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Abstract: This paper explored the relationship between acidic sulfate alteration, geostructural frame-
works, and geomorphological changes that can be observed in active volcanic hydrothermal systems.
The target area was Pisciarelli in the Campi Flegrei volcano, where diffuse acidic sulfate alteration
and hydrothermal dynamics have been growing since 2012, causing a progressive deterioration of
landscapes. Terrestrial Laser Scanner (TLS), photogrammetry of proximity survey, geological field
work, mineralogical and geochemical analysis with Optical Microscopy (OM), electron microscopy,
and energy dispersive micro-analysis (BSEM-EDS) and X-ray Powder Diffraction (XRPD) to char-
acterize (and monitor) altered rock outcrops were repeatedly carried out in the area. We present
the multi-temporal acquisition and analysis referring to Terrestrial Laser Scanning (TLS) datasets
(2014 survey) with 3D-point clouds obtained from the Structure for Motion (SfM) photogrammetry
(2021 survey) with a high-resolution digital camera aimed at evaluating volumetric changes on the
mostly damaged and altered fault scarp. For each survey, we obtained a vertical Digital Elevation
Model (DEM) and a true color RGB orthomosaic that provided the setting of the area at the different
times and its evolution through their comparison. Changing sites were examined in the field and
characterized for mineralogical and geochemical purposes. The investigated slope lost up to about
4 m3 of deposits between 2014 and 2021, mostly related to hydrothermal alteration induced by gas
emissions and meteoric infiltration. Our methodological approach appears promising to evaluate
evolution and rock-fall susceptibility of solfataric terrains subjected to hydrothermal dynamics.

Keywords: active volcano; solfataric district; hydrothermal alteration; Terrestrial Laser Scanning
(TLS); Structure for Motion (SfM); mineralogical investigation; slope volcano stability

1. Introduction

Pisciarelli and the neighboring Solfatara crater are the most active districts within the
Campi Flegrei volcanic field (CF; Figure 1), hosting a low to locally high sulfidation system
supported by intense hydrothermal activity [1,2]. Since 2006, especially in the district of
Pisciarelli, the degassing dynamics strongly increased and changed in the following ways:

(a) the formation and expansion of boiling pools and water springs (started in March
2009) with the opening of energetic geyser-type vents (November 2010) that are increasingly
active (Available online: https://www.ov.ingv.it/index.php/monitoraggio-e-infrastrutture/
bollettini-tutti/campi-flegrei (accessed on 30 May 2022)); (b) The decrease of temperature
measured at fumaroles and pools: in 2011, the average temperature was up to 115 ◦C,
but decreased gradually to the present widespread value of ~95 ◦C [2–6]; (c) Temporal
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and spatial variability of the emitted gases with a general dominance of H2O and CO2,
subordinate H2S, N2, H2, CH4, He, Ar, CO, and hydrocarbon species, and traces of HCl and
HF, but progressively higher CO2 and CO: the most recent CO2 flux from the main Pisciarelli
fumarolic vent [7] has shown an increment by a factor > 3 since 2012 (300–400 tons/day) [8,9],
reaching, in 2018–2019, levels > 600 tons/day; (c) and enlargement of the CO2-diffuse soil
degassing area, well documented by analytical data [3,5]. Since 2016, the authors estimated
an increase of ca. 1500 in 2001 to 3000 tons/day, and enlargement of the acid-sulfate
alteration zones, as can be easily recognized from the prevalent whitish, yellowish, and
grayish color of terrains in proximity to the water pools and springs with greater mutation
in relation to wet-dry conditions (Figure 1, [2,6]). Notably, a genuine mud vent replaced the
main water pool during several months in 2020–2021. There was also increasing number of
the local seismicity, often occurring in seismic swarms just in Pisciarelli [10], and ground
uplift (now above the 3.5 m measured after the main 1982–1984 unrest in the central sector of
the caldera; [11]) with extension dynamics also in the Pisciarelli zone, recorded by tiltmeter
and GPS networks [12].

In seasonal periodicities, some of the abovementioned variations can be amplified or
reduced. In particular, various authors correlated the type and occurrence of hydrothermal
mineralization and/or efflorescence to seasonal factors changing the physico-mechanical
properties of the affected rocks, particularly in volcanic and geothermally active areas
(e.g., refs. [13–16]). According to Hicks et al. (2009) [17], dry seasons facilitate oxidizing
conditions and the precipitation of a variety of sulfates (mostly alunogen, iron sulfates,
(K)alum, and jarosite) along with alunite and native sulfur. On the contrary, wet seasons
facilitating reducing conditions stimulate the dissolution of the above-cited oxidation
products and the sulfides’ (mostly pyrite) stability. Furthermore, meteoric water abundance
can modify the aquifer emergency and the geometry of pools. Piochi et al., 2019 [6]
recently signaled pool enlargement due to hydration consequent of the highly rainy season.
Similarly, Fedele et al. 2020 [18] observed a positive correlation between rainfall rate
and CO2 soil flux, with the expansion and the edge erosion of the water pool during the
wet season.

Overall, these factor changes can induce surface erosion (with a mutual cause–effect
amplification) and consequent slope instability, especially in the area where the main
Pisciarelli faults network coincides with a nearly vertical wall (fault L1, in Figure 1b)
acting as a chief path for fluid/gas ascent. Here, the faulted rocks can show an increased
morphological vulnerability. Actually, the literature indicates the hydrothermal alteration
as a mechanism that significantly contributes to the volcano and flank instability [19–24],
changing both mechanical and geotechnical properties of the rocks [25–27], particularly in
those areas shacked by earthquakes and affected by ground deformation [24,28,29]. The
alteration is furthermore able to decrease the rock permeability, which can lead to phreatic
eruptions [30,31].

In the hydrothermally active and highly populated Pisciarelli area, studying geomor-
phological changes and their possible relationships with rock alteration appears, therefore,
fundamental for the mitigation of volcanic hazards, as well as the monitoring of the volcano
(e.g., ref. [19]).

Despite the importance of the slope stability related to hydrothermal alteration, it is
generally neglected and/or poorly discussed. In this regard, integrating remote sensing
and mineralogical studies are crucial in an active volcanic area, in which altered materi-
als modify the rock mass properties, promoting large deformations, ground water, and
hydrothermal fluid circulation.

Here, we presented integrated mineralogical, geochemical, and geomorphological
results taking into account the acid–sulfate environment developed in relation to the
fractured settings that facilitate the gas emissions from deeper levels and the meteoric
infiltration from surface to depth. For this purpose, multi-temporal acquisition and analysis
referred to Terrestrial Laser Scanning (TLS) and photogrammetric proximity survey, the
Structure for Motion (SfM) methodology was carried out on the main damaged fault
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scarp. The faulted rock deposits were described in terms of original and altered textural,
mineral and compositional features, with the final aim to unravel relations among rock type,
hydrothermal alteration, and morphological evolution in a highly dynamic volcanic area.

2. Volcanic and Geomorphological Setting

CF (Figure 1) is a densely inhabited volcanic field located west of Naples, developing
since 39 ka BP within a nested caldera generated by catastrophic eruptions (see refs. [32–34]
for a review). Since the collapse at ca. 15 ka (Neapolitan Yellow tuff; [35]), and up to
1538 AD, the intra caldera volcanism has produced more than 70 dominantly phreato-
magmatic eruptions, separated by periods of rest of variable duration (e.g., ref. [36]). These
eruptions determined several tuff cones, such as Solfatara that formed at ca. 3.8 ka and tuff
rings, whilst lava domes subordinately occur, two of which (Monte Olibano and Accademia)
near to the Solfatara cone [36].

Currently, CF hosts an intense hydrothermal activity and an acid sulfate alteration
environment that can be observed on pyroclastic deposits (e.g., Agnano Monte Spina, Astroni,
and Solfatara tephra) and lava domes (Monte Olibano, and Solfatara cryptodome) constituting
the Solfatara vent structure [1,2,6,37,38]. In particular, hot fumaroles, thermal springs, mud
pools, and diffuse degassing both occur inside the crater as well as on the eastern flanks
such as at Pisciarelli ([3,9,37,39–41] (and references therein [2,3,9,37,39,41–43])). Indeed, the
acid–sulfate environment has developed under steam-heated and magmatic-steam conditions
and thins outwards, moving away from the discharge area above deeper argillitic facies [2].

Pisciarelli (Figure 1b) is characterized by valleys with ephemeral streams separated by
hilly terrains located at 170 m a.s.l. that delimit the fumarole field west and south [18]. It
manifests an impressive and powerful hydrothermal activity with a combination of various
hot and acidic environments [2,6] determined in relation to fumaroles at temperatures up
to 110 ◦C, vigorous boiling pools, and diffuse soil degassing that have been changing and
growing since at least 2006 under the effect of the endogenous engine and the meteoric
agents [2,3,6,9,42]. The main discharges and pool in Pisciarelli occur along the intersection
of the NW–SE and ENE–WSW faults traveling through the Agnano plain and the Solfatara
crater, respectively (e.g., refs. [44,45]). Here, CO2 flux has recently shown an abrupt incre-
ment (maximum values of 600 tons/d, [7]), and in the meantime significant morphological
changes, i.e., rock fall, pool enlargement, and drying-driven mud vent formation, have been
occurring. The Pisciarelli hydrothermalism intensely altered the faulted slopes and the
solfataric landscapes have replaced the original pyroclastic sequences (Figure 1b). Altered
volcanic products can be easily recognized from their prevalent whitish, yellowish, and
grayish color that principally affects the original Astroni, Solfatara, Agnano Monte Spina,
and older Paleo-Astroni and Monte Sant’Angelo deposits from top to bottom [46] (Figure 1b
site 1). The only walls in the highest part of the valley have a distinct dark red alteration
level that develops on incoherent pyroclastic deposits. The main alteration minerals are
native sulfur, alunite, and other types of sulfate and sulfide with SiO2 species and high
concentrations of amorphous, anomalous enrichment of selected elements (As, Ni, Co,
Cu, and S) [6,47]. The whitish hydrothermally altered zone becomes either grayish in
proximity of the water pools and springs, or yellowish close to emissive vents. The water
pool is gray to black in color and is characterized by vigorous boiling (Figure 1b site 3) that
locally triggers a geyser-type activity (Figure 1b site 2); it is characterized by amorphous
alunite dominating on sulfur, pyrite, barite, and rare illite. The floor of the Pisciarelli valley
additionally shows various sulfates that can disappear as the stability conditions changes,
such as alum-(K), alunogen, NH4-sulfates, alunite, jarosite, and pickeringite. Locally, the
altered rocks, soil, and water show a greenish color due to organic growth that generally
happens in wet, middle-acidic conditions at ca. 45–55 ◦C (i.e., Pseudococcomyxa simplex,
Chlorella, Galderia; [41,48]).
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Figure 1. (a) Digital terrain map of the Campi Flegrei volcanic field (modified by ref. [49]) showing 
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delineates the investigated and populated Pisciarelli area. (b) Google map of Pisciarelli showing 
main tectonic structures [44,45] and the relevant geomorphological features with location of: (1) the 
studied scarp; (2) main gas discharges; (3) main boiling water pool (view from the east). (c) View of 
site 1 in panel (a) showing the studied vertical fault wall and the perpendicular L1 fault (indicated 
by the arrow) limiting the pyroclastic deposits of Paleo-Astroni and Monte Sant’Angelo on the left, 
and Solfatara on the right; in (d) vigorous gas discharges and geyser vent of site (2). 

Figure 1. (a) Digital terrain map of the Campi Flegrei volcanic field (modified by ref. [49]) showing
major structures. The red star indicates location of the Campi Flegrei volcano in Italy. The red box
delineates the investigated and populated Pisciarelli area. (b) Google map of Pisciarelli showing
main tectonic structures [44,45] and the relevant geomorphological features with location of: (1) the
studied scarp; (2) main gas discharges; (3) main boiling water pool (view from the east). (c) View of
site 1 in panel (a) showing the studied vertical fault wall and the perpendicular L1 fault (indicated by
the arrow) limiting the pyroclastic deposits of Paleo-Astroni and Monte Sant’Angelo on the left, and
Solfatara on the right; in (d) vigorous gas discharges and geyser vent of site (2).

3. Materials and Methods

This research was based on the integration of geomorphological, mineralogical,
and geochemical studies in order to enlarge the existing information (see for a review
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refs. [6,7,18,45,50]) on the acid sulfate alteration zone of the Pisciarelli area, in particular
on fault L1 (Figure 1b site 1). Indeed, fault L1 is the most adequate site for image data
collection due to the good exposure, the straight surface, the absence of vegetation, the
minor presence of both fumarolic vapor and bogging down, and a roughly hydrothermal
mineralogical stability.

This geomorphological study was carried out with the support of instruments and
innovative techniques which allow the development of digital orthophotos in vertical
projection of the target, the damaged fault scarp. We present the results of the Terrestrial
Laser Scanner (TLS) analysis of the area performed on data acquired in 2014. We applied
the TLS technique based on the Time of Flight (TOF) method in order to recover an accurate
(at scale < 1 cm) 3D digital model for detailed observations and structural analysis of the
area. The TLS uses a narrow infrared pulsed laser beam, with pulse repetition rate in the
range from 70 to 300 kHz. The point cloud acquired from the laser also contains geometry
information on coordinate systems. Ten scans were acquired from different points of view
or scan-positions in the Pisciarelli area. Therefore, we ensured a good coverage of the area
avoiding shaded areas, focusing on the mostly damaged fault scarp (L1 fault). During the
data collection, many problems occurred due to the presence of fumaroles. The dense cloud,
in fact, limits the ability of penetration of the laser scanner and different scan-positions
were also necessary. The result of each scan is a cloud of points characterized by its own
coordinate system. The instrument is also equipped with an external reflex digital camera
mounted on the top. This allows it to provide high-resolution images simultaneously
to scans. The aim was to acquire, in addition to the 3D point cloud, RGB images of the
area. The pixel colors acquired by the camera are fused on the point cloud. In this way,
each point of the cloud is attributed to its correct color from the digital image. The goal
of this study with the TLS was to provide a Digital Terrain Model (DTM) from the point
cloud reconstruction.

In May 2021, with the purpose of topographic reconstructions of the impervious area,
we acquired 83 high resolution images with the Structure for Motion (SfM) technique follow-
ing Westoby, M.J. (2012) [43] by using a digital camera, FUJIFILM X-H1, 24 MP, handheld.

A 3D model of fault scarp (dense point cloud) was accurately reconstructed by using
the SfM technique, combining parallel streaks to the front, acquired at different distances
and heights. The image acquisitions were carried out in the accessible points due to the
site and the morphology. A significant number of images were taken in order to ensure
good coverage of the investigated area. Moreover, the images were sequentially acquired
with a side overlapped at least 80% to obtain a ground sample distance (GSD) comparable
to the spacing value derived from the TLS survey (<10 mm). Automatic procedures were
conducted both for the orientation of the images [51] and the 3D reconstruction [52,53]
using a bundle adjustment algorithm implemented in the photogrammetric software pack-
age (AGISOFT METASHAPE PRO® software (version 1.8.3, Agisoft LLC, Saint Petersburg,
Russian) [54]). When the environmental conditions allowed it, which means good lighting
and poor vegetal cover, the SfM was used, and is fast, cheap, and often used instead of
the expensive TLS for the DTM reconstruction [55]. For the purpose of multi-temporal
monitoring of an area, a 3D model starting from a laser scanner or with other photogram-
metric techniques supported by GNSS/RTK systems can be integrated and compared over
time with more expeditious photogrammetric surveys for data acquisition. The SfM survey,
when a previous TLS survey is available, allows the creation of subsequent 3D models
of the same area, scaled and geo-referenced, through the acquisition and recognition of a
series of homologous points of known coordinates belonging to the starting relief [56].

3.1. Preprocessing of TLS and SfM Survey

The workflow of TLS data pre-processing consists of the following steps: (1) processing
of the point cloud data (filtering, registration, and decimation); (2) Geographic Information
System GIS processing the development of a 2.5D DEM (Digital Elevation Model) from the
TIN Triangular Irregular Network in a vertical orthometric projection.
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TLS raw data were processed using the RiSCAN Pro® software (RIEGL, Horn, Austria,
2020). Filtering of the dataset consisted of the removal of non-ground points. Typically,
these latter ones are given by vegetation, steel nets, and by everything that is not ground;
moreover, in our case study, the points of the cloud to be were are relative to the activity
of fumarolic gas diffusion. The removal was mainly performed by manual editing. This
careful cleaning of the cloud allows for noise reduction in order to obtain a correct rock
surface morphology for a derived 3D model. The decimation is necessary for simple data
processing, as the large amount of information makes it difficult to integrate and merge
multiple clouds. Subsequently, all scans acquired were registered, including the union
of the contiguous scans and its georeference, in a unique dataset [57–59]. The alignment
of individual scans was therein obtained by using the ICP algorithm of RiSCAN Pro®

software, with consequent reduction of occlusion effects, as already performed in Caputo
et al. 2018 [60].

The point cloud obtained was then imported in GIS for further processing to obtain a
2.5 D TIN in a vertical orthometric projection. Based on the TIN, a raster DEM was derived
with a fixed cell size of 5 mm.

The workflow of SfM data pre-processing consists of the following steps: (1) im-
age alignment; (2) import marker coordinates with the specified valid coordinate system
derived from laser scanner survey; (3) dense cloud yield; (4) processing for DEM; (5) pro-
cessing for orthomosaic construction.

The 83 acquired images were processed using the AGISOFT METASHAPE PRO®

software (version 1.8.3, Agisoft LLC, Saint Petersburg, Russian), with the processing of
alignment based on the fundamental principles of stereoscopic photogrammetry (bundle
adjustment algorithm) for determining camera internal and external parameters and the
tridimensional coordinates of the object. A 3D structure was therefore reconstructed by a
series of superimposed images through an algorithm that identifies common elements in
each analyzed image. These common elements were identified in each image, allowing an
initial estimate of the coordinates of the object, which were subsequently refined through
the identification of a series of points of known coordinates, in our case chosen from the
point cloud obtained from the TLS survey. A pre-existing calibration file of the camera
lens was used for the internal orientation. Successively, a roto-translation matrix was
applied to project the dense cloud parallel to the fault slope. Then, 5 markers on the
TLS point cloud of known coordinates for the external orientation were recognized and
identified on images acquired such as ground control points (GCP). The errors calculated
are 0.012 m on X, 0.005 m on Y, 0.006 m on Z, 0.013 m on XY, and 0.014 m on RMSE. The
elaboration for the alignment is based on a non-linear iterative minimization of the least
squares method [43]. The obtained sparse cloud was filtered using AGISOFT METASHAPE
PRO by using specified criteria, such as reprojection error and reconstruction uncertainly to
improve accuracy of the dense cloud [54]. Finally, the SfM methodology provides a point
cloud (dense cloud) very similar to the TLS survey (Figure 2) and in this case in the same
reference system. Subsequently, a DEM with a vertical projection from the point cloud with
a resolution of 3 mm was extracted.

The SfM technique was also applied to obtain a vertical orthophoto, then used as a
cartographic layer in the GIS software (version 10.4.1, Esri, Redlands, CA, USA). Starting
from the vertical DEM, an orthophoto with a geometric resolution of 3 mm was obtained.

Subsequently, we validated the goodness of the alignment between the two acquisi-
tions (SfM data on TLS data) by using the M3C2 plugin included in the CloudCompare
open-source software [61,62]. The M3C2 was computed on peculiar points called core
points in order to speed up the computations; moreover, we set the diameter of the spher-
ical neighborhood (Normal Scale parameter) extracted around each core point at 0.02 m
to better constrain our results [62]. With M3C2 plugin, we obtained a third-point cloud
representative of the distance between the acquisitions. Selecting the cloud portions, we
estimated the noise distribution of the alignment. The M3C2 distance allowed us to obtain
a scalar-field, useful to indicated morphological change and/or unstable portions [62].
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Scalar field values equal to zero correspond to the absence of the morphological change;
differently, they are indicative of morphologically unstable portions. In Figure 3 we show
the six selected areas where the noise distribution was calculated and in Figure 4 the seg-
mented significant areas and their fit distribution are also represented. In particular, for
morphologically stable areas, the fit distribution perfectly followed a Gaussian curve with
mean values close to zero, while where collapses/erosions occurred the mean values were
far from zero and the fit distribution was not Gaussian. The results of the noise distribution
of the alignment confirmed the reliability of the align-and-scale procedure. To assess the
quality of the processing, we also calculated Root Mean Square Error (RMSE = 0.018 m) and
Mean Absolute Error (MEA = 0.181 m) to assess the quality of the processing (see Table 1
for details). Moreover, we calculated the Confidence Interval (C.I. = +/−1.96 × RMSE =
0.04 m) to establish the interval within which no changes were observed between TLS and
SfM data. Our results highlight that volume changes < 0.04 m are not detectable. Therefore,
we are confident that volume change values > 0.04 m are representative of a real change
with 95% C.I.
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Table 1. Tables of mean and standard deviations noise of the distribution of the alignment.

Area Mean (m) St. Dev. (m)

1 −0.0072 −0.1016
2 0.0055 0.1815
3 −0.0172 0.1586
4 0.0036 0.1581
5 −0.0368 0.2089
6 −0.0177 0.2247
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3.2. Mineralogical Analyses

In order to evaluate the mineralogical/compositional evolution of the landscape, hy-
drothermal alteration, and secondary encrustation, a combination of polarizing optical
microscopy, X-ray powder diffraction (XRPD), and Backscattered scanning electron mi-
croscopy equipped with an energy-dispersive spectrometer (BSEM-EDS) were carried out
on rock products sampled along the fault scarp at the labs of the Osservatorio Vesuviano,
Istituto Nazionale di Geofisica e Vulcanologia, Naples, Italy. The sampling was conducted
at the points shown in Figure 2, considering the variability of texture, colors, and mineral
appearance in the field, aimed at recording main mineralogy changes, based on our pre-
vious studies [2,6,63]. Samples were dried at lab conditions and preliminarily observed
under a binocular to assess the general textural and mineralogical features.

XRPD was conducted on powdered samples using a X’Pert Powder diffractometer
by PANalytical, equipped with a high-speed PIXcel detector, Ni-filtered, CuKa radiated
(40 kV and 40 mA in the 3–70 2θ range, 0.02◦ steps at 8 s/step) and PANalytical B.V.
software HIGHScore Plus version 3.0e (Almelo, The Netherlands) was used to process the
diffraction profiles.
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B-SEM examination of the mineralogical associations was carried out on stubs and
polished thin sections using a SIGMA Field Emission Scanning Electron Microscope (FE-
BSEM) by ZEISS SpA (Milan, Italy). equipped with a XMAN Electron Diffusive Scan-
ning micro-analysis by Oxford (Cornwall, VT, USA); the instruments were controlled by
SMARTSEM 5.09 (Carl Zeiss, Oberkochen, Germany) and AZTEC 3.0 (Oxford Instruments,
High Wycombe, UK) softwares. Operating conditions were 15–20 kV accelerating voltage,
50–100 mA filament current, 8.5–9.5 working distance, 5–10 nm spot size, and variable
acquisition time (several to tens of seconds).

4. Results
4.1. Geomorphological Change and Geostructural Characterization

This section reports a first analysis of the temporal change of the fault L1 between point
clouds in order to identify volumetric and morphological changes. For this purpose, we
used an open-source software CloudCompare (version 2.12, 2021 retrieved from available
online: http://www.cloudcompare.org/ (accessed on 1 May 2021)), particularly its M3C2
plugin. This was used compute distances directly between two point clouds in the input,
yielding a third point cloud expressed as the distance between points of different clouds in
a 3D space [61]. Further, additional scalar fields could be generated and on which cloud
the measurements should be re-projected. Figure 5 shows the result of the M3C2 plugin
as the distance between the point clouds acquired in 2014 by TLS and 2021 by SfM. The
maximum changes in cloud distance points were ca. +/−0.7 m.
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Figure 5. Distances between 2014 TLS and 2021 SfM point clouds as computed by CloudCompare.

Subsequently, a multitemporal comparison in environmental GIS (ArcGIS Map 10.4.1
(Esri, Redlands, CA, USA) [64]) allowed us to highlight the significant morphologic varia-
tion obtained from subtracting the value of the raster DEM 2021 from the value of raster
DEM 2014 on a cell-by-cell basis. The map provides the differences between the two DEMs
in terms of meters, showing the areas where there was a loss of material deposits, for
example, due to collapse, and the areas where they were accumulated, for example, at
the foot of the slope. The difference of the two DEMs, 2014–2021, is shown in Figure 6. It
highlights that there are zones showing significant changes, although the inner fault zone is
affected by intense fumarolic activity which unfortunately could make it difficult to recog-

http://www.cloudcompare.org/
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nize variations. On the map, the values of +/−0.05 m (=5 cm) fell into mean error and are
therefore shown as transparent. In the significant areas the volume eroded/accumulated
was calculated (see Table 2) using the CUTFILL algorithm implemented in the Esri ArcGIS
Map Pro (GIS environment). Focusing on the eroded area, the values allowed us to high-
light the feasible correlation with superficial alteration. The map in Figure 7 shows the
main areas where the material has been removed or added from the slope, for which the
volume changes were calculated. Furthermore, the high resolution of DEM at 5 mm and
the orthophoto at 3 mm allowed the recognition of the main structural lineaments such as
faults, fractures, and disturbed areas of the fault due to widespread fumarolic activity.
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Table 2. Tables of synthesis of the material fall vs. accumulated 2014–2021.

Volume (m3) Area (m2)

Gain 1.422 2.163
Loss −4.324 18.245

On the basis of the structural lineaments map, we documented a rock-mass classifica-
tion, reproduced in Figure 8 in accordance with Cai et al., 2004 [65]. In particular, following
the Geological Strength Index GSI chart quantification, an accurate visual analysis on the
orthophoto with 2 mm resolution was realized. Based on the joint spacing in 1 m2, we
identified four rock-mass classes: very blocky (10–30 cm), blocky-disturbed (3–10 cm),
disintegrated (<3 cm), and foiled/laminated/sheared (<1 cm).
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areas of interest where the material has been removed or added to the surface and overlapped the
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are dotted).
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Finally, an overall structural thematic map was created, as shown in Figure 9, which
summarizes the main structures, the CUTFILL 2014–2021, and rock-mass classification.
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4.2. Mineralogy

Figure 10 and Table 3 show representative mineralogical features at the L1 fault as
recorded by detailed XRPD and BSEM-EDS analyses. The detected authigenic minerals of
relevance in this study for the possible effect on the mechanic proprieties of rocks belong to
the following groups: (1) native sulfur of high and low (95 ◦C and <70 ◦C, respectively)
temperature; (2) insoluble K-Na alunite group, with dominant alunite; (3) variable soluble
sulfate minerals (mostly alunogen, K-alum and mascagnite, with subordinate pickeringite
and gypsum); and (4) amorphous silica and quartz, very abundant. Other secondary miner-
als are barite, which occurs as widely disseminated minute grains, and clay minerals (illite
and illite/montmorillonite interlayers). Except mascagnite, precipitated from chemically
peculiar water pool evaporation, most of these minerals are commonly present as volcanic
fumarolic encrustations, sublimates, and efflorescences [2,6,66].

Native sulfur forms yellow encrustations at the NNE–SSW trending fracture scarp
(such as at the various Pisciarelli discharging vents; see Piochi et al., 2019 [6]), whilst it lacks
in the rest of the investigated perpendicular exposure. Sulfur developed as acicular crystals
around gas emission vents, producing a brittle yellow to orange efflorescence (Figure 10a)
with a low cohesion behavior. Under the microscopic scale (Optical Microscope), these tiny
crystals, often highly elongated, were generally clustered within rock voids and/or veins
(Figures 10b,c and 11a–c). The BSEM provides details at higher magnification. Locally, sul-
fur lacked a proper crystal habit, appearing as irregularly shaped nodules under the BSEM,
possibly in relation to the loss stability condition during runoff, feebler soil degassing, or
chemical gas changes (Figure 11a,b). This type of sulfur was found at low-temperature
vents, at the base of the L1 scarp, and differs from the sulfur sampled at higher-temperature
fumaroles related to a timely observable stable gas pathway escaping the inner scarp, which
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showed a tabular habit (Figure 11c) and a brighter yellow color. The presence of native
sulfur allows identifying the outflow zones able to scrub the ascending gases, as observed
by Rouwet et al. (2020) [67].
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Figure 10. Focus within the investigated L1 scarp area (a,b). Sulfur incrustation coexisting with
alunite and alunogen efflorescences; (c) alunite, alunogen, and sulfur under a binocular microscope
forming flower-type efflorescences. The green portions include relevant organic material that can be
associated with the Galderia algae [48].

Table 3. Ideal chemical formula (IMA database, available online) of minerals detected in the stud-
ied samples.

Mineral Composition

Alunite KAl3(SO4)2(OH)6
Alunogen Al2(SO4)3•17(H2O)
Alum-(K) KAl(SO4)2•12(H2O)

Amorphous SiO2
Baryte Ba(SO4)

Gypsum CaSO4•2(H2O)
Halite NaCl

Halotrichite Fe++Al2(SO4)4•22(H2O)
Illite * (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]

Jarosite KFe+++
3(SO4)2(OH)6

Kaolinite Al2Si2O5(OH)4
Mascagnite (NH4)2(SO4)4

Montmorillonite (Na,Ca)0,3(Al,Mg)2Si4O10(OH)2•n(H2O)
Opal SiO2•nH2O

Pickeringite MgAl2(SO4)4•22(H2O)
Pyrite FeS2
Quartz SiO2
Sulfur S

* Available online: www.webmineral.com (accessed on 20 March 2022).

www.webmineral.com
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Figure 11. Optical microscopy and BSEM (Backscatter Scanning Electron Microscope) images of
selected samples on the left and right, respectively. (a) Sulfur incrustation (low temperature); (b) Sul-
fur in grain developed within the fracture scarp together with quartz and NH4 sulfates; (c) sulfur
in crystals with dipyramid shapes and (d) tabular habit; (e) encrustations of alunite and alunogen;
(f) alunite finely intergrown with clay, crystallizing at the expense of the glass and ashy matrix;
(g) diffraction pattern of common L1 encrustation; (h) Pickeringite aggregates.

Alunite is the most abundant hydrothermal species, followed by alunogen. They form
the whitish downy encrustations mainly in association with or located near yellow (i.e.,
sulfur and pickeringite) mineralizations. At BSEM, alunite mostly appears as euhedral
crystals and fine-grained laths (Figure 11d); the figure shows that euhedral bladed alunite
tends to cluster in the host rock, producing cohesive agglomerate and it is generally stable
except for high dehydration conditions (ref. [63]; see later on). Another sulfate is the
alunogen that presents acicular shape and commonly grows on the greenish encrustations
(organic formation) together with opal spherules, or it occurs in the fluffy, whitish encrus-
tation together with K-alum as a product of dehydration and decomposition of alunite
(Figures 10a and 11e). Amorphous SiO2 (i.e., opal; Figure 11f) and quartz were observed
in all investigated samples: amorphous SiO2 showed a broad ‘hump’ in XRPD spectra
(Figure 11g) and commonly formed compact and/or anhedral masses (i.e., opal; Figure 11f);
instead, quartz was well crystallized (Figure 11b). Locally, alunite and alunogen can occur
together with pickeringite in dehydrated lenses. This latter mineral was very subordinate
in our samples and mainly developed as matted aggregates (Figure 11h).

Clay mineral phase varies from illite to illite/montmorillonite interlayers away from
the main fumaroles, in the grayish and whitish area. The BSEM images showed clays as
flakes developed in microfractures and dissolution voids of altered feldspar and devitrified
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glass shards and at the edge of platy mica via dissolution and precipitation. The sizes
of flaky clays mostly increased from the center of the fractures towards their margins
(Figure 11f).

The amorphous silica appears particularly relevant in this study, forming a rigid
network matrix that matches with the cohesive behavior of rocks observed along the
imaged vertical wall (Figure 12a). This matrix was fairly porous and voids were commonly
nearly empty. However, some voids could host euhedral alunite, opal spheres, pyramidal
quartz, and sulfide grains (Figure 12b,c). The alunite can also fill voids in association with
the clays developed along borders of the voids at the expense of the matrix (Figure 12d).
In thin section, it is possible to observe the alunite abundance particularly in some veins,
where it is often the unique mineral species, and the dense packing that those grains
produce (Figure 12b,e). Based on EDS data, the amorphous matrix composition is mostly
pure hydrous silica, although Al impurities could be also detected. This hydrous silica
must be the residue left by the intense leaching operating by the hydrothermal fluids
on the local pyroclastic deposits. In fact, the original rocks were made of a dominant
amorphous glass matrix rich in SiO2 (59–61 wt%) and Al2O3 (18–19 wt%) with minor
alkalies (ca. 8–9 wt% K2O and 4–5 wt% Na2O), with other elements being less than a few
percent (e.g., refs. [34,68]). Rare glass shards were found (Figure 12b), but, due to the virtual
absence of alkalies likely caused by the extensive hydrothermal alteration, they could not
be used to ascertain the original deposits. The relatively immobile CaO and MgO contents
in these shards are compatible with the Paleo–Astroni series that, in agreement with other
studies [36,44], stratigraphically lies below the Agnano Monte Spina, Solfatara, Astroni that
outcrops elsewhere at Pisciarelli.
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Figure 1. (a) Strongly interconnected skeletal structure made of amorphous silica composition
forming the matrix of faulted deposits, with scarce opal, barite, oxide grains set within the matrix
voids. (b) Alunite grains that tend to agglomerate locally within the voids of the amorphous skeleton;
(c) The reticular texture of the amorphous skeleton and the relations with the alunite and quartz
grains and rare glass shards; (d) the voids of the amorphous matrix showing the border altered by
hair-like clays and filled by alunites; (e) EDS maps showing the distribution of Si, Al, S, and K in
the investigated area of image c allowing a further inspection of textural relations between various
mineral and amorphous phases.

5. Discussion

The Pisciarelli area is representative of a solfataric extreme environment with recent
geochemical, seismological, and morphological changes linked to a relatively increased
hydrothermal dynamic (e.g., [5–7,18,69–71]). It shows an intense hydrothermal alteration
due to aggressive sulfurous water vapor emissions in form of boiling pools and diffuse
effluxes and localized vents with temperatures ranging from 63.9 to 94.3 ◦C, except for the
ca. 115 ◦C of the main geyser-like fumarole.

On the basis of previous studies (ref. [6] and references therein), the mineral neogenesis,
which variably develops on sub-millimeter to decimeter to meter scales (in relation to the
outgassing dynamics, runoff, weather conditions, structural lineament, fractures, fault, and
outcropping substrate), seems to be locally comparable and recurrent since 2013. This sort
of steadiness is an important basis for studies (as also for the present research) aimed at
understanding the role of weathering on the physico-mechanical properties of rocks, i.e.,
weakening and/or strengthening.

Here, the investigated slope can be considered paradigmatic of the mineral assemblage
distribution variation moving away from a main fumarolic venting fracture at 95 ◦C
(Figure 1b) and was used to unravel the role of the hydrothermal alteration on the volcanic
deposits failure and rocky slope stability as reported at other active volcanoes [20,25,72–74].

The results of mineralogical, geochemical, geomorphological, and structural investi-
gations are integrated in the thematic map of Figure 13. Therefore, this map allows us to
appreciate the relations among the distribution of mineral species, original tephra, structure
lineaments, and volume changes (CUTFILL 2014–2021).

The map shows that the secondary alunite and amorphous silica are ubiquitous,
whereas the alunogen, native sulfur, alum(K), sulfides, and remaining soluble sulfates are
concentrated in some specific zones, i.e., essentially at the L1 fault structure where fumarolic
vapors have gained their preferred ascent pathway and are more strongly venting. This
distribution of the hydrothermal minerals cannot depend on the original composition of
tephra, which is very similar in both the bulk rock and glass chemistry (Figure 14). In
addition, the small chemical differences among the outcropping protolith deposits do not
justify the variation detected in the secondary assemblage and this eliminates an important
parameter allowing to better evaluate the others.

In regards to alunite, its high spread is very common in acidic solfataric environ-
ments [75,76], although the phase would reflect the potassium enrichment deriving from
feldspar-rich rock substrate on which alunite has developed under the H2S-rich fumarolic
vapors above the boiling zone (refs. [2,34] and references therein). Notably, the limited oc-
currence of illites and illite/montmorillonite interlayers [41,42] suggests that intermediate
argillic alteration zones [77] can be present at Pisciarelli, but are not fully compatible with
the steam-heated settings. Moreover, the abundance, and particularly the local prevalence,
of silica-rich phases suggests an extreme leaching of rocks by circulating fluids that has left
onsite only the refractory (namely residual) element.
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rock compositions, except for MgO and CaO that can be half of the bulk rock; K2O and N2O are higher
in the glass (<1% of difference). Chemical data in Pignatelli and Piochi (2021) [68]. Stratigraphic
reconstruction agrees with Di Vito et al. (1999), Smith et al. (2011), and Forni et al. (2018) [36,78,79].
Red dashed line indicates the fault position.
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As a matter of fact, the neogenesis coincides with geomechanic characteristics of rocks
and this could have implications on slope stability.

The amorphous silica skeleton, which has remained in place of the original trachytic
glass matrix (Figure 12), can explain the hard compactness and the rough volume stability
of the investigated slope (see Figures 6 and 8). The secondary mineralogical assemblages
that locally develop and fill voids, i.e., crystalline silica and alunite (Figure 11f), can further
harden the rocks. Most of the rocks are classified as blocky to very blocky (the pink-
to-yellowish zone in Figure 13). Rocks (Paleo–Astroni tephra) outcropping on the left
(west) of the L1 fault are particularly fractured, showing a network of fractures spaced
10–30 cm on average that can determine rock-fall and justify the (although limited) volume
change. Unlike Solfatara deposits (on the right, eastern fault side), that are similarly made
of alunite and amorphous silica but least fractured, the investigated Paleo–Astroni deposits
appear harder and more rigid, almost entirely preserving their stratification likely as a
consequence of the leaching-induced opalization. However, we infer that their highest
fracturation degree and rockfall features were produced by the dynamics of the nearby
pool (i.e., waves, boiling, tremors), although the tectonics are mainly responsible for the
increment of fractures and then disaggregation towards the L1 fault.

Native sulfur precipitates as sublimates directly from the hottest vapors innermost
into the fault, whilst alunogen, alum (K), and remaining soluble sulfates form efflorescences
along the exposed fragile fault wall planes. Based on observations at the macroscopic
scale (Figure 2), these efflorescences are the drying products of fluids feebly permeating
the rock voids. In fact, alunogen crystallizes under sulfurous vapor under acidic and dry
conditions [13,16,80]; moreover, acid pH and dehydration and decomposition of alunite
promote alum-(K) mineralization [16,63,81,82]. In particular, white alunogen crystals
emerge from the rock pores along the fault scarp in two morphologies: common fibrous
(L1 site, Figure 1b) and, secondly, thin, platy habits (Figure 10), both often corroded [6]. Its
crystallization relies on the abundance of Al3+ in the thermal waters that has formed in the
geothermal reservoir [41,68], but its corrosion suggests instability following crystallization
consequent to the lack of fluids permanence. Alunogen abundantly associates with alunite
and sometimes sulfur on the right (east) fault plane, i.e., mostly in Solfatara tephra, where
they produce a very brittle encrustation and a weakening of the outermost portions. On the
left (west) plane inner the L1 fault (Paleo–Astroni deposits), sulfur associates with the other
hydrated sulfates and sulfide (mostly baryte, including crypto-crystalline micro-pyrite)
and all together seems to be an integrated part of the rock, filling and replacing the rock
voids and the matrix (Figure 11), possibly with a hardening effect that in turn allows the
fracturing. Moreover, sulfur, detected by XRPD, but not visible at BSEM, can justify the
yellow ductile patina observed on the Solfatara deposits.

Overall, we can suggest that the fluid permeation process leading to crystallization of
sulfur and soluble sulfates, the instability of neogenesis due to changes in temperatures
and vapor chemistry and percentage, and the fragility of these same sulfur-efflorescence in
the L1 vent make the outermost part of the rocks vulnerable, with an increased effect on the
rock weakness, and contribute to the deterioration of the rock fault planes (Figures 6 and 7).
At the L1 fragile fault plane, since the temperature of <60 ◦C, algal mats can develop and
likely act on the fault rocks favoring the disaggregation and the gouge, as recorded by
geomorphological investigations; the occurrence of low temperature native sulfur crystals
on these mats is emblematic, which acts to concentrate this native element in specific sites.

From the morphological change detection analysis, we observed a consistent loss
of rock material mainly from the Paleo–Astroni deposits and in correspondence along
the L1 fault. A volume variation of ca. −0.97 m3 could be therefore attributed to the
co-operation of a greater fracturing of the rocks (area that is within the blocky/very blocky
of the rock-mass classification inner the fault), the superficial circulation of fluids through
the fracturing system, and the neogenesis crystallization-to-breakdown (and vice versa).
These phenomena enhance the disaggregation of fault rocks affected by fumarolic activity
at the L1 site (Figures 6, 7 and 13). The precursor conditions for these phenomena are
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well displayed in Figure 15 (net loss area in Paleo–Astroni deposits, Figure 1c). The panel
shows a neogenesis set in a narrow (decimetric in size) vertical arrangement within the wall
rocks. Here, fluids are making their way to the surface through the Paleo–Astroni deposits,
creating a persistent uprising channel (perhaps through a pre-existing fault) venting a new
fluid ascent path. The composition of this neogenesis (alunite, mascagnite, alunogen, alum
(K), and amorphous) allows us to suggest that it is linked with sulfurous fluids coming
from the nearby mud pool, likely as a consequence of SO2 setting disproportionation [75].
These fluids impregnate the rock substratum and supply elements to the formation of a
variety of alkali sulfates and crypto-pyrite. We detected a high abundance of those phases
around the pool as desiccation during the summer season. Vapor emission outflow and the
conditions of hydrothermal steam stagnation in fact are dependent on meteoric weather
with implications on atmospheric pressure and wind conditions.
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Figure 15. Image (net loss area in Paleo–Astroni deposits, Figure 1c) showing the structural lineament
within the Paleo–Astroni deposits filled by alunite, mascagnite, alunogen, alum(K), and amorphous.

Rarely, other efflorescent phases, for example, Al and Mg sulfates (pickeringite), have
been identified near the Pisciarelli L1 fault as crust-like aggregates, deriving from oxidation
of sulfides (mainly pyrite) and arid conditions.

As a whole, our study supports the evidence that intense fumarolic discharge, recog-
nized at the Pisciarelli slope, and the consequent widespread hydrothermal neogenesis
produce slope instability in accordance with previous studies worldwide [20,22,74,83–85].
Extensive fumarole activity and hydrothermal alteration on the unstable flanks of Casita
volcano (Nicaragua) was documented by van Wyk de Vries et al. (2000) [86], a volcano that
experienced a partial flank collapse in 1998 with associated debris avalanches that killed
about 2500 people [86]. Similarly, Reid et al. (2001) [72] recognized, using a geotechnical
method of 3D column limit-equilibrium, an intensive alteration on the flanks and summit
of Mt Rainer, attributing the influence of alteration to the volcano slope’s stability. Here,
the main Pisciarelli L1 fault showed fall rock susceptibility and volume changes with a net
loss of ca. −3 m3 (Table 2) in a 7-year time interval (2014–2021). The volume variations
are mainly associated with the gas venting and the consequent deterioration by hydrother-
mal alterations (Figure 13). At the foot of the fault, indeed, blocks have collapsed and
accumulated (1.4 m3, in Table 2).
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6. Conclusions

The main focus of the present study was to investigate the role of the hydrothermal
alteration on the volcanic edifice steadiness and rocky slope stability. To this purpose, we
selected a well exposed faulted slope in the area of Pisciarelli in the Campi Flegrei volcano,
Italy, where the hydrothermal dynamics have increased since 2006 and the acidic sulfate
hydrothermal alteration has been monitored since 2012 (e.g., refs. [2,3,6,9]).

The Terrestrial Laser Scan plus Structure for Motion survey integrated with mineralog-
ical and geochemical analyses allowed us to identify the relations between the distribution
of mineral species, original tephra, structure lineaments, and volume changes. The neo-
genesis does not depend on the original deposits. At the studied site, tectonic settings
and fault venting dynamics influence the efficient drainage of sulfureous fluids, the com-
partmentalization of supergene alteration, and the fragility vs. rigid slope behavior. In
particular, permeability conditions and flow energy are main factors to be considered with
persistent fluid ascent channelings that require localized lowered permeability conditions
and continuous flows. Two extreme examples can be made: (1) locally and slightly lowered
permeability conditions where feeble flows interact and modify the wall rocks and (2) high-
permeability zones and energic flow that erode the wall rocks. We can conclude that:

(a) a hydrothermal steam-heated environment has preferentially developed along tectonic
discontinuities favoring the hottest and acidic fluid circulation;

(b) the fault and gas venting dynamics have led to the formation of disaggregated gouge
zones characterized by higher possibility of fluids permeation and crystallization of
soluble sulfate minerals, native sulfur and sulfides, both co-operating in a looped
disaggregation process;

(c) the hydrothermal alteration determines a leaching of deposits so extreme so as to
leave a rigid silica amorphous matrix that has hardened the slope around the fault
rocks. The rock fall and/or erosion is particularly favored in the weakened fault
zones, where deeper hydrothermal facies below the water table can be exposed and
supergene oxidation and erosion can deepen [20,22,25,72–74,83–86].

(d) the association of native S, pyrite with sulfates as alunite is indicative of timely redox
state and temperature variations, as well as fluid availability, with enhanced changes
observed in dry vs. wet seasons, favoring oxidizing conditions [6].

The investigated slope lost up to about 4 m3 of deposits between 2014 and 2021, most
of which (Figure 7) from the L1 fault planes (about 3 m3). The absence of a comparable
volume gain at the foot slope suggests that the loss can be due to (natural and/or anthropic)
drainage, although we cannot exclude the role of the extensional dynamics induced by the
ground uplift and local seismicity [12].

In conclusion, the Pisciarelli site appears suitable for a better understanding of the
spatio-temporal evolution of hydrothermal alteration and the structural setting, and how
they can influence volcano stability and its geomorphological evolution. Based on the
comparable chemistry of the different original deposits and the good exposition of the slope,
this is a special context to investigate the mechanical response of a rock to a differential stress
in relation with neogenesis, hydrothermal alteration facies and processes, hydrothermal
dynamics, and tectonics [87]. In other words, the Pisciarelli site could be considered a case
of study for investigating the complex mineral alteration and setting evolution through
a multidisciplinary approach that will help improving the assessment and mitigation of
volcanic hazards at active volcanic hydrothermal systems worldwide.
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