

2O4]. The stability of baryte-magnetite occurs 
in limited conditions characterized by pH ranging 
between 10-12 and log fO2 -57, suggesting that 
magnetite, probably, precipitated in deep-seated 
conditions and reached the cave environment through 
the ascending flows.

Interesting is the association of baryte, pyrite [FeS2], 
and hematite [Fe2O3] observed in Sant’Angelo Cave 
(Cassano allo Ionio) typical of pH ranging between 0 
and 4 and highly oxidizing conditions (log fO2 between 
-52 and -47) (Hanor, 2000 and references therein), 
whereas in Corona ’e sa Craba the study of fluid 
inclusions found in baryte suggests their deposition 
at a temperature lower than 50°C, only when the 
rising reducing fluid became more oxidative (Sauro 
et al., 2014).  

Of significant interest are the assemblages of 
titanite-rutile crystals in Monte Cucco and titanite-
rutile-ilmenite in Cavallone-Bove caves, shown in 
Table 2. The solubility of titanium is very low, and if 
transported by water flows, it occurs as a solid phase. 
Nevertheless, Ti can be found in the ionic form due to 
highly exothermic reactions linked to acid digestion 
(HNO3 and/or H2SO4) (Westerhoff et al., 2011). The 
important role of sulfur in some replacement reactions 
has also been described by Tracy & Robinson (1988) 
and Henry & Guidotti (2002). The breakdown of 
muscovite flakes releases Fe, Si, Al, and K necessary 
to the growth of dark micas [K(Mg,Fe2+)3 AlSi3(OH,F)2] 
within ilmenite deposits (Carswell & O’Brien, 1993; 
Angiboust & Harlov, 2017). Titanium ions can 
precipitate as: 1) spheres of TiO2, 2) aluminosilicates 
with a flaky appearance (with absorbed surface iron 
and/or in association with kaolinite deposits), and 3) 
mixed environmental silicates without aluminum. In 
Figure 9, several crystalline morphologies for rutile 
(Fig. 9A-D) and titanite (Fig. 9B-C) have been pointed 
out, suggesting titanium was in solution and not only 
transported as particles by the slowly rising fluid. 
Rutile shows needle crystals (Fig. 9A) and perfect 
rhombohedral structure (Fig. 9D), whereas titanite 
has rounded (Fig. 9B) to spherical appearances.

Rising waters, enriched in H2S, can also produce 
an extensive suite of insoluble pH/Eh-dependent 
hydroxysulfates and oxyhydroxides (Carbone et 
al., 2013) and APS materials of significant value for 
extractive and environmental geology (Dill, 2001). 
Fe-rich waters precipitate yellow-to red-to brown 
materials, while Al-rich fluids form milky-white 
precipitates (Bigham & Nordstrom, 2000; Carbone et 

al., 2013). Acidity (pH) is one of the most significant 
limiting factors in sulfuric-acid solutions, being Fe and 
Al pH-dependent (Tombácz et al., 2000). Generally, 
Al3+ is stable in quite acid conditions (pH < 5), and 
the conservative solute transport values for Fe3+ are 
limited in comparison to the species Fe2+. In fact, Fe3+ is 
stable at very low pH (<1) and Eh ranging between 0.8 
and 1.8, while Fe2+, depending on the potential values 
(-0.4 to 0.8), starts to precipitate from very acidic (pH 
< 1) to neutral (pH = 7) conditions. In non-sulfuric-
acid conditions Fe and Al oxides, hydroxides, and 
oxyhydroxides typically occur at pH ranging between 5 
and 9 (Stumm, 1992). The presence of dissolved SO4

2- 
in water changes the conservative solute transport 
threshold, inducing a drop of pH value (<4.5) and 
decreasing the areas of stability for Al3+, Fe3+ and Fe2+. 
In this circumstance, Al3+ can stay in solution at pH 
< 4.5, whilst the solubility of Fe species is controlled 
by jarosite and goethite precipitation (Bigham & 
Nordstrom, 2000).

Commonly, Al-rich sulfates precipitate separately 
from Fe-rich ones. Even if present in the same 
deposits, alunite and jarosite rarely belong to the same 
event (Rye et al., 1993; Stoffregen, 1993). Minerals 
belonging to the jarosite group normally form at pH 
< 2.5, alunite precipitates at pH values of 3-4, and 
ferrihydrite [(Fe3+

10O14(OH)2] (Kulp et al., 2009) with 
microcrystalline gibbsite at pH ranging from 6-8. 
(Bigham & Nordstrom, 2000). 

Alunite, natroalunite, and jarosite deposits have 
been described in several famous SAS systems 
around the world (Palmer & Palmer, 1992; Polyak 
& Güven, 2000; Polyak & Provencio, 2001). Table 2 
shows that the most abundant hydroxysulfate, in 
Italian SAS systems, is jarosite. Jarosite formation, 
generally, requires more extreme acidity and oxidizing 
conditions with respect to alunite. On the contrary 
of alunite (easily attributed to hypogene processes), 
jarosite is commonly considered a product of 
supergene weathering (Dill, 2001), and can replace 
alunite when the fluids become more acidic and 
oxidizing (Stoffregen et al., 2000). The occurrence of 
jarosite deposits has also been documented during 
dry summer seasons in sea caves along the coast in 
the central part of California (Rogers, 1988; Hill & 
Forti, 1997). However, jarosite can also form in highly 
oxidizing fluids at temperature ranging between 150-
200°C, rich in sulfuric-acid. 

As reported by Dutrizac & Jambor (2000) and 
Stoffregen et al. (2000) jarosite, in surficial conditions, 
typically alters to goethite, whereas in low-temperature 
metamorphic environments the destruction of jarosite 
produces goethite and hematite. Changes in pH (due 
to the addition of a buffering agent such as carbonate 
rocks) can induce the precipitation of dissolved Fe 
(in low concentration), and the deposition of goethite 
(Dutrizac & Jambor, 2000 and references therein). 
Jarosite abundance increases with decreasing pH, 
whereas goethite is stable at pH 3.3-3.6 (Bigham & 
Nordstrom, 2000). The source of iron can be related 
to the sedimentary deposition of iron-rich formations 
along margins of cratons or continental platforms 
over extended periods of time (Gross, 1983). 
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Aluminum in natural environments is related to 
the weathering of various aluminosilicates including 
K-feldspar [KAlSi3O8], muscovite, and kaolinite 
[Al2Si2O5(OH)4] (Bigham & Nordstrom, 2000). Alunite 
can also be due to the interaction between H2SO4 

and illite-series at pH 3-4 (Goldbery, 1980). The 
studied alunite deposits (Fig. 6) present fine-grained 
structures, occurring like pseudo-cubic to bipyramidal 
grains (0.7-2.5 µm), deposited as bedded sediments. 
Jarosite has been observed both with a pseudo-cubic 
(Fig. 6H) or laminar structure (Fig. 4E). The pseudo-
cubic crystals (Fig. 6H) found in Cavallone-Bove 
system present evident defects, probably linked to a 
complete substitution of previous alunite deposits. 
As suggested by Stoffregen et al. (2000), fine-grained 
alunite usually forms at quite low temperature. 
Bigham & Nordstrom (2000) observed precipitation 
of alunite crystals after the mixing of acid mine 
waters with carbonate-rich warm (20°C) fluids with 
elevated concentration of chloride (700-800 ppm). 
Microcrystalline alunite also forms in evaporative 
conditions together with silica speleothems in 
Australian caves at room temperature (Wray, 2011). 
Sulfate in this case derives from pyrite oxidation, 
and reaches high-enough concentrations because of 
intense evaporation. Copious solid solutions (Fig. 6 
and 10A) have been found in the studied samples, 
especially those from Cavallone-Bove and Monte 
Cucco systems. The most common solid solution 
series are alunite-natroalunite, jarosite-natrojarosite, 
alunite-jarosite, but interesting are the coupled 
substitutions of sulfate (SO4

2-) with phosphate (PO4
3) 

or arsenate (AsO4
3-). Hydroxylapatite replacements 

can occur in zones of “advanced argillitic” alteration 
(Stoffregen et al., 2000), defined by the assemblage 
of kaolinite, alunite, smectite (Shanks III, 2012) 
typical of environments with pH lower than 4 and 
well-described in different hydrothermal ore deposits 
(Meyer & Hemley, 1967). Minerals belonging to the 
alunite supergroup can have hypogene hydrothermal, 
hypogene steam-heated and supergene origin (Dill, 
2001). Hypogene hydrothermal alunite is commonly 
enriched in PO4

3-, and cations such as Ca2+, Sr2+, Ba2+ 
whereas steam-heated alunites lack a complex core 
and are characterized by a limited range of alunite-
natroalunite solid solutions (Aoki et al., 1993). P- and 
Sr-content in alunite deposits reflects the source 
of the parent solution (accessory hydroxylapatite, 
monazite, xenotime, and alkali feldspar). 

We discovered abundant phosphates (i.e., goyazite 
and leucophosphite) and solid solutions between 
phosphates and sulfates in Monte Cucco systems (Fig. 
10A), and Corona ’e sa Craba (vashegyite, berlinite(?), 
taranakite), but also fluorapatite-hydroxylapatite 
minerals associated with gibbsite, likely related to 
subsequent events that induce weathering of primary-
acidic deposits. 

Hydroxylapatite is stable at pH close to 6, whilst 
gibbsite (the final product of phosphate alteration) 
occurs at pH > 5 (Dill, 2001 and references therein). In 
all the studied cases, we have never observed andalusite 
[Al2SiO5] as an alteration product; this means that the 
temperature never exceeded 400°C and the widespread 

presence of jarosite suggests the temperature was 
always below 200°C (Barth-Wirshing et al., 1990). 
In acidic sulfate waters kaolinite and gibbsite (the 
last products of aluminosilicate weathering) are not 
the most stable phases. Other minerals such as 
pickeringite and aluminocopiapite may form (Bigham 
& Nordstrom, 2000). Pickeringite and copiapite have 
been previously described in cave environments, and 
in association with tamarugite (Forti et al., 1995; 
1996), in the Alum volcanic cave (Vulcano Island, 
Sicily) and with römerite [Fe2+Fe3+

2(SO4)4·14H2O] and 
coquimbite [Fe3+

2(SO4)3·9H2O] in Carlsbad Caverns 
(Mosch & Polyak, 1996). Pickeringite, metavoltine, and 
tamarugite have been seen in the volcanic-fumarole 
related environment of Grotta dello Zolfo (Naples, 
Italy) (Franco, 1961), and more recently, with a wide 
variety of sulfates in the Cuve de los Minerales on Irazù 
Volcano, Costa Rica (Ulloa et al., 2018). Pickeringite 
and tamarugite have also been encountered in thermal 
caves such as the case of Diana in Romania (Diaconu 
& Medesan, 1973; Puşcaş et al., 2013). The sources 
of Na+, inducing the precipitation of tamarugite and 
metavoltine, can be linked to the upwelling waters, 
whilst Mg2+ (pickeringite) to the dissolution of 
dolostone (Triassic Dolomia Principale): this would 
also explain why we found pickeringite only in the 
Calabrian systems.  

Bellini (1901) and Lacroix (1907) firstly documented  
metavoltine deposits, showing them to be characterized 
by yellowish small rosettes with hexagonal crystals, as 
those found in Acqua Mintina (Fig. 7D). Hexahydrite 
is a stable species in caves; in fact, it has been 
recorded in several natural underground environments 
worldwide (Freeman et al., 1973; Shopov, 1990; 
Martini, 1993; Forti et al., 1995). We found it in 
association with pickeringite-copiapite-tamarugite-
epsomite-tschermigite in Calabrian thermal spas 
and with metavoltine-epsomite in Acqua Mintina 
Cave. Tschermigite deposits are explained by Hill 
& Forti (1997) by a combined presence of pyrite, 
fresh bat guano, and clay minerals, which supply 
all the elements needed for its growth (Martini, 
1983). Tschermigite has also been observed in the 
thermal sulfidic Serpents cave in France where it 
occurs together with alunogen [Al2(SO4)3(H2O)12·5H2O]
and jurbanite [Al(SO4)(OH)·5H2O] (Audra & Hobléa, 
2007). In the Calabrian thermal spas (Terme Sibarite 
at Cassano allo Ionio and Ninfe Cave at Cerchiara 
di Calabria), we also found copiapite deposits 
associated with gypsum, jarosite and/or pickeringite, 
tamarugite, hexahydrite. A feasible explanation for 
the presence of copiapite deposits can be linked to the 
partial oxidation of effluorescent Fe-sulfate minerals 
(melanterite [Fe(SO4)·7H2O], rozenite [Fe2+(SO4)·4H2O], 
and szomolnokite [Fe(SO4)·H2O]), forming when a 
solution, after the precipitation of soluble iron-sulfate 
minerals, becomes progressively more concentrated 
in iron (Bigham & Nordstrom, 2000). An upwelling 
K-poor and Fe3+-rich acidic fluid can deposit copiapite 
(Bigham & Nordstrom, 2000). 

At pH higher than 5 Aluminum is insoluble, and if 
an Al-rich solution mixes with a fluid with pH higher 
than 5, felsőbányaite will precipitate. Felsőbányaite 
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(Martini,1993; Shopov, 1993; Hill & Forti, 1997) can 
form because of the dissolution of Al-rich shales in 
sulfuric acid environments. In Corona ’e sa Craba, 
felsőbányaite is associated with alunite, jarosite, 
and halloysite 10Å [Al2Si2O5(OH)4·2H2O], thought to 
have developed in sub-aerial conditions, when H2SO4 
reacted with the host rock and Al-Fe-Mg residues 
were released during silicization of dolomite (Sauro et 
al., 2014). As a matter of fact, even after the drop of 
the sulfuric water table, convective H2S-rich air flow 
induced by the thermal gradient could encounter the 
O2-rich atmosphere (Ritchie, 1994) and interfere with 
insoluble deposits producing aluminum sulfates and 
silicates.

The presence of halloysite 10Å deposits in Monte 
Cucco caves can also be due to the alteration of 
smectite clays following the reaction (3); the free Ca2+ 
ions, together with Ti, were able to produce titanite.

3) 6 smectite + 12H+ + 2H4SiO4 + 2Al(OH)4 ≥ 12 
Halloysite + Ca2+.

Finally, greenalite [(Fe2+, Fe3+)2-3Si2O5(OH)4] characterized 
by green to reddish colors has been found in Grotta 
che Parla, in Sicily, together with gypsum, calcite, 
and dolomite deposits. Greenalite is considered a 
part of the kaolinite-serpentine mineral group, and 
can be associated with pyrite and with “Mantos” or 
stratabound type ore deposits, in the mineralogical 
assemblage constituted by greenalite-magnetite-
sulfide-carbonate-silica (López-García et al., 2011). 
Greenalite minerals could be linked to the presence of 
volcanic intrusive dikes and Fe-Mn encrustations. In 
addition, Montagna Grande represents part of a huge 
thrust-belt system overlapping terrigenous deposits 
containing pyrite.

CONCLUSIONS

The mineralogical associations described in this paper 
reveal new insights into sulfuric acid speleogenesis of 
Italy. Cave environments are preferential sites able to 
yield clues, no more present at the surface because 
of erosion, preserving important information about 
the geological processes and landscape evolution. We 
focused on 15 cave systems showing each of them 
containing peculiar mineral assemblages typical of 
sulfuric acid speleogenesis. XRD and SEM results 
allowed us to understand how geomorphological 
features (cupolas, replacement pockets, feeders, 
sulfuric notches, sub-horizontal cave levels, etc.) well-
fit with the observed mineralogy, suggesting sulfuric 
acid occurrences also for systems never studied in 
detail such as Cavallone-Bove, Santa Cesarea Terme, 
Acqua Mintina, and Grotta che Parla. Nevertheless, 
further investigations (i.e., stable isotopes, trace 
elements, dating of alunite-jarosite deposits) deserve 
to be done to better elucidate the condition of their 
genesis. Gypsum is the most common mineral, as 
already explained by Hill & Forti (1997), due to its 
capacity to immediately replace carbonate in H2SO4-
rich environments. Native sulfur deposits have been 
observed in almost all the studied systems, but 
they are very abundant only in a few caves such 
as Santa Cesarea Terme, Cala Fetente, and Acqua 

Mintina, where they entirely cover walls, ceilings and 
speleothems. Such occurrence would suggest these 
systems have had important H2S degassing during the 
time. A biogenic or microbially-induced precipitation 
of S should be further investigated. Of great interest 
are the mineralogical associations found in the 
Monte Cucco caves characterized by baryte-fluorite 
deposits, likely formed during large orogenic events 
(Barbieri et al., 1982; Hanor, 2000). Their subsequent 
interaction with H2SO4 allowed the formation of 
solid solution between baryte and celestine and 
alteration of fluorite in a series of minerals going 
from fluorapatite to gibbsite. The presence of rutile 
needles and spheres of titanite would testify their 
authigenic origin, which means that the titanium 
was in solution and not transported as particle by 
the upwelling flow. In Monte Cucco caves alunite is 
in assemblage with peculiar phosphates like goyazite 
and leucophosphite. Other relevant results have been 
obtained from Cavallone-Bove caves, where pure white 
alunite, yellowish jarosite deposits and bountiful 
alunite-natroalunite-jarosite solid solutions are also 
phosphate-rich. The abundant presence of PO3-

4, in 
the core of alunite-jarosite deposits, strongly suggests 
hypogene hydrothermal origin of fluids involved in 
the formation of aluminium phosphates and sulfates  
(Dill, 2001). 

Corona ’e sa Craba Cave is the only hypogene 
system, described here, to have developed in quartzite 
rocks. As well explained by Sauro et al. (2014), the 
several stages of rising fluids have been characterized 
by a clear evolution of pH, from alkaline-reductive 
solutions (allowing silicization of dolomite rocks, 
mobilization of Ba ions and deposition of felsőbányaite 
and cinnabar [HgS] minerals) to more acidic-oxidative 
conditions (inducing the deposition of typical sulfates 
and silicates such as alunite-jarosite-halloysite 10Å).

The Buso della Pisatela-Rana (Tisato et al., 2012) 
and Grotta che Parla represent sulfuric acid systems 
that gain their acidity from the oxidation of pyrite 
minerals contained in the host rock, as suggested by 
both the lack of a peculiar suite of sulfates and the 
presence of greenalite, described (López-García et al., 
2011) in association with ore materials and pyrite.

Finally, yellowish deposits of copiapite-pickeringite-
tamarugite-hexahydrite have been observed above 
the present sulfuric water-level in Calabrian caves, 
whereas deposits of metavoltine (a quite rare SAS 
mineral) occur in the entrance hall of Acqua Mintina 
Cave, demonstrating H2SO4 degassing to produce a 
peculiar sulfuric acid association of minerals, already 
documented in other famous SAS system around the 
world. 
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