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Abstract: Phlogopite flakes strewn on the soil of Caldara di Manziana (Italy) display multiple
minute perforations. The site is a caldera linked to recent volcanism (90 ka to 0.8 Ma) with present
emanations of CO2 (~150 t d−1) and H2S (~2.55 t d−1). Stereomicroscopy and SEM–EDX observation
of the phlogopite crystals shows holes and depressions <200 µm to 2 mm across. They are circular,
pseudo-hexagonal, or irregular. Within the depressions, there are deposits of phlogopite alteration
products consistent with a sulphuric acid attack, showing loss of Mg and K. Some are thin and
homogeneous; others are thick, irregular, and chemically heterogeneous, including plates, flakes,
tubes of Fe-beidellite or Fe-bearing halloysite, silica, Fe oxides, and gypsum. Areas of phlogopite
surface are also altered. Sulphuric acid is produced from the H2S gas by the mediation of sulphur-
oxidizing bacteria. Pseudo-hexagonal perforations are interpreted to result from slow acid attack with
dissolution controlled by phlogopite crystal symmetry. Some depressions developed surrounding
films of pseudo-hexagonal shape, interpreted as jarosite crystallizing radially outwards from the
depressions. This style of acid attack is possibly promoted by local high humidity and precipitation
that generate long-lived water droplets and films on mineral surfaces where sulphuric acid is active
for prolonged times.

Keywords: acid alteration; Caldara di Manziana; phlogopite; sulphur-oxidizing bacteria

1. Introduction

Manziana (near Rome, Italy) is a volcanic area that features “Caldara di Manziana”, a
protected natural area (coded as a SIC, IT6030009, in 2006/613/CE). The park is named
after the Caldara di Manziana (42◦05′11.8′′ N 12◦06′05.5′′ E; Figure S1: location and geo-
logical maps), a subcircular structure of 0.25 km2, possibly generated by a hydrothermal
explosion [1] during the alkali-potassic volcanism affecting central Italy from 0.8–0.6 Ma
to 90 ka [2]. The rocks correspond to the Volcanic Sabatini District, and they are mainly
explosive, pyroclastic deposits, and some lava flows. The rocks consist mainly of un-
dersaturated ultrapotassic rocks ranging from tephrite to phonolite, with some trachytes
and latites erupted locally. The rock texture is porphyritic with 5–40% volume of phe-
nocrysts. Abundant phenocryst phases are clinopyroxene, olivine, plagioclase and Fe-Ti
oxides. Phlogopite phenocrysts are rare. The groundmass contains leucite, clinopyroxene,
K-feldspar, plagioclase, glass, sporadic phlogopite, and amphibole. Apatite is also found in
the groundmass [2].

The rocks of the Volcanic Sabatini District overlay acid volcanics of the Tolfa-Manziana-
Cerite complex of the Tuscany province, which correspond to older volcanic episodes 3.7 to
1.8 Ma old [3]. Although the older complex includes the name of Manziana, it is the younger
volcanics (Volcanic Sabatini District, 0.8–0.6 Ma to 90 ka old) that are of interest here.
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The caldera floor sustains a constant, focused, and diffuse CO2 flow that does not allow
the growth of vegetation [1,4]. The CO2 flux in the unvegetated area was 160 t d−1 in July
1996 [5]. The CO2 originates from a deep (~2000 m) geothermal reservoir within Mesozoic
carbonates with an estimated temperature of ~200 ◦C, and interacts with superficial aquifers
before reaching the surface, where fluids are at 9–15 ◦C [6]. In the approximate centre of
the area of diffuse CO2 venting there is a permanent pool of water (~10 m diameter, ~0.5 m
deep) caused by the focused rising and expulsion of CO2 [4]. The focused venting of CO2
generates a permanent geyser ~1 m wide and ~75 cm high. The water from this pool and
from several other smaller sources within the caldera form little streams that join together
and run in the south-west direction. Again, all of these water sources have temperatures in
the range of 9–15 ◦C. In the winter, the centre of the caldera becomes flooded and water is
seen to bubble [4]. Moreover, the caldera floor is an H2S source with a diffuse, spatially
variable flux (from 0.037 to > 132 g m−2 d−1) with a total output of 2.55 t d−1, as measured
in 2007 [6]. When the caldera is flooded in the winter, much of the H2S venting occurs
through the sheet of water and part of the gas dissolves in the water. The pH in water
sources, pools, and streams ranges between slightly and strongly acidic (just below 7 to 1).
Other gasses detected, in minor or trace concentrations, are N2, Ar, CH4, H2, He, and CO [6].
The H2S emissions have caused the precipitation of sulphur as well as the acidic alteration
of the local volcanics with the generation of halloysite and amorphous silica in the caldera
itself and in the Solfatara di Manziana, another area of H2S exhalation ~3.6 km northeast
of the Caldara di Manziana [7]. Solfatara di Manziana (42◦07′03.7′′ N 12◦07′22.2′′ E) is an
abandoned sulphur mine. Both sulphur precipitation and extensive acid alteration (the
action of sulphuric acid) require the oxidation of S in the H2S gas dissolved in water. The
fastest route for these oxidation reactions is by the action of sulphur-oxidizing bacteria, to
the point that purely inorganic routes contribute insignificantly to this process in moist and
S-rich soils, such as those in Caldara di Manziana [8].

Phlogopite chips were collected close to Caldara di Manziana with the purpose to
use well developed, macroscopic crystals for the in vitro investigation of the interaction of
microbial fungi with minerals [9]. A few hornblende crystals were also found and collected.

Many of the collected phlogopite crystals had an interesting feature. The crystals had
numerous holes (10–20 could be discerned in individual crystals examined carefully) of
variable shapes and sizes (Figure 1). This phenomenon has not yet been described. Here,
we present an investigation of these structures and a model of their formation and related
mineral and chemical processes.
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Figure 1. Stereomicroscopy pictures of a phlogopite flake with multiple holes. (a) General view. (b) Detail of two holes. 
One penetrates across the flake (right) and shows steps as if the hole had a slightly different diameter or shape across the 
flake thickness. The other hole (left) does not penetrate the entire flake (these structures are referred to as depressions). (c) 
Detail of the depression in (b). The interior of the depression has a precipitate that is not present outside. On the upper-
left part of the depression there is a step half way between the surface of the flake and the bottom of the depression. (d) 

Figure 1. Stereomicroscopy pictures of a phlogopite flake with multiple holes. (a) General view. (b) Detail of two holes. One
penetrates across the flake (right) and shows steps as if the hole had a slightly different diameter or shape across the flake
thickness. The other hole (left) does not penetrate the entire flake (these structures are referred to as depressions). (c) Detail
of the depression in (b). The interior of the depression has a precipitate that is not present outside. On the upper-left part of
the depression there is a step half way between the surface of the flake and the bottom of the depression. (d) Hole with
a sub-hexagonal symmetry. (e) Depression that has been filled with a precipitate; there is a similar precipitate outside
the depression. (f) Depression with a step and a large precipitate of orange colour; a similar material was visible outside
the depression.



Minerals 2021, 11, 547 4 of 25

2. Methods
2.1. Stereomicroscopy

The minerals were observed with a stereoscopic microscope (Leica MZ16, Leica
Microsystems GmbH, Wetzlar, Germany) fitted with low temperature fibre optic lighting
and a digital camera connected to software that allowed composition of multifocal images
(Leica Application Suite, LAS, Leica Microsystems GmbH, Wetzlar, Germany).

2.2. Electron Microscopy with Micro-Analysis

The flakes of phlogopite were first examined uncoated using an EVO50 variable pres-
sure SEM (Carl Zeiss AG, Jena, Germany) equipped with detectors for backscattered elec-
trons (BSE) and secondary electrons (SE). The crystals were reversibly glued to double-side
sulphur-free adhesive carbon tape (Spectrotabs AGG3358, Agar Scientific Ltd., Stansted,
Essex, UK) and attached onto an Al stub (1.25 cm diameter, Agar Scientific). Both sides of
the crystals were examined. A second series of analysis were conducted in high vacuum
mode with a Zeiss Ultra Plus Field Emission SEM (Carl Zeiss AG, Jena, Germany) for
high-resolution imaging of samples after carbon coating (Cressington Sputter Coater, 208
HR, Cressington Scientific Instruments, Watford, UK). Chemical analysis was performed
by means of an INCA EDX 250 detector (Oxford Instruments NanoAnalysis & Asylum
Research, High Wycombe, UK) fitted on the EVO50 SEM, and of an Oxford X-Max EDX
detector working with the Zeiss Ultra Plus Field Emission microscope.

The EVO50 SEM was fitted with a tungsten filament and operated at 20 keV, with an
average working distance of 12.5 mm, with a chamber pressure of about 30 Pa. The electron
beam current was adjusted (~400 Pa) to generate sufficient X-rays to allow reliable identifi-
cation of EDX peaks, minimize spectral artefacts, and achieve detector dead times <20%.
The EDX data acquisition with the Zeiss Ultra Plus microscope was carried out at high
vacuum (~10−5 Pa). Analyses were performed at 20 kV and 40 s of EDX acquisition time
with <12% dead time. Most measurements consisted of point analyses. In some areas of
apparently clean and uniform phlogopite, area analyses (a few µm across) were performed.
Conventional ZAF correction (for atomic number Z, absorption and fluorescence) was ap-
plied, integrated into the microanalysis software [10]. Because analyses were not corrected
using results from mineral standards, they cannot be considered fully quantitative.

The EDX data were used to investigate the nature of the processes that had produced
the holes in phlogopite. Such processes should have controlled the chemical composition
of any debris deposited on phlogopite as a result of their action. Chemical compositions
could identify the nature of some mineral phases, while atomic ratios and correlations
would establish whether or not they were related to phlogopite and, if so, the chemical
path that produced them.

3. Results
3.1. Phlogopite Crystals with Holes and Depressions on the Surface

The phlogopite crystals are up to 2 cm in lateral size, from brown to black as their
thickness increases, which may reach up to 2 mm. Many crystals are fairly clean but others
have adherences that may have originated from the alteration of phlogopite itself or from
other minerals in the soil. Some of the crystals have holes with shapes that range from
near circular to elongated, with curved and straight sides, to approximately hexagonal
(Figure 1). The size of the holes is also variable, from nearly 1 mm of diameter to <200 µm.
Some of these holes do not perforate the entire crystal, but terminate on a flat surface
(Figures 1b,c and 2a–c). When this is the case, there are descending steps from the external
surface of the crystal towards the bottom of the cavity (Figures 1c and 2c). Such steps also
exist in cavities penetrating the entire crystal, in which case they are typically narrower
(Figures 1b and 2d). For the sake of simplicity we will refer to the structures not piercing
the entire phlogopite crystal as “depressions”. The structures that pierce the entire crystal
will be called “holes”.
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All depressions contain some sort of sediment within them. In some cases, this
sediment is thin and confined to the depression or hole so that the surrounding phlogopite
surface is clean (Figures 1c and 2a–c,e). The same material is also present in the steps of
holes (Figure 2d). In many other cases, the material filling depressions and on the steps of
holes is very abundant and can also be found on the phlogopite surface surrounding the
depression or hole (Figure 1d–f). In these cases, it is not obvious whether the material was
formed within the structures and then spilled outside them, or it formed elsewhere, and
came to fill or coat the walls of depressions or holes.

The SEM–EDX investigation of the thin sediment coating steps in depressions and
holes indicated that it was fine-grained, with a particle size typically <2 µm and few larger
particles (Figure 2c–f). This material formed a thin layer that draped the topography below
(Figure 2c–f). In some cases, the coating layer disappeared and the underlying phlogopite
was revealed (Figure 2d,e). At the very edge of some depressions, it was possible to observe
a rim in the coating that appeared to be produced by a different orientation of the particles,
parallel to the vertical wall of the step (Figure 2e). This rim was not observed at the edges
of steps within depressions, supposedly because this structure was covered with coating
material developing horizontally.

The chemical analyses of clean areas surrounding holes and depressions showed a
fresh phlogopite composition (Figure 3d1), as did phlogopite surfaces in steps within holes
and depressions that lost the coating (Figure 3d3). The chemical composition of the coating
was relatively homogeneous and corresponded to the alteration of the phlogopite towards
a dioctahedral phyllosilicate with lower Mg and K contents (Figure 3d2,e1,e3). Given the
thinness of the coating, it could be possible that their EDX analyses were contaminated by
the phlogopite below. A rough assessment of this possibility was carried out considering
the thickness of the coating rim at the edge of the depression in Figure 2e, which was
~3 µm. Assuming that this thickness is representative of the coating elsewhere in this
depression and in other structures, the EDX analyses of the coating were probably free
from contamination of the phlogopite underneath.

In some places within the coating, there were elongated particles with light contrast
(Figure 2g) that resolved into bundles of needles when observed at higher magnification
(Figure 2h). The light contrast indicated a different composition from the coating. No EDX
analysis could be performed on these needles exclusively, and all the corresponding EDX
results included the composition of the coating in the background. However, it is obvious
that the needles were composed of P, Ca, La, Ce, and Nd (Figure 3h1,h2). This suggests
phosphates of the apatite and monazite groups, perhaps with substitutions (Ce and Nd in
apatite, Ca in monazite) [11,12].

Besides the clear-cut holes and depressions described above, with thin coatings of
altered phlogopite, there were other structures that contained large amounts of alteration
products and these alteration products were most commonly also found outside these
structures. The shapes of the perforation structures varied, from irregular (Figure 4a,g),
round with steps (Figure 4c,e), slightly elongated (depression on the left in Figure 4g),
and a trough ending in an elongated depression with steps (Figure 4i,j; the image in i
does not show the entire structure). Several of these structures suggest the advance of a
corroding fluid (Figure 4a,g,j). Detailed images show the morphology and composition of
the alteration products. There were plates (Figure 4b) with a composition indicating altered
phlogopite (Figure 5b1), mixed with a mesh of tubular structures with a composition
suggesting Fe,K-beidellite (Figure 5b2). The morphology and composition of plates and
tubes suggest two progressing stages of alteration of phlogopite towards a Si-Al phase. A
different morphology was found in other depressions consisting of an abundant, uneven
precipitate forming bubble-like structures in which layers of different contrasts appeared
(Figure 4c,d, which is the same depression shown in Figure 1f, with an orange precipitate;
Figure 4g: uneven sediment appears on the right and within the elongated depression
on the left). Frequently, such areas were especially rich in Fe (Figure 5d1). The bubble-
shaped precipitate presented layers of different contrast (arrows in Figure 4d), probably
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representing layers with different silicate/Fe-oxide ratios. On other occasions, however,
the bubble-shaped precipitate consisted mainly of Si, and in these cases, sections of the
precipitate showed small or no layer contrast (not shown). In some areas of the precipitate
there were small grains of gypsum (Figures 4d and 5d2).Minerals 2021, 11, x FOR PEER REVIEW 6 of 28 
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(b) The same area in (a) observed with secondary electrons (SE), showing a great concentration of 
particles within the depression. (c) BSE image of a depression, with descending steps of ellipsoidal 
shape. The coating on the depression is apparent by the darker contrast compared to the surface 
outside it. (d) BSE image of a hole, with two steps. The dark contrast in the steps is produced by the 
coating. The coating is missing in two spots of the higher step within the hole, where the surface of 
the phlogopite appears with the same contrast as outside the hole. To the right of the steps there is 
a straight, shallow trough that suggests erosion by fungal hyphae. (e) SE detailed image of the edge 
of a depression, with a thin coating of particles. Part of the coating is missing, where the clean phlog-
opite surface is visible. At the very edge of the depression the coating displays a different structure, 
apparently corresponding to orientation parallel to the vertical part of the step. (f) SE image of the 

Figure 2. SEM micrographs of different features of the holes in phlogopite. The numbers and lines
indicate the location of EDX analyses in Figure 3. (a) Back-scattered electrons (BSE) image of a
depression. The bottom of the depression is coated with particles that do not exist in areas outside it.
(b) The same area in (a) observed with secondary electrons (SE), showing a great concentration of
particles within the depression. (c) BSE image of a depression, with descending steps of ellipsoidal
shape. The coating on the depression is apparent by the darker contrast compared to the surface
outside it. (d) BSE image of a hole, with two steps. The dark contrast in the steps is produced
by the coating. The coating is missing in two spots of the higher step within the hole, where the
surface of the phlogopite appears with the same contrast as outside the hole. To the right of the steps
there is a straight, shallow trough that suggests erosion by fungal hyphae. (e) SE detailed image
of the edge of a depression, with a thin coating of particles. Part of the coating is missing, where
the clean phlogopite surface is visible. At the very edge of the depression the coating displays a
different structure, apparently corresponding to orientation parallel to the vertical part of the step.
(f) SE image of the detail of the coating at one of the steps, showing that the coating consists of
multiple flaky particles≤2 µm in diameter. (g) BSE image of the coating within a depression showing
elongate particles of light contrast rich in P. Long branching structures that look like fungal hyphae
are also observable. (h) Detail (BSE) of the elongated, P-rich particles, showing that they consist of
groups of needles. The very small flake-like particles making up the coating on the depression are
also observable.
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Figure 3. EDX spectra of the areas indicated in Figure 2. Spectra (d1–d3) are from Figure 2d: (d1) phlogopite outside the
hole; (d2) coating on the steps within the hole and (d3) phlogopite in the step of the hole, where the coating is missing.
Spectra (e1–e3) are from Figure 2e, all of them corresponding to the coating within a depression. Spectra (h1,h2) are from
Figure 2h, corresponding to two stacks of needles with light contrast.

A more frequent type of abundant precipitate consisted largely of a silicate sediment
in deep depressions (Figure 4e,f). This sediment appeared to break up into small irregular
curved flakes and had an Si-Al-Fe composition (Figure 5f2). Small depressions could be
seen in steps and the bottom within the large depressions (Figure 4e,f). The composition
of the surface at the sediment-free bottom of large and small depressions was similar
to fresh phlogopite (Figures 4f and 5f1). Abundant gypsum microcrystals were present
(Figures 4f and 5f4). Small Si-rich spheres or bubbles were deposited or embedded in
the sediment flakes (Figures 4f and 5f3). These small Si-rich spheres or bubbles (<100 µm
across) were interpreted to represent silica-rich precipitates, together with the larger bubble-
shaped precipitates (>100 µm) consisting mainly of Si, which were similar to those in
Figure 4d (arrows) except with low to no layer contrast. In areas around depression
structures with large precipitates the “fresh” phlogopite surface typically displayed P
and S (Figures 4h and 5h1). Inspection of these surfaces at higher magnification showed
the presence of a thin coating or marks of surface corrosion, as well as small mineral
grains (Figure 4h). The lack of Ca in these S-bearing thin coatings rules out gypsum.
Manganese was a common element on these phlogopite surfaces (Figure 5h1), with and
without obvious organic coatings.
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Figure 4. SEM BSE images of the phlogopite surface with depressions of different types containing
large amounts of precipitates. The numbers and lines indicate the location of EDX analyses in Figure 5.
(a) Irregular depression completely filled with precipitates. The particle with white contrast at the
right of the depression is barite. (b) Detail of (a) showing fractured plate structures and a mesh of
tubular structures. (c) Circular depression with one step, containing abundant sediment (the same
depression in Figure 1f). There is some sediment outside the depression. (d) Detail of (c) showing the
intricate structure of the sediment, with bubble-like shapes, and layers of different contrast forming
the walls of the bubbles (arrows). The sediment has been lost in one area at the bottom and the
phlogopite is exposed. (e) Complex circular depression with multiple steps. Many areas at the edge
of the of the depression show signs of corrosion and there are precipitates within and outside the
depression. (f) Detail of (e) showing flakes of sediments on depression steps, smaller depressions on
the phlogopite surface, numerous gypsum crystals (spectrum f4 in Figure 5), and small spheres rich in
Si (spectrum f3 in Figure 5). (g) Large depression on the phlogopite surface with an irregular border,
containing abundant precipitates and an elongate depression (left). (h) Detail of the apparently
pristine phlogopite surface, with marks indicating coating or dissolution features. (i) Depression
(partly bottomless) filled with abundant precipitates. Three sheets of phlogopite (spectrum i1 in
Figure 5) protrude stepwise into the interior of the depression. This depression is connected to a
channel (not shown), as in (j), located opposite the three sheet steps, on the left. (j) Depression
consisting of a channel terminating in an ellipsoidal perforation. There are signs of corrosion around
the depression. There are scale-like structures forming terraces with certain similarity to those in (i)
and, also like them, consisting of unaltered phlogopite.
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Figure 5. EDX spectra of analysed spots in Figure 4. Spectra of a plate (b1) and tubular mesh (b2)
in Figure 4b. Spectra of sediment with a foam-like structure (d1) and of small gypsum crystals (d2)
from Figure 4d. Spectra from Figure 4f: (f1) bottom of a small depression indicating a phlogopite
composition; (f2) sediment of alteration products; (f3) small Si-rich sphere; (f4) gypsum crystals. (h1)
Spectrum of phlogopite surface in Figure 4h. This surface was part of a large flat area on a crystal
with depressions containing large precipitates. Spectra (i1) and (j1) are from terrace structures of
phlogopite in depressions, from Figure 4i,j.

Two examples were found of a feature of interest. Scale-like elements of phlogopite
were found in depressions, forming steps towards the bottom (Figure 4i,j). Both examples
were found in depressions at the end of channels, both with a substantial precipitate.
In one case, part of the bottom of the depression was missing and, thus, the structure
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was partially a depression and partially a hole (Figure 4i; the left, bottom corner of the
image shows the beginning of the bottom-less area). In both cases, the steps were fresh
phlogopite (Figure 5i1,j1). The steps were joined to the vertical wall of the depression, at
different heights, and some sediment was observed between the steps in one of the two
cases (Figure 4i).

3.2. Cleaved Phlogopite Crystal with Depressions on the Internal Surfaces

One of the phlogopite crystals had a different feature. When handled, it showed to
be cleaved and opened easily in two (Figure 6a). The internal surfaces revealed alteration,
concentrated mainly in specific points where there were depressions as those observed in
other crystals. Most depressions were deep and had large precipitates inside of different
shades of orange (Figure 6a,b). The most remarkable of them was a large and deep
depression of ~2 mm of diameter, with approximately half of the volume of the depression
on each side of the cleaved crystal (Figure 6a). The depression was full of the orange
precipitate that, when the cleaved crystal was separated, remained mostly on one of
the halves of the exposed depression and left the other half mainly empty. The cleaved
surfaces showed signs of alteration such as dislodged sheets and orange precipitate, some
of which were mm-sized (Figure 6a,b). The depressions were similar to the ones described
above, mostly of the deep type with large precipitates. Coatings on the phlogopite surface,
like those described above near depressions with large precipitates (top-right corner of
Figure 4g, shown in detail in Figure 4h), were also found in the cleaved crystal (e.g.,
surface of darker contrast on the right-hand side of Figure 6e), with chemical composition
suggesting loss of K and Mg in an altered phlogopite (ranging from spectrum in Figure 5h1
to that in Figure 3d2).

Allochthonous minerals were found in two of the depressions filled with precipitates.
In one depression there were two crystals of K-feldspar (Figures 6c and 7c1) and in another
one or two grains of a Si-Ca-Al-Fe silicate with multiple pits and shape indicating extensive
dissolution (Figures 6d and 7d1). The composition of this mineral suggests hornblende,
matching the existence of amphibole in the volcanic groundmass in the area [2]. The
spectrum in Figure 7d1 is undoubtedly modified by the precipitate on the grain (Figure 6d).

Two new features appeared in the cleaved crystal. One was flat fillings within de-
pressions (Figure 6e,f). The composition of these fillings was similar to other features
described above and found among large precipitates or sediments (Figure 7f1; compared
with Figure 5f2) except that the flat fillings always contained P (whereas other large pre-
cipitates did or did not contain P). No obvious phosphate grains with light contrast were
present on the surface of the flat fillings (Figure 6f). The other new feature consisted of
pseudo-hexagonal films surrounding depressions (Figure 6e,f). The chemical composition
of these films was not obvious because the analyses were contaminated by the altered
phlogopite below. However, the existence of S, the lack of Ca, and the hexagonal mor-
phology suggest jarosite. This mineral is compatible with the combination of S, K, and Fe
(Figure 7f2, although part of the K and Fe are from the altered phlogopite below). Platy
hexagons are one of the morphologies in which jarosite crystallizes [13,14].

3.3. Hornblende Crystals

The visual inspection of the hornblende crystals showed relatively fresh surfaces
(black, with a lustre, faceted) and clearly altered areas (white, rough). SEM images showed
signs of attack on the apparently fresh surfaces, as there were ubiquitous parallel pits
and thin mineral coatings, many of the latter difficult to see (Figure 8). EDX analyses
confirmed the slight signs of alteration indicating partial loss of Mg and Ca, as well as
Al gain (Figure 8, spectrum 2) with respect to more pristine areas (Figure 8, spectrum 1).
The obviously altered areas had lost almost all Mg, Ca, and Fe, and consisted mainly
of Si and Al (Figure 8, spectrum 3). The altered material on hornblende had a different
appearance from that on phlogopite. In hornblende, the alteration products developed in
the three dimensions, lacking the sediment-like appearance of the alteration products from
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phlogopite. There were also small desiccation cracks on the surface of strongly altered
hornblende (not shown), which were not observed in the alteration products of phlogopite.
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images indicate the location of EDX analyses. While handling this particle, it cleaved completely and revealed alteration
within. (a) The two internal sides of the particle (complete in the inset) showing signs of alteration within, especially a
large round depression filled with alteration products. (b) Depressions with shapes ranging from approximately circular to
pseudo-hexagonal. The white and yellow colours indicate alteration products or altered phlogopite. The framed area is
that in (e) below. (c) Edge of a depression filled with alteration products. There are two prismatic crystals of K-feldspar
next to each other. (d) Detail of another depression filled with alteration products in which there is a corroded and pitted
grain of hornblende. (e) A large pseudo-hexagonal depression and two small ones, approximately elliptic, with an in-fill
of flat surface. The areas on the phlogopite surface with a darker contrast are partially altered. The arrow marks the
depression shown in (f), where a thin film of pseudo-hexagonal shape surrounds the depression. Smaller films, also with
pseudo-hexagonal shape, are observable at the bottom, left part of the image.
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3.4. Nature of the P-Rich Needles

The needles with a very light contrast composed of P, Ca, La, Ce, and Nd represented
only a detail in the mineralogy of the alteration products, but it is useful to establish their
mineralogy and composition. It is important to note that there were no detectable REE in
the fresh phlogopite and no or very little Ca. Many data points from the needles and some
from the thin sediment in holes and depressions displayed a perfect correlation of Ca, La,
Ce, and Nd with P (Figure 9). Moreover, three data points from large precipitates were
within the same correlation for La (Figure 9b), while several others generated a linear trend
for P and Ce, which was parallel to and below that found for the other types of mineral
grains (Figure 9c). All analysed needles were on thin coatings. One P-rich grain (not with
needle morphology) was found in altered hornblende and two data points from it are
also shown (analyses at different magnification). The data points with a good correlation
between Ca, La, Ce, Nd, and P are interpreted to represent minerals in the series apatite-
monazite. Data points from coatings and large precipitates (coating and large precipitate
categories in Figure 9) corresponded to areas where phosphate grains were present, but
not observable (not resolved or covered with silicate grains). Most data points from the
large precipitates and some from the coating had Ca that did not correlate with P, and they
may correspond to areas with gypsum (Figure 5d2,f4) or hornblende grains (Figure 7d1).
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Figure 8. SEM BSE image of the surface of a hornblende phenocryst and several EDX spectra. The
image shows a relatively fresh area although covered with parallel dissolution pits. Mineral coatings,
although hardly discernible, are also present in the “fresh” surface, as well as small particles and
biological coatings (dark-contrast areas). (1) EDX spectrum of an area with a composition estimated
as the closest to the pristine hornblende. (2) EDX spectrum of a spot indicating possible partial
alteration (higher Al/Mg ratio than in spectrum 1). (3) EDX spectrum of an obviously altered part of
the surface.



Minerals 2021, 11, 547 14 of 25
Minerals 2021, 11, x FOR PEER REVIEW 17 of 28 
 

 

 
Figure 9. Correlation of several elements versus P, from SEM–EDX data. “Coating” corresponds to 
thin sediments in holes and depressions in phlogopite, where this thin sediment was circumscribed 
to the holes or depressions. “Large precipitates” indicate abundant precipitates that were found 
both within the depressions and outside them in the phlogopite crystals. “Phlogopite” are areas of 
apparently fresh phlogopite within or outside depressions. “Needles” are the light-contrast P-rich 
needles grouped in bundles. Needles were analysed on coatings. “Grain in hornblende” is a P-rich 
grain found in a hornblende phenocryst. 

Figure 9. Correlation of several elements versus P, from SEM–EDX data. “Coating” corresponds to
thin sediments in holes and depressions in phlogopite, where this thin sediment was circumscribed
to the holes or depressions. “Large precipitates” indicate abundant precipitates that were found
both within the depressions and outside them in the phlogopite crystals. “Phlogopite” are areas of
apparently fresh phlogopite within or outside depressions. “Needles” are the light-contrast P-rich
needles grouped in bundles. Needles were analysed on coatings. “Grain in hornblende” is a P-rich
grain found in a hornblende phenocryst.
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3.5. Element Budgets of the Alteration Process

To understand the alteration process taking place, the element budgets in the several
types of mineral grains analysed were investigated (Figure 10). Assuming that Ti is the most
immobile of all analysed elements, the ratio Element/Ti was used to investigate whether
elements had been depleted or concentrated with respect to the fresh phlogopite. Because
this investigation was focused on the alteration process of phlogopite, no chemical data
were used from hornblende. As the analyses of needles were conducted on thin sediment
(coating) (thus analysing also the coating below), all Element/Ti ratios from needles were
within the values obtained for the coatings, except for P, of course, where values measured
on needles were above all but one of the data points from the coatings. Magnesium was the
only element that experienced consistent loss with respect to phlogopite (Figure 10). Silicon,
Fe, and Al were most frequently enriched in the alteration products. For Si, the two highest
data points (Si/Ti ≈ 200) included silica spheres. For Fe, the highest values indicated
the presence of Fe oxides. Aluminium and Si were high in the beidellite-like particles
(Figures 4b and 5b2). Potassium displayed both increase and depletion with respect to
phlogopite, although most frequently depletion. In principle, there should be no EDX-
detectable Ca, P, and S in phlogopite. Indeed, there were many zero values for Ca and P in
phlogopite and some for S (not displayed in Figure 10). The non-zero values suggested
that the phlogopite surface was contaminated with very small particles or coatings of
minerals containing Ca, P, and S, such as gypsum, apatite, and jarosite, and perhaps other
minerals not detected, such as alunite, or with thin organic coatings (Figures 4h and 5h1).
Overall, thin mineral coatings (in holes and depressions) and large precipitates on the
phlogopite contained much more Ca, P, and S than the fresh phlogopite (Figure 10). The
very high Ca/Ti and S/Ti ratios (>40) corresponded to areas with large gypsum grains
(Figures 4d and 5d2). Lower ratios of Ca/Ti, P/Ti and S/Ti (1–10) probably indicated
the presence of smaller and/or dispersed gypsum and phosphate grains, and possibly
jarosite films (such as the jarosite films in Figure 6e,f, which displayed spectra like that
in Figure 7f2).
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Figure 10. Element/Ti ratios, from SEM–EDX data, in the several categories of analysed mineral
grains (described in Figure 9), plotted to investigate element loss and gain with respect to the
original phlogopite. Coatings, large precipitates, and phlogopite surfaces contain small gypsum and
phosphate grains, for which reason the small grains and the surfaces where they appeared influenced
each other’s composition. There are analyses with Ca/Ti = 0 in all categories (not shown due to the
log scale); there are P/Ti = 0 values in coatings, large precipitates, and phlogopite; there are S/Ti = 0
values in coatings and phlogopite.
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3.6. Composition of the Alteration Products

The composition of the several types of mineral phases was investigated using element
ratios that offered different complementary perspectives and a comprehensive view of the
composition of the alteration products (Figure 11). Data from fresh hornblende were not
used because the focus was on understanding the alteration of phlogopite. However, three
analyses of alteration products attached to hornblende grains, considered to correspond to
altered hornblende, were included, to test whether the alteration of this mineral followed
a chemical path similar to that of phlogopite. The ratios chosen for the x-values were
Element/Si and Element/Al. The first represents a ratio with respect to the most abundant
element in the original phlogopite. The second is the ratio with respect to a major, conser-
vative element. Although Ti is a conservative element, the ratio Element/Ti was not used,
because Ti concentrations were low and small Ti variations caused large modifications
of element ratios. These plots were thus complementary to that of the element budget
(Figure 10). The ratios used as y-values were of several elements over the sum of cations in
the octahedral sheet of the original phlogopite. In the Mg and Fe plots, Mg and Fe were
excluded from the denominator to enhance the compositional differences.
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Figure 11. Plots of cation ratios from SEM–EDX data from the several mineral grain categories found
in the phlogopite crystals (as described in Figure 9). The plots illustrate changes in the chemical
composition relative to phlogopite. Key to data in (a). There are three analyses of the alteration
products of a hornblende phenocryst for comparison.
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The ratios of Ca over other elements in the large precipitates displayed a very wide
range, where the group with the top values indicated the presence of gypsum (Figure 11a,b).
Calcium ratios in thin coatings, needles (analysed on thin coatings), phlogopite, and most
data points of large precipitates share a similar range of ratios from 0 to 0.3 (zero values are
not displayed in Figure 11a,b). Data are concentrated along a straight line (however, notice
that both axes are in a logarithmic scale, which tends to concentrate the data). The K ratios
of phlogopite, coatings, and some large precipitates define a curve of phlogopite alteration
in which K is continually decreasing from phlogopite values towards zero (Figure 11c,d).
This curve is well defined in K/Al vs. K/(Fe + Mg + Al). Values below the curve correspond
to areas with Fe oxides (K/[Fe + Mg + Al] ratios are displaced below the diagonal of silicate
composition). Values above the curve appear to be caused by rare grains with high Fe + Mg
loss and no K loss (high K/[Fe + Mg + Al]). One such identifiable spot is the jarosite film
on altered phlogopite in Figure 6f with EDX spectrum in Figure 7f2.

The Mg ratios produced a more clear picture than those of K (Figure 11e,f). The
diagonal line of phlogopite alteration is well defined for Mg/Al vs. Mg/(Fe + Al), and the
outliers correspond to areas with Fe oxides (Mg ratios below the diagonal line; Figure 11f).
The Mg ratios show how Mg is depleted with respect to Fe, Al, and Si in the phlogopite
alteration products. There is a wide range of alteration extent, from some few cases of
slight alteration in the large precipitates to the more abundant beidellite-like precipitates
(containing mainly Si and Al). In the Fe-ratio plots, the phlogopite data align parallel to and
below data from the thin coatings and large precipitates (Figure 11g,h). This is, perhaps,
mainly due to the presence of Fe oxides in the altered material, but it is also possible that
the beidellite-like material, which is a product of advanced alteration, contains Fe in the
silicate structure (e.g., Figures 4b and 5b2). Because both Fe and Al are concentrated in the
alteration products, Fe/Al or Fe/(Mg + Al) ratios do not obviously indicate the alteration
stage corresponding to the data points.

Globally, the chemical plots in Figure 11 confirm the results from Figure 10. Silicon, Al
and Fe are enriched in the alteration products with respect to the fresh phlogopite, whereas
Mg and K are depleted. Calcium is also enriched, although it is not present in a silicate
phase, but in the gypsum and apatite inferred from the chemical data.

The three analyses of altered hornblende always plotted within the main trend of
chemical changes observed in the progressive alteration of phlogopite (full circles in
Figure 11). In the alteration products of phlogopite, Ca was an addition from external
sources, whereas in altered hornblende, Ca was residual from the mineral itself.

4. Discussion
4.1. Similar Structures in Previous Work

Moro et al. [15] reported structures in a phlogopite from Uganda with similarities
to the shallow depressions in our study (e.g., Figure 2c), consisting of depressions with
internal steps. Shapes varied from near circular to very elongated and their size was smaller
(a few nm to several µm) than the shallow depressions in the present study (hundreds
of µm). The edges and steps of the depressions were entirely flat, with no sediment on
them. From the evidence of bubbles of similar size and shapes containing hydrocarbons,
Moro et al. [15] concluded that the depressions were the interior of gas inclusions (bubbles)
that had been exposed by crystal exfoliation.

Ghabru et al. [16] described deep holes in altered biotite that they interpreted as due to
mineral inclusions where the inclusions had disappeared. In their case, alteration took place
within soils (A to C horizons of Gray Luvisols) formed on glacial tills in Saskatchewan.
The alteration produced vermiculite and interstratified biotite-vermiculite, where the
only chemical change was K loss. Thus, alteration conditions were much milder than in
Caldara di Manziana. Although the holes were not considered the product of alteration,
Ghabru et al. [16] observed enhanced alteration at the edges of these holes and surrounding
areas. One of such structures displayed in Ghabru et al. [16] has a polygonal contour, is
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~80 µm wide and is much deeper than is wide. There are signs of alteration within the hole
and some debris of unknown composition.

Kurganskaya and Luttge [17] showed depressions on muscovite produced during
dissolution experiments conducted at pH 9.4 and 155 ◦C. The depressions have terraces
and their shapes are from elongated and ellipsoidal to pseudo-hexagonal. Their size,
however, is below <1 µm, much smaller than those in phlogopite from Caldara di Manziana.
Kurganskaya and Luttge [17] showed minute and dispersed particles within and around
the depressions, but because their study was performed using AFM, it is not possible to
know whether these particles were part of a precipitate deposited by dissolution.

None of the three cases is a good match for the structures and environmental condi-
tions of the samples investigated here. The acidic alteration environment and the alteration
products found within the structures in phlogopite from Caldara di Manziana are absent
in the Ugandan and Canadian cases. The muscovite investigated by Kurganskaya and
Luttge [17] was not in an acidic medium, but it is possible that very thin precipitates
were present.

4.2. Acidic Chemical Alteration

The overall chemical trends are congruent with the alteration of phlogopite taking
place by acid attack. There is loss of K and Mg, two highly soluble cations, whereas
there is concentration of Si, Al, and Fe (Figures 10 and 11). Iron is less enriched than
Si and Al in many cases (Figure 11g,h). These are typical trends of acidic alteration.
Kuwahara and Aoki [18] dissolved phlogopite experimentally in 0.01 N HCl. Experiments
longer than 6 days, where precipitation products first appeared, reproduced the pattern
of cation loss in phlogopite from Caldara di Manziana. Iron- and Mg-rich silicates evolve
towards Al silicates when subjected to acid alteration, although not exclusively in such
conditions. Kaolinite and halloysite are produced from the alteration of more Mg- and Fe-
rich silicates in acidic environments [19–21] while beidellite is possibly a transient product
in similar conditions. The thin deposits within depressions and steps in holes have a
darker contrast in back-scattered electron images than that of the fresh phlogopite, coherent
with a more hydrated composition (Figure 2c,d,e), perhaps containing smectite and/or
poorly crystallized, hydrated products. These sediments contain substantial residual
Mg (Figure 3d2,e1,e2,e3), indicating incomplete alteration. Figure 4b displays two very
interesting morphologies, one platy, which can be interpreted as broken-up and partially
altered phlogopite plates, still containing much Mg (Figure 5b1), and a mesh of tubular
structures with high Al content (Figure 5b2). The latter structure can be interpreted as a
silicate containing mainly Si and Al and some K, Fe, and Mg, which could be defined as
beidellite. However, the tubular structures are suggestive of halloysite [22], and it can be
interpreted that the Mg, K, and Fe are not part of this mineral phase, but contamination
of adjacent minerals (e.g., the plates, Fe oxides). It is, however, also possible that Mg,
K, and Fe are in halloysite because halloysite and kaolinite are known to incorporate Fe,
Mg, and interlayer cations, either within them or as interstratified smectite layers [22–25].
In any case, the tubes can be safely interpreted as an advanced alteration stage of the
original phlogopite.

The coexistence of fresh phlogopite and intensely altered products (Figures 4 and 5)
supports an aggressive, intense and localized process, which is more coherent with acid
attack than with advanced weathering at near neutral pH. Together with halloysite or
beidellite, Fe oxides are also a product of acid attack of Fe-bearing silicates. Particularly, in
phlogopite and biotite early disruption of the silicate crystal lattice causes Fe2+ oxidization
and release of Fe3+ [26]. Silica is a typical product of intense acid alteration [27]. Gypsum
is indicative of sulphate abundance, a natural residuum of sulphuric acid attack [28]. The
pseudo-hexagonal films suggestive of jarosite (Figures 6e,f and 7f2) are also compatible
with a localized acidic environment.

The three data points corresponding to altered hornblende follow almost the same
chemical patterns (loss of Mg, Ca, and Fe; concentration of Si and Al) and indicate also
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acidic alteration (Figure 11). Thus, the global chemical evolution of the alteration products,
the composition of each specific alteration product and their morphologies all indicate
acidic alteration.

4.3. Generation of Sulphuric Acid

The two major acidic gases emanated at Caldara di Manziana are, in the order of ema-
nation rate, CO2 and H2S [1,6]. Both are mild acids when dissolved in water and unlikely
to produce the focused and intense alteration features detected in the present investigation.
The existence of elemental sulphur in Caldara di Manziana [7] and the detection of sulphate
within alteration cavities in phlogopite (gypsum: Figures 4d,f and 5d2,f4) indicate that
sulphur-oxidizing bacteria are causing oxidation of S2− to S0 and SO4

2−. Sulphur-oxidizing
bacteria are at the base of the microbial dissimilatory S cycle. They obtain metabolic en-
ergy from oxidizing reduced forms of S in a variety of compounds [29]. Sulphuric acid is
then the likely agent that caused the alteration. Shallow depressions with thin coatings
were probably produced by diluted or small quantities of acid, whereas deep depressions
and holes were produced by larger volumes of concentrated acid. This is consistent with
gypsum being observed only in areas of intense alteration and large deposits of sediment,
because gypsum would not precipitate from dilute solutions of sulphuric acid (gypsum
solubility is ~2 g L−1 at 25 ◦C [30]).

The phenomenon of bacterial production of H2SO4 from H2S followed by corrosion
of steel and concrete elements is well documented in sewages and wastewater treatment
facilities, where H2S is the previous result of bacterial activity on the waste (e.g., [31]).
The process of biogenic sulphuric acid corrosion is driven by a succession of different
bacterial species requiring different environmental pH [32]. Pipes and exposed elements
are first colonized by neutrophilic sulphur-oxidizing bacteria, such as Thiobacillus spp.
and Thiomonas spp., which generate sulphuric acid and polythionic acids, lowering the
pH to 3.5–5.0. As the pH decreases, other bacteria take over, in successive steps, which
are capable of living at progressively lower pH, such as Acidithiobacillus thiooxidans, and
continue the process of sulphur oxidation and sulphuric acid production from pH 5 to as
low as 1–2 [31,33].

It is of particular interest that the genus Acidithiobacillus includes chemolithoau-
totrophic obligate acidophiles bacteria that can live with elemental sulphur as the only
nutrient, producing high amounts of sulphuric acid [34]. After other sulphur-oxidizing
bacteria have generated S0, Acidithiobacillus spp. can generate sulphuric acid from this solid
S source, meaning that a continuous acid attack of the mineral substrate can take place
around the precipitated S0 until it is consumed. An example of species that can accumulate
solid S0 that may be especially relevant to this study is that of chemolithotrophic sulphide-
and sulphur-oxidizing bacteria (both types oxidize S, although following different bio-
chemical paths). Their optimal habitats are narrow crevices, 0.1–1 mm wide, with low
concentrations of dissolved H2S and O2 [35], as it may be the case between the sheets of
partially dislodged phlogopite crystals buried in the soil.

All the above-mentioned bacteria live in natural environments with abundant sources
of sulphur, including soils [8]. It can be reasonably concluded that the soils of Caldara di
Manziana are the source of sulphuric acid by effect of the H2S emanations and sulphur-
oxidizing bacteria, and that the sulphuric acid corrodes and alters mineral grains in the soil.

4.4. Model of Phlogopite Acidic Alteration

Water is an essential element of the acidic alteration taking place in Caldara di
Manziana because the sulphuric acid is required to be dissolved in water. Caldara di
Manziana has a monthly average precipitation ranging from 40 mm, in July, to 171 mm,
in November. The minimum and maximum average relative humidity occur in the same
months and are 66 and 80%. Annual average precipitation and relative humidity are 99 mm
and 74% [36]. Thus, the climate in the area is rather humid. In addition, precipitation in
the wettest season causes flooding of the centre of the caldera and water streams appear,



Minerals 2021, 11, 547 20 of 25

while the focused CO2 expulsion from the permanent water pool generates a continuous
geyser and spray, all of which contribute to a still higher local relative humidity. As a con-
sequence, minerals in the soil are expected to be frequently wet from rain or atmospheric
condensation, and water droplets or films to remain long times on the mineral surfaces
before evaporation. These are appropriate conditions for (1) H2S to dissolve in the water
and be available to sulphur-oxidizing bacteria and (2) biogenic sulphuric acid to dissolve
in the water and attack surfaces in contact with it. Both steps of the process can take place
frequently and for extended periods of time in Caldara di Manziana.

The altered material within depressions in the phlogopite crystals may have been
produced in situ on the mineral grains or transported from surrounding altered grains in
the soil. For example, hornblende phenocrysts in the soil have signs of acidic alteration
(Figure 8), indicating that acid attack does not take place exclusively on phlogopite and
that translocation of alteration products was possible. Nonetheless, based on the following
arguments, the alteration products found on phlogopite are interpreted to correspond
to phlogopite alteration. First, shallow depressions had thin precipitates of clay-size
flakes (Figure 2) of a silicate composition (Figure 3d2,e1,e2,e3), whereas deep depressions
had thick precipitates (Figure 4) covering a wide range of composition and morphology,
including Fe oxides and silica (Figure 5b1,b2,d1,d2,f2,f3,f4). Therefore, the intensity of the
alteration is correlated with both the amount of material dissolved/altered/precipitated
and its alteration stage, which is consistent with the precipitates forming largely in situ.
Second, the altered material in phlogopite and hornblende crystals have a distinctive
chemical character. Although both fall within the same chemical-ratio trends (Figure 11),
altered hornblende contains Ca (Figure 8), which is not the case of altered phlogopite. This
suggests that the altered material found on each mineral originated from the particular
mineral. Calcium was found sometimes on altered phlogopite as gypsum (Figure 5d2,f4)
and in much smaller concentration as Ca phosphate (Figure 9a). The existence of gypsum
is indicative of Ca ions diffusing from the surrounding soil and precipitating with sulphate
in areas where strong acid attack was taking place. There is also evidence of the transport
and deposition of some foreign particles within deep depressions in phlogopite (K feldspar
and hornblende in Figure 6c,d). Thus, some solids and solutes were transported from
surrounding soil to the altered phlogopite surfaces, but the evidence indicates them to be a
minor component of the sediments on the mica.

The model of phlogopite alteration is interpreted to be the following. Emanating
H2S is dissolved in water on the surface or within partially cleaved crystals of phlogopite,
where sulphur-oxidation bacteria oxidize sulphur to H2SO4 (Figure 12) progressively
and in stages. At some point, the sulphuric acid is sufficiently concentrated in droplets
or water films to corrode the mineral. Shallow depressions (Figures 1b,c and 2a–c,e)
and some holes (Figure 2d) produced by either attack on very thin flakes or exfoliation
of flakes with shallow depressions are the result of acid attack of droplets with diluted
sulphuric acid (left path in Figure 12a). These droplets dissolve small volumes of phlogopite
(shallow depressions) and leave a precipitate consisting of a fine-sized silicate and/or
amorphous material with low-mobility cations. Proof that the acid concentration is low
is that no sulphates or soluble substances precipitate in such depressions. Although
phlogopite has low resistance to acid attack [37] effective corrosion by dilute acid solutions
requires a sustained period of attack, where water droplets are supposedly maintained by
condensation of surrounding moisture. Moreover, consumed acid may need to be replaced,
perhaps by diffusion from surrounding areas. Alternatively, micro-grains of S0 precipitated
by sulphur-oxidizing bacteria may be further oxidized to H2SO4 in the presence of water by
mediation of other sulphur-oxidizing bacteria. The acid would then corrode the phlogopite
surface in situ as new acid continues to be generated. This possibility provides the necessary
replacement of acid to sustain the attack. The depth of the depression is controlled by
the length of the attack, while the length of the attack is controlled by the availability
of sulphuric acid. Acid availability can depend on a number of factors: proximity to a
source of H2S, concentration of sulphur-oxidation bacteria, concentration of S0 grains,
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and length of the life of droplets or films where the acid is active. All of these factors are
represented generically by H2S availability in Figure 12, where low availability results in a
shallow depression (left path of Figure 12a), and high availability (but always resulting in
dilute acid concentration), producing deeper depressions and eventually a hole (right path
in Figure 12a).
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emanating H2S. (b) Sulphur-oxidizing bacteria (SOB) mediate the oxidation reactions that produce sulphuric acid in the
water in contact with phlogopite. Several cases are represented. (a) Water droplets with diluted sulphuric acid that are
active for a short time generate shallow depressions. Diluted acidic droplets that are active for longer time generate deeper
depressions and, eventually, holes. The length of the activity of acidic droplets may be controlled by available H2S, the level
of activity of SOB or the length of the life of the acidic water droplet. (c) Large water drops with concentrated acid generate
deep, irregular depressions and channels that contain large amounts of sediment, mainly the in situ products of alteration.
(d) Some partially cleaved crystals have water films within and, eventually, acidic films that generate cavities at both sides
of the cleavage. These cavities eventually fill with alteration products. Some debris from the soil (yellow particles) may
penetrate with the water and become a minor component of the sediment within depressions.

High concentration of sulphuric acid in water droplets and films generates deep
depressions and holes, where there are abundant precipitates with a wide range of com-
positions (partially altered phlogopite, beidellite or Fe,K-halloysite, silica, Fe oxides, and
gypsum; Figure 12c,d). Some debris from the surrounding soil may also be deposited
in depressions and the phlogopite surface (Figure 12d). The shapes of these cavities are
variable and indicate different amount of acidic water as well as different interaction
acid-phlogopite surface due to variables such as fluid-solid contact angle, phlogopite
topography or angle of inclination of the mineral flakes. Some of such depressions are
created by drops (Figures 1, 2a–e, 4c,e and 6a–c,e,f), some by drops with a trail (Figure 4j),
some by advancing water corroding walls in different fashions perhaps following areas of
weaker structure (Figure 4a,g). High acid concentration and large volume of acid (i.e., large
droplets and extended films) both promote longer attack. Conversely, these three factors,
i.e., more aggressive acid, larger amount of acidic fluid, and longer life of the attack, cause
greater irregularity of the corroded areas.

It is interesting that the shape of depressions or holes produced by droplets ranges
from rounded to pseudo-hexagonal (Figures 1 and 6). It is interpreted that rounded
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structures reflect the shape of the droplet on the phlogopite surface and indicate that the
acidic attack took place similarly in every direction. Pseudo-hexagonal structures were
created where the line of attack was controlled by the crystal symmetry of the mica. The
condition for such a control is that the acid is not overly aggressive. In the same way as
slow crystallization of phyllosilicates produces pseudo-hexagonal plates, slow dissolution
produces pseudo-hexagonal cavities. Kurganskaya and Luttge [17] show hexagonal to
pseudo-hexagonal dissolution pits on the basal planes of muscovite. Slow growth and slow
dissolution of minerals are controlled by the same principle: the crystallographic faces
manifested are those containing the strongest bonds, according to the theory of periodic
bond chains [17]. The conditions within a depression may have changed over time, because
the acid became more concentrated with time, as it dissolved the crystal deeper down, or
because the dissolution of the phlogopite surface was a different event from the dissolution
deep below the surface (e.g., a different cycle of water deposition and production or
accumulation of sulphuric acid). This may be the reason why some depressions modified
their shape with depth from pseudo-hexagonal to rounded (Figure 6e).

The formation of approximately concentric terraces is a common dissolution phe-
nomenon of phyllosilicates that form large crystals because they have a marked crystal
anisotropy between the c* axis and the plane containing the a and b axes (they are struc-
tures of piled sheets) and the dissolution is faster within the ab plane than in the c* direc-
tion [17,18,38,39]. Dissolution starts at weak points, such as dislocations, on the phlogopite
surface. As dissolution proceeds faster laterally (ab plane) than vertically (c* direction)
the formation of terraces is a natural phenomenon. The actual size and shape of the ter-
races is dependent on the intensity of the attack (in the present case, acid concentration),
concentration of crystal defects, composition of the phyllosilicate, and protecting coating
formed by precipitation, all of which modify the relative velocity of mica dissolution in
one and the other direction. Generally, it would be expected that dilute acid generates
wide terraces because the dissolution rate in the ab plane is faster than in the c* direction
and the acid within the water droplet is consumed relatively quickly, so that the initial
dissolution structure is preserved. Concentrated acid, however, will probably generate
a chaotic morphology where terraces are absent in some places or have very different
shapes, as controlled by changing conditions due to the fast dissolution and precipitation
reactions [39] and to modification of sulphuric acid concentration. This is coherent with
the well-defined and relatively wide terraces observed in depressions and holes generated
with diluted acid (Figure 2) and with the more chaotic structures found where concentrated
acid corroded phlogopite (Figures 4 and 6).

It is possible that the type of alteration represented in Figure 12d is the most common
in phlogopite, i.e., that the conditions for the formation of depressions are most frequently
met on the surfaces of partly cleaved crystals, but that the large majority of such crystals
break up completely into two or more exfoliated flakes with depressions and holes of
different character. Water within these partly cleaved crystals would evaporate slowly and
allow for a sustained presence of sulphuric acid. There is, however, evidence that acidic
alteration takes place on external mineral surfaces, as shown by altered hornblende, where
attack on the outer surface is the only possibility. In these cases, contact with other mineral
grains from the soil (in the surface of the soil or below it) may be also a mechanism to
generate stable water droplets where acidic alteration may be sustained.

4.5. Unusual Dissolution and Precipitation Features

The SEM images of altered phlogopite display a group of unusual features. Figure 4i
shows a strongly altered area which is partly a depression and partly a hole. The depression
is filled with a thick layer of alteration products with micro-cracks. Interestingly, some
layers of phlogopite did not dissolve completely even if other layers between them did.
The result is the building up of terraces of fairly pristine phlogopite (Figure 5i1) separated
by alteration products or with nothing in between them. It is surprising that the acid
attacked and consumed phlogopite layers above and below and did not attack these
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portions that form the terraces. A related structure is present in Figure 4j, where scales of
fairly pristine phlogopite exist (Figure 5j1). The scale structures appear to be at several
heights (going higher up from left to right) and connected, creating a system of terraces
with the appearance of scales. The scale appearance is generated by the fact that the
terraces terminate in angles suggestive of a pseudo-hexagonal shape (two to four angles
of ~120◦ are observed in many of the scales; there are several scales in each terrace).
This structure must have been created by the partial dissolution of phlogopite layers,
where the edges dissolved following the 120◦ angles of the planar symmetry of phlogopite
(angles between two 110 crystallographic faces and between 110 and 010 faces). The
scales are then another example of acid dissolution controlled by the phlogopite internal
symmetry. The terrace and scale-like structures are indicative of very inhomogeneous
acid alteration within the affected areas, because in the same depression there is, on the
one hand, complete dissolution of phlogopite and large precipitates and, on the other,
remains of phlogopite layers of almost pristine composition and showing slow dissolution
controlled by crystal symmetry.

Perhaps a related path of strong (but always localized) alteration of phlogopite may
be that represented in Figure 4a,b, where phlogopite plates in advanced state of alteration
(Figure 5b1) coexist with tubes of halloysite or beidellite (Figure 5b2). The plates appear to
be broken up into pieces, as if one or several large plate-like structures had collapsed. There
seems to be physical continuity between some plates and tubes, as if further alteration
of the plates generates the tubes. This suggests the existence of large platy structures
within the depression that have been subsequently altered into the mass of plates and tubes
observed in Figure 4a,b. It is interesting also that the top, right branch of the depression
in Figure 4a has an upper outline of three straight lines with angles of ~120◦, and a more
rounded outline at the bottom. This channel structure manifests heterogeneous dissolution
conditions at distances < 100 µm, across the corresponding channel and between the
channel and the rest of the depression.

Another unusual feature, now corresponding to a precipitation process, is the genera-
tion of hexagonal films around deep depressions. Such large structures (~50 µm across)
are in Figure 6e,f, but much smaller pseudo-hexagonal films are also observed in the left,
bottom area of Figure 6f. These films are interpreted to consist of jarosite, based on the
combined presence of S, K and Fe (Figure 7f2) and the pseudo-hexagonal shape of the films.
These films seem to have developed from the depression and grown radially outwards.
They may have precipitated as sulphate, Fe3+, and K ions diffused out of the depression
during the acid dissolution. The crystal where these structures were found was partially
cleaved, but both sides across the cleavage surface remained in contact. This may explain
the existence of a water film between both sides where the ions could diffuse radially
and precipitate generating a mineral film. If the mineral film consists of jarosite, then the
water film around the depression must have had a pH < 3, at which jarosite is stable [40].
Moreover, the diffusion and precipitation must have taken place slowly to allow the growth
of a single, extended film with a crystallographically controlled shape. The existence of a
low-pH water film within the cleavage is consistent with the signs of chemical alteration
of the phlogopite under the jarosite film (Figure 7f2). However, the proximity of the EDX
analysis point to the material within the depression may have contaminated it (Figure 6f).
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