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ABSTRACT

Unusual orange ocher crusts were recently discovered in Crovassa Ricchi in
Argento Cave (San Giovanni Mine, SW Sardinia). These speleothems appear
covering the cave walls on hydrothermal calcite spars as well as filling widened
spaces between calcite crystals. Planar crusts display geometrical forms

following the boundaries between the calcite spars, resembling a “mosaic”.
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EDX-SEM microanalyses reveal that these deposits comprise substances of
iron, manganese, lead, zinc, and oxygen that occur as solid inclusion in pits on
the surface of altered calcite microcrystals. Micro-Raman spectroscopy
analyses suggest the presence of calcite and ferromanganese oxides with low
degree of crystallinity. The genetic mechanism proposed for these speleothems
describes an initial stage of precipitation of euhedral calcite crystals from
thermal water under subaqueous conditions, as also observed in other nearby
mine caves of the Mt. San Giovanni Mine. The crystal surfaces were eroded
and corroded by colder aggressive water that smoothed the surfaces of the
crystals and slightly widened the spaces between calcite spars. Metal-rich mud
coming from alteration of bedrock and ore bodies filled the cave, also
penetrating along the spaces between the calcite spars. When the water table
fell below the cave level, part of the sediments was eroded but the cave walls
remained covered with metal-rich clayey sediments. Under aerobic conditions,
metals - which were reduced in previous stages - oxidized to oxides, lowering
the pH thus the crystal surface and the calcite planes between the spars were
corroded. Subsequently, the polymetallic crusts became harder through
evaporation occurring in the cave, "fossilizing" the products of this process
within the crystalline planes between the calcite spars. Finally, the exposed
calcite surfaces continued to be altered due to CO:2 diffusion into condensation
water, while the boundaries between crystals were preserved against corrosion
thank to the crust coating. As a result, the external crystal edges protrude by
several centimeters from the current cave wall, whilst the crystal surface are

depressed giving rise to calcite “ghosts”.
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KEYWORDS: cave mud, euhedral calcite, hypogenic caves, metal oxidation,

polymetallic oxides, Raman spectroscopy

1. Introduction

Metallic oxyhydroxides are the third group of cave minerals in abundance in
caves, after carbonates and sulfates. Among them, iron and manganese
minerals are undoubtedly the most common (Hill and Forti, 1997; Onac and

Forti, 2011).

The morphology of ferromanganese speleothems in caves varies from layered
black smooth crusts on the walls and the ceiling of caves (Kashima, 1983;
White et al., 2009; Gazquez et al., 2011) to rough coatings on the cave walls,
usually on top of visibly altered carbonate substrates (Northup et al., 2003;
Spilde et al., 2005, 2006; Gazquez et al., 2012a). Rarely, ferromanganese
substances have a plastic texture similar to a gel (Onac et al., 1997) and more
frequently have been reported to form dripstones (Hill and Forti, 1997; Galan et
al., 2011), intercalated with carbonate layers inside flowstones (Peck, 1986;
Provencio and Polyak, 2001; Yusta et al., 2009; Gazquez et al., 2011), as solid
inclusions inside hydrothermal gypsum speleothems (Gazquez et al., 2012b), in
the bed of subterranean streams covering fluvial pebbles (Onac et al., 1997) or

even forming cave pearls (Hill and Forti, 1997).

Manganese and iron coatings have usually been viewed as corrosion residues
resulting from in situ weathering of the carbonate host rock (Kashima, 1983;

Hill, 1987). Nevertheless, metals transported by subterranean streams (Onac et
al., 1997), dissolution of the carbonate bedrock in the vadose zone overlying the

cave (Spilde et al., 2005; Gazquez et al., 2012a) or mobilization of these metals
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from mineralizations of the host rock under phreatic and anoxic conditions
(Géazquez et al., 2011) have been proposed as a further source of iron and

manganese in speleothems.

It is broadly accepted that fixation of some of these metals in caves is a
microbially-mediated process (Boston et al., 2001; Spilde et al., 2005; Rossi et
al., 2010; Yusta et al., 2010; Miller et al., 2012). Such assertion is particularly
true for manganese, which oxidation from Mn(ll) to Mn(lll) and Mn(1V) is largely
inhibited at low temperature in absence of microbial mediation (Calvert and

Pedersen, 1996; Jurgensen et al., 2004).

Oxidation of iron and manganese from their reduced forms in agueous and oxic
conditions is a H*-producing mechanism that gives rise to acidification following
the reactions:

2 Mn*2 + 02(g) + 2 H20 - 2 MnO2((s) + 4 H*
4 Fe*2 + O2(g) + 10 H20 > 4 Fe (OH)3 (s) + 8 H*

In addition, microbial activity generates extracellular polymeric substances
(EPS) and metabolites with acid functional groups, usually accentuating the pH
lowering due to metal oxidation. At low pH, bacterial cell walls have negative
charges due to deprotonation of the organic functional groups, which may act
as nucleation sites for the aqueous metal cations such as iron and manganese

(Fein, 2000).

The effect of acidification produced by precipitation of ferromanganese oxides
on the carbonate substrate has been studied in a few hypogenic caves such as
those in the Guadalupe Mountains (New Mexico) (Hill, 1987; Spilde et al., 2006)

and Sima de la Higuera Cave (SE, Spain) (Gazquez et al., 2012a).
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The present work studies the mechanisms of hydrothermal calcite crystals

corrosion due to metal oxidation in the muddy environment of the Crovassa
Ricchi in Argento Cave (Mining district of Iglesias, SW Sardinia, Italy). Such
mechanism gave rise to unusual orange ocher crusts resembling a mosaic,

which origin is the subject of the present study.

2. Geological setting

The San Giovanni Mine is located in the Iglesiente Mining District (South-West
Sardinia). Mining activities exploited lead, zinc and silver polymetallic sulfide
orebodies for more than 2,000 years in this area, though the mineral extraction
intensified since the middle of the XIX" century until late 1980s (Bechstadt and
Boni, 1996). In the Mt. San Giovanni, more than 50 natural caves with no
natural known entrance have been accidentally discovered when the mining
galleries intercepted them. The access to these caves is only possible via the

mine voids (Messina et al., 2005).

The regional geology comprises sedimentary materials deposited from Lower
Cambrian to Upper Carboniferous (Fig. 1), whereas the Mt. San Giovanni
orebodies are of Late Cambrian-Lower Ordovician age (Boni and Crescenzi,

1988).

Mt. San Giovanni is located on the southern slope of the San Giorgio Valley,
and forms an elongated NE-SW trending ridge. It represents the southern limb
of the Iglesias syncline (Civita et al., 1983), characterized by the Cambrian
carbonate succession, known as the Gonnesa Group (Bechstadt and Boni,

1996), in which the natural, mostly hypogenic caves in this area are developed.
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The carbonate depositional sequence is composed, from bottom to top of: the
Santa Barbara Formation consisting of “Dolomia rigata”, grey dolostones with
clear sedimentary structures, the San Giovanni Formation, characterized by a
darker massive dolostone known as "Dolomia grigia" and a whitish-grey

intensely karstified limestone known as “Calcare ceroide”.

The basement of the carbonate sequence comprises meta-sandstones and
phyllites of Lower Cambrian age (Nebida Group). Finally on top of the
carbonate sequence there are nodular limestones and phyllites respectively of
the Campo Pisano and Cabitza Formations (Middle Cambrian-Lower
Ordovician), which represent the core of the Iglesias syncline (Bechstadt and

Boni, 1996) (Fig. 1).

The climate of the area is of Mediterranean type, with hot and dry summers and
relatively wet winters and autumns. Average air temperature in the caves of Mt.

San Giovanni is around 15.5°C (Chiesi, 2005).

Research in the mine caves of this area has mainly been carried out in the
Santa Barbara Cave, whose complex mineralogy and evolution have been
recently described by Pagliara et al. (2010). Moreover, a general study on the
speleogenesis of the Mt. San Giovanni sulfuric acid caves, focusing not only on
the Santa Barbara cave system but on a wide number of caves, has been
published very recently (De Waele et al., 2013). Other recent work has studied
the mineralogy and the geochemistry of blue aragonite flowstones from
Crovassa Azzurra Cave (Caddeo et al., 2011), located nearby Crovassa Ricchi

in Argento Cave which is subject of the current work.

Crovassa Ricchi in Argento Cave (silver-rich Cave) was accidentally intercepted

by the Idina Gallery of the San Giovanni Mine in 1999 (Messina et al., 2005).
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This cavity represents the basal level of the “Grotta Grande” mining quarter, the
surface entrance of which is located at 370 m a.s.l. The Idina Gallery is a
horizontal tunnel that develops along the 220 m level and extracted polymetallic
sulfides (i.e. galena and sphalerite) enriched in silver. The access to the cavity
from the mine excavations is ascending the side of a red clay accumulation, up
to 10 m high. The upper part of the clayey deposits is covered by a stalagmitic
pavement that constitutes the floor of a large chamber, 100 m in length and up
to 10 m in height. The entire cave develops between 210 m and up to 250 m

a.s.| (Fig. 1).

A small perched lake lies on the floor of the intermediate level of the cave. The
ceiling of this part of the chamber is covered by dark-colored soft crusts made

up of corrosion residues. Stalactites and stalagmites appear around this lake in
addition to white crusts (composed of micritized calcite) covering the cave walls

and speleothems.

The access to the upper part of the chamber is ascending a slope over an
accumulation of consolidated clayey sediments; the path is near the eastern
cave wall. Along this wall and in the upper part of the chamber are located the

corroded calcite crystal formations subject of this study.

3. Methods

3.1 Description of the samples

Two samples of the orange ochre crust that appears on the walls of the upper

part of the Crovassa Ricchi in Argento Cave (Fig. 1) were collected (GRA-03
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and GRA-04) from two different zones along the wall. These crusts occur as
planar hard coatings covering the boundaries between calcite spars, giving rise
to a wall that resembles a “mosaic” of calcite crystals (Fig. 2A, B). Although
these crusts are consolidated and hard, up to 500 mg of powdered and grained
materials were easily taken from the wall by means of a metal scraper. The
same ochre materials also appear filling the spaces between euhedral calcite
crystals, some of them decimetric in size and showing smooth surfaces (Fig.

2C).

In addition, a sample of reddish clayey materials covering the lower part of the
wall was collected and labeled as GRA-02. Such unconsolidated detrital

deposits cover the walls up to one meter from the cave floor.

3.2. Analytical methodology

SEM microphotographs of samples GRA-03 and GRA-04 were taken using a
HITACHI S-3500 instrument in high vacuum mode. The sample was previously
dried and coated with graphite to increase electron transmissivity. The
elemental chemistry was determined by EDX (Energy Dispersive X-ray
spectroscopy) microprobe at five points with different typology over several
grains of the samples. Semiquantitative EDX microanalyses used the same
instrument coupled to an Oxford INCA 7210 X-ray detector, using a voltage of
20 kV. The diameter of the beam was approximately 1 um. The limit of detection
of this technique enables major elements such as Fe, Mn, O, Si, Al, Ca, Pb, Zn,
and Ba to be analyzed. SEM and EDX analyses were performed at the

Technical Services Area of the University of Almeria (Spain).
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The mineralogical nature of two clearly differentiated zones (dark spots and the
bright substrate) in samples GRA-03 and GRA-04 was also studied by in situ
micro-Raman spectroscopy. The excitation source was a Laser Research
Electro-Optics (REO) working at 632.8 nm. The spectrometer used was a KOSI
HoloSpec f/1.8i model from Kaiser, with Rayleigh scattering of 633 nm, a
spectral range of Raman displacement of 0-3800 cm* and spectral resolution of
5 cmL. The CCD used was a DV420A-OE-130 model from Andor working at -
40°C, whereas the Raman head was a KOSI MKIIl, HFPH-FC-S-632.8 model
from Kaiser coupled by optical fibre. Microanalyses of up to 15 um diameter
spots were undertaken with a Nikon Eclipse E600 microscope. The microscope
was coupled to the Raman probe and a JVC TK-C1381EG videocamera. For all
of the spectra, the laser power used on the sample was 1 mW, and the
irradiance, 1.9 kW/cm? at 100X. This ensures that no thermal damage affected
the samples. Acquisition time for each spectrum was 30 s and 8 accumulations
were done. The sample was manually scanned, while the height of focus was
varied in order to optimize the intensity of the spectra signals. The spectra
obtained were compared with the RRUFF Raman mineralogical database
standard (http://rruff.info/) for calcite and metallic oxyhydroxides and our own
database. Raman analyses were carried out at the Unidad Asociada UVA-CSIC
at the Centro de Astrobiologia, University of Valladolid (Spain).

Quantitative chemical analysis of 1 g of clayey sediments (sample GRA-02) was
done using X-ray fluorescence (wavelength dispersive XRF) with a BRUKER S4
Pioneer instrument. XRF analyses were performed at the Technical Services

Area of the University of Almeria (Spain).
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4. Results

Images taken by binocular microscope have revealed that the ochre colored
crusts of the Crovassa Ricchi in Argento Cave (GRA-03 and GRA-04) are

composed of altered calcite (determined using micro-Raman spectroscopy),

containing dark inclusions (Fig. 3A). Our preliminary mineralogical analyses
using X-ray diffraction only found calcite. On the other hand, a preliminary
chemical qualitative analysis of sample GRA-03 revealed the presence of Fe

and Mn, in addition to Ca.

The spectroscopic signal of five dark spots analyzed in the samples is that of
ferromanganese oxides, with Raman bands between 200 and 700 cm™ (Fig.
3B, C and D) (Mironova-Ulmanea et al., 2009; Jubb and Allen, 2010) that have
also been observed in polymetallic oxide deposits from other caves (Gazquez et
al., 2012a,b; Miller et al., 2012). Despite the low grade of crystallinity of these
pollymetallic minerals, evidenced by the broad peaks in the spectra, the
mineralogy of some of the analyzed spots could be identified. In particular, the
Raman signal offered by some of them was good enough to allow goethite
(FeO(OH)) to be identified in two spots (Fig. 3C), with bands at 637 cm (Fe-O
symmetric stretching), 546 cm! (Fe-OH asymmetric stretching), 474 cm™ (Fe-
OH asymmetric stretching), 392 cm™ (Fe-O-Fe/-OH symmetric stretching), 295
cm? (Fe-OH symmetric bending) and 282 cm! (Fe-O symmetric stretching), in
concordance with previous spectroscopic analyses on this mineral (de Faria et
al., 1997). On the other hand, two points produced spectra typical of
manganese oxides, showing signals at 670 cm, 628 cm?, 533 cm™, 491 cm™,

and 277 cm* (Fig. 3B, D), roughly coinciding with the typical Raman signal of
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todorokite [(Na,Ca,K,Ba,Sr)o.3-0.7(Mn,Mg,Al)sO12-3.2-4.5H20] (Julien et al., 2004;
Kim et al., 2003; Kim and Stair, 2004). Nevertheless, the presence of further
Mn-Zn-Pb phases cannot be ruled out, as revealed by the EDX microanalyses
(Table 1). In addition, the Raman spectrum of one of these spots shows a
further broad signal around 1568 cm (Fig. 3D). Calcite matrix has been
confirmed also using this technique with Raman signals corresponding to

vibration of the COs group, at around 1752 cm™ (2v2), 1087 cm™? (v1), 1437 cm?

(v3) and 711 cm™ (v4) (Rutt and Nicola, 1974) (Fig. 3A).

The SEM microphotographs allowed two visibly different zones to be broadly
identified (Fig. 4A). Particularly, microphotographs taken in BSE (BackScatter
Electron imagery) mode show that the dark polymetallic inclusions present a
lighter coloration compared to the underlying calcite crystals (Fig. 4A and C).
This fact suggests that the dark inclusions are composed of relatively heavier

elements than those comprising the calcite substrate.

Sub-millimetric elongated calcite crystals, which surfaces are highly altered, are
the substrate for polymetallic inclusions (Fig. 4B). In places, the oxides are
located in pits on the calcite crystal surfaces (Fig. 4C). Specifically, Fe-Mn
substances appear on the sub-planar surface of aggregated calcite crystals
(Fig. 4A), suggesting ferromanganese inclusions display preferentially in the

exfoliation planes of the large calcite spars.

Oxides appear as nanocrystal fiber aggregates up to 10 um wide (Fig. 4D, E
and F) resembling crumpled tissue, which are typical morphologies of biogenic
Mn oxides (Spilde et al., 2005; Feng et al., 2010; Frierdich et al., 2011; Miller et
al., 2012). The chemical composition of the dark aggregates was determined by

EDX microprobe at four points. Moreover, the chemical composition of calcite
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microcrystals was also analyzed by this technique (Table 1). High
concentrations of Fe and Mn were detected using EDX microanalysis, thus
corroborating the mineralogical nature of these aggregates. The points
analyzed over the nano-laminae structures (GRA-03a, GRA-03c, GRA-03d, and
GRA-03e) present Mn concentrations ranging between 6.8 and 24.4 wt.%
whereas Fe concentrations range between 8.0 and 27.1 wt.%. There were also
relatively high concentrations of elements not detected in the underlying calcite,
such as Pb (up to 11.9 wt.%) and Zn (up to 8.8 wt.%) in addition to traces of Ca
(up to 6.9 wt.%), Si (up to 3.8 wt.%) and Al (up to 0.7 wt.%). The Ca-carbonate
nature of the substrate has also been confirmed (GRA-03b). Deviation by 7
wt.% in carbon concentration with respect to the ideal calcite composition
comes from graphite metallization for SEM observation. Thus, most of the
carbon detected in the Fe-Mn aggregates (up to 13.4 wt.%) is a result of the

carbon coating.

The XRF of a bulk sample of the sediments appearing along the lower part of
the wall (GRA-02) revealed high concentrations of O (40.6 wt.%), Al (14.2
wt.%), and Si (18.4 wt.%), significant amounts of Fe (8.4 wt.%), Ba (3.8 wt.%),
K (2.9 wt.%), and Zn (1.1 wt.%), and in addition a great array of trace elements

below 0.5 wt.%, such as Mn, Pb, Mg, Cu, Ni, Na, Cr, and S, among others.

5. Discussion

Precipitation of large-sized euhedral calcite crystals has been reported to occur
from thermal water in a variety of caves (Onac, 1992; Dublyansky, 1995;

Lundberg et al., 2000; Palmer et al., 2009; Gazquez et al., 2012c; Otonicar,
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2012). Calcite spars, usually showing scalenohedral and rhombohedral habit,
appear filling voids and fractures of the host rock, as geodes (Audra et al.,
2009), as well as exposed on the cave walls (Lundberg et al., 2000).

In Crovassa Ricchi in Argento Cave, transparent scalenohedral and
rhombohedral calcite crystals appear on the walls, particularly in the upper part
of the cave where the samples of this study have been taken. The presence of
large-size calcite crystals in this cave is not an isolated fact but is reported from
many natural cavities and mine galleries of the Iglesiente Mining district, for
instance the Phaff Cave (Masua Mine; Fig. 1) (De Waele et al., 2001; De Waele
and Forti, 2006), and other caves in the San Giovanni Mine such as Crovassa
Azzurra Cave, Santa Barbara Cave or Massa Riccardo Mine Cave, also
hypogenic in origin (De Waele et al., 2013). These earlier works demonstrated
that precipitation of this type of well-developed calcite crystals in the Santa
Barbara Cave system, located in the vicinity of Crovassa Ricchi in Argento
Cave, occurred at around 40°C (De Vivo et al., 1987; Forti et al., 2005). Such
centimetric-size crystals precipitated in low thermal water in a very stable
environment and close to the saturation equilibrium of calcite over long periods
of time (Fig. 5A).

Later, the temperature of the hydrothermal system decreased and the cave was
gradually filled with colder water, probably as a result of an increasing input of
meteoric water to the aquifer. The colder and oxygenated water induced the
oxidation of the sulfide orebodies in the host rock, which caused a strong
acidification of the seeping waters. The tip of the crystals exposed to the cave
void was dissolved and corroded by the acidic solutions, and the cave walls

were smoothed (Fig. 5B). Simultaneously, the spaces between single crystals
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were slightly widened by interstitial infiltration of undersaturated water that
dissolved/corroded the planes of the calcite crystals.

At the same time, dissolution of the carbonate host rock was also enhanced due
to water acidification. Consequently, fine detrital materials interbedded in the
carbonate sequence (mainly clay and silt) were decalcified and the insoluble
residues incorporated into the subterranean flow. Red mud deposits appear
abundantly in Crovassa Ricchi in Argento Cave, especially on the floor but also
as sediments covering the cave walls up to 1 meter from the floor in the upper
cave level. Under phreatic conditions, mobilization of reduced metallic ions like
Fe?* and Mn*2 was possible, both from the marine carbonate host rock and
mainly from the polymetallic sulfide minerals of the host rock (Fig. 5C).

Also clay minerals can play an essential role in the transport of metals through
this karst system. Clays present a great capacity for exchanging cations with
the solution as well as for metal adsorption due to their large specific surface
(Basta and Tabatai, 1992). In fact, the XRF analysis of the sediment samples
from Crovassa Ricchi in Argento Cave revealed meaningful concentrations of
Fe, Zn, Mn, Pb, Cu, Cr, and Ni that represent over 10% of the whole sample
weight. During this stage, clay also penetrated into the widened space between
the calcite spars.

Subsequently, the water table fell and vadose oxidised conditions prevailed at
the cave level. In this new phase, most part of the detrital sediments was
removed and mobilized toward deeper levels of the karst. However, a layer of
clayey materials remained covering the cave walls and the ceiling and were

ultimately hardened due to evaporation (Fig. 5D).
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Simultaneously, a first stage of oxidation of bivalent ions to trivalent/tetravalent
ions occurred, resulting in precipitation of oxides, mainly iron and manganese
minerals. As a result of low proportion of dark inclusions with respect to the
calcite matrix, XRD did not reveal these ferromanganese substances.
Nevertheless, micro-Raman spectroscopy enabled goethite and todorokite-like
oxides to be identified (Fig. 3B,C and D).

Although the SEM images did not show any clear evidence of active
microorganisms implicated in the oxidation of some metals, this process has
been demonstrated to be usually catalyzed by microorganisms, especially for
manganese (Calvert and Pedersen, 1996; Jurgensen et al., 2004). In fact, many
research works have focused on the role of microorganisms in the genesis of
ferromanganese oxides in caves (Peck, 1986; Provencio and Polyak, 2001;
Boston et al., 2001; Spilde et al., 2005; Rossi et al., 2010; Miller et al., 2012). In
support to this, the Raman spectra of some pollymetallic inclusions found in
these crusts show a broad signal around 1568 cm (Fig. 3D) which is in the
range of the typical Raman signals coming from organic compounds, similar to
amorphous carbon (Reich and Thomsen, 2004), suggesting a possible
biological origin of these manganese substances.

In this case, ferromanganese minerals precipitated as aggregates like dark
inclusions along the space between single crystals, as well as along the
intracrystalline planes of the calcite spars. During this stage calcite was
corroded along the intracrystalline planes, by acid solutions generated by both
CO: diffusion into the solution and oxidation of iron and manganese. As
explained in the introduction section, oxidation of iron and manganese releases

protons and lowers the pH. This fact is supported by the arrangement of the Fe-



382 Mn aggregates on the calcite microcrystals observed by SEM (Fig. 4C), that
383 appear embedded in pockets on the surface of the calcite, suggesting that
384  oxidation of metals and precipitation of oxides led to the corrosion and alteration

385  of the calcite (Fig. 4C and E).

386  Subsequently, further diffusion of Oz from the cave atmosphere to the

387 sediments led to the total oxidation of metals. The ferromanganese oxides and
388 the microcrystalline calcite resulted from corrosion, formed the visible ochre
389 hard crust that greatly inhibited the contact between the calcite and the cave
390 atmosphere, thus "fossilizing" the products of this process (Fig. 5E).

391  When the stage of oxidation was completed, the thin and incoherent layer of
392  dried oxides and microcrystals was easily removed and part of the surfaces of
393 the calcite crystals were exposed to the cave atmosphere. Nevertheless, the
394 oxides deposited within the widened space between the calcite spars were not
395 removed. Besides, evaporation produced dehydration of the crusts, so making
396 them harder and harder.

397 In a subsequent stage, water vapor condensed over the exposed calcite spar
398 faces and CO: diffusion from the cave atmosphere into the water induced

399  corrosion, thus creating depressions on the exposed crystal surfaces bordered
400 by the oxides crusts (Fig. 5E) and resulting in calcite “ghost” formation. The
401  solutions migrating by capillarity inside and over the protruding oxide deposits
402 and the subsequent evaporation partially cemented and hardened the crusts
403 even more. The oxides layer in contact with calcite became almost totally

404 impervious and therefore protected all the covered areas from further corrosion-
405  dissolution.

406
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6. Conclusions

Our geochemical and mineralogical analyses have revealed that the orange
ochre crusts with reticular forms appearing on euhedral calcite spars in
Crovassa Ricchi in Argento Cave comprise calcite microcrystals, goethite and

poorly crystalline Mn-Zn-Pb oxides.

The genetic mechanism proposed for these speleothems describes (1) a first
stage of precipitation of calcite spar that took place in phreatic and low thermal
conditions, covering the walls and the cave ceiling; and (2) a second phreatic
phase in which colder and acid water of meteoric origin substituted the
hydrothermal water and oxidized the sulfide orebodies of the host rock. Acid
solutions led to corrosion of the crystal surfaces exposed to the cave void.
Subsequently, (3) mud and metal-rich clayey sediments filled the cave, before
(4) the water table fell and conditions became vadose and aerated, when
reduced metals (mainly Fe?* and Mn?*) oxidized, giving rise to ferromanganese
oxides. Later (5), when detrital sediments were removed, evaporation caused
hardening of the crusts. Finally (6), the calcite crystal surfaces exposed to the
cave environment were dissolved and corroded by condensation water, leaving

in relief the typical ochre reticular crust.
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FIGURE CAPTIONS

Figure 1. Location and geological setting of the San Giovanni Mine, in which
the Crovassa Ricchi in Argento Cave is located. Light-colored materials
represent the carbonate sequence where most of the mine caves in this area
are developed. The main geomorphological features of the cave have been
represented on the cave topography (after Messina et al., 2005) as well as two
cross sections. The location of the corroded calcite crystals and muds subject of

this work has been indicated by means of a red star.

Figure 2. Polymetallic oxide crusts and calcite forms on the walls of the upper
levels of the Crovassa Ricchi in Argento Cave (San Giovanni Mine, SW
Sardinia). Planar ochre crusts appear covering the smoothed surface of some
crystals and protrude by several centimeters from the cave walls, in particular
on the boundaries between calcite crystals, whilst the exposed crystal surfaces

appear depressed, showing grey color.

Figure 3. Raman spectra of the minerals in the ochre crust of Crovassa Ricchi
in Argento Cave: A. Binocular microscope image of sample GRA03; B, C and D.
Location of the Raman microanalyses: (a) substrate (calcite); (b) dark inclusion
(polymetallic oxides, todorokite?); (c) orange ochre inclusion (goethite); (d) dark

inclusion (polymetallic oxides, todorokite? + organic substances).

Figure 4. SEM (scanning electron microscope; B, D, E and F) and BSE

(backscattered electron; A and C) images showing zones of contrasting
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morphologies and compositions. Clearer color zones in Fig. 4A and C indicate
Fe-Mn aggregates while darker color areas are composed of altered calcite
crystals. The lowercase letters (a-e) indicate the locations where the EDX

microanalyses were done (see Table 1).

Table 1. EDX microanalyses (wt.%) of the spots (a-e) located on Fig. 4. Cl, As,
Br and Mg appear below 0.5 wt.%; *carbon is overestimated by 7 wt.% due to

graphite coating (see main text).

Figure 5. Genesis of the reticular ochre crusts of Crovassa Ricchi in Argento
Cave: A. Subaqueous precipitation of calcite spars from thermal water. Later,
the water temperature gradually decreased, probably due to an increasing input
of meteoric water to the aquifer; B. Corrosion-dissolution of the crystal surfaces
by colder acid solutions and widening of the spaces between calcite crystals; C.
Deposition of metal-rich clayey sediments on the cave walls and infilling of the
spaces between calcite crystals; D. Partial removal of sediments. Evaporation
and oxygen diffusion into the sediments led to oxide deposition and calcite
corrosion due to acidification; E. Removal of sediments. Simultaneously, the
crusts dehydrated through evaporation. At last calcite corroded due to acidic

condensation waters.



