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1. INTRODUCTION 
 
In the last three decades attention for xenoliths of 

Mount Etna volcano (Sicily, Italy) has raised following 
the discovery of sedimentary-like rocks enclaves in 
historic lavas [Ferla et al., 1978; Michaud, 1995] and 
due to the occurrence of many quartzarenitic frag-
ments during the eruptive events of 2001 and 2002-
2003 [Monaco et al., 2005; Ferlito et al., 2008; 2009]. 
These sedimentary xenoliths were embedded in lava 

flows emitted by the eruptive vents of the N-S rift 
[Behncke and Neri, 2003; Clocchiatti et al., 2004; Allard 
et al., 2006; Viccaro et al., 2006; Corsaro et al., 2007] 
or fragmented during explosive activity. More recently, 
xenoliths have been ejected together with scoriae dur-
ing the short and violent paroxysms that occurred at the 
South East Crater (SEC) [Mollo et al., 2017]. Besides the 
information that Etnean xenoliths have provided on the 
basement beneath the volcanic edifice, attention has 
been drawn to the hints that they might offer on the 

Article history 
Receveid April 19, 2018; accepted October 4, 2018. 
Subject classification: 
Xenoliths; X-Ray microtomography; Mount Etna; Gas fluxing; Alkali Enrichment.

ABSTRACT 
Crustal xenoliths embedded in lavas offer chances to provide information on the lithology of the volcano basement and the process oc-

curring during magma ascent. In this work we studied seven xenoliths found among the scoriae ejected during several paroxysms occurred 

between 2011 and 2016 at the South East Crater (SEC) of Mount Etna volcano. These samples are characterized by massive presence of 

glass and vesicles resulting in a foam-like appearance of their texture. A detailed study of their textural and chemical features was car-

ried out combining XRF, SEM-EDS, two-dimensional observation and Synchrotron X-ray microtomography (3D imaging). This multidis-

ciplinary approach allowed us to identify and quantify the components of the samples, individuate the likely provenance rock, ascribable 

to the Numidian Flysch outcropping west of the Etnean edifice. 2D and 3D imaging were successfully applied to estimate the amount of 

the phases constituting the samples (grains + glass + vesicles) and the degree of partial melting that occurred during the interaction with 

the basaltic melt and gaseous phase. The sedimentary xenoliths underwent profound textural and geochemical changes led by partial melt-

ing, vesiculation and selective alkali enrichment. These processes could not be driven exclusively by the prolonged contact with the molten 

phase, but could be considered as resulting of a significant gas fluxing of the volatiles rising through the plumbing system and the sedi-

mentary basement.  



processes affecting magma ascent, including host-rock 
assimilation. This has been considered by some authors 
as able to modify the chemical composition of the 
magmas rising to the surface, thus to produce signifi-
cant variability among the erupted products. In partic-
ular, the relevance of assimilation has been proposed to 
justify and explain the increase in K and other LILE of 
the trachybasaltic lavas emitted after the 1971 eruption 
[Joron and Treuil, 1984; Clocchiatti et al., 1988; Marty 
et al., 1994; Condomines et al., 1995; Michaud, 1995; 
Tonarini et al., 1995; Tanguy et al., 1997]. Therefore, 
these peculiar and rare samples on one hand provide in-
formation about the sedimentary basement laying be-
neath the volcanic edifice, and on the other hand in-
teract with the magmas in which they are embedded, 
undergoing textural and chemical modifications that 
can be used to understand the petrological processes oc-
curring within the plumbing system. 

A profitable occasion to return to the Etnean xeno-
liths was offered by the finding of seven xenoliths em-
bedded in the products erupted during the paroxysm 
that occurred from 2011 to 2016 at Mount Etna. These 
samples show intriguing chemical and petrographic 
characters, indicating a different origin (e.g. prove-
nance from varied parental rock) and history in terms 
of textural and compositional modifications that oc-
curred during the transport through the volcano feed-
ing system by the rising magmas. A detailed study was 
carried out on all the samples combining the common 
methods employed in petrography and petrology (X-
Ray Fluorescence, optical observation on thin sections 
and SEM-EDS analysis) with Synchrotron Radiation X-
Ray computed microtomography (SRµCT). The choice 
of using different techniques arises from the nature of 
the samples, showing peculiar textures characterized by 
the presence of mineral grains in highly vesiculated 
glass, giving some of the xenoliths a friable foam-like 
appearance (Figure 1). Such textures pose an inter-
rogative on what is the best way to accurately repre-
sent and investigate their structure and quantify their 
components. In fact, rocks containing large-sized vesi-
cles and grains dispersed in three-dimensions are dif-
ficult to be exhaustively represented by the bi-dimen-
sional constrains of thin sections. Moreover, because of 
their fragility and rarity, a non-destructive imaging 
technique is essential to preserve samples for further 
analysis. These requirements are all matched by mi-
crotomography techniques, that have been recently 
and successfully employed in multiscale studies of 

sedimentary rocks [Zambrano et al., 2017] and volcanic 
samples [Zandomeneghi et al., 2010; Baker et al., 
2012a; Lanzafame et al., 2017]. Moreover, the 3D ap-
proach has been also demonstrated to be the best tech-
nique to unravel the complex spatial relations devel-
oped by vesicle/pore networks [Baker et al., 2012b; 
Zambrano et al., 2017].  

 
 

2. THE ETNEAN BASEMENT  
 
Mount Etna volcano rises to 3340 m a.s.l. above the 

eastern coast of Sicily (Figure 2a). Its activity can be 
tracked up to 500 ka ago, when fissure-type eruptions 
took place in the submarine area east of the present ed-
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FIGURE 1. Samples at macroscopic scale. On the top, xenolith 
SC1 (brown portion) is associated with the hosting 
lava rock. Sample SC3 has a more compact structure, 
whereas SC7 shows high vesiculation, with vesicles 
up to 5 mm in size. 



ifice, with emission of basic tholeiites [Corsaro and 
Pompilio, 2004]. This phase of the volcano activity 
continued with eruptions in sub-aerial environment 
until 220 ka ago, when a transition towards alkaline-
Na products marked the onset of the Timpe phase, 
which built a first lava-shield edifice [Tanguy, 1997]. 
About 110 ka ago a new phase named Valle del Bove 
(Figure 2c) was responsible for the beginning of the 
central-type volcanism [De Beni et al., 2011] that con-
tinued in the last phase of the activity which started 
about 60 ka ago with the building of the Ellittico edi-
fice and later with the Mongibello volcano, developed 
on the remains of a caldera collapse occurred 15 ka ago 
[Coltelli et al., 2000]. Mongibello is the presently active 

volcano, characterized by a persistent degassing from 
its summit craters [Figure 2b, Ferlito et al., 2014; Ferl-
ito, 2018] and frequent effusive and explosive emissions 
of basalts which covered about 88% of the Etna surface 
in the last 15 ka [Branca and Ferrara, 2013]. These vol-
canic products cover the sedimentary substratum that 
reaches, beneath the summit craters, an altitude of 
1100 meters a.s.l. (Figure 2c) with a conical-shape ge-
ometry described by Ogniben [1966] and reappraised by 
Branca and Ferrara [2013].  

Although efforts have been made to unravel the 
morphostructural features, the nature and characters of 
the sedimentary units beneath Mount Etna still remain 
poorly understood [see Branca and Ferrara, 2013 and 
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FIGURE 2. a) Simplified regional geological map of Sicily showing Mount Etna location and main structural features; b) Map of 
Mount Etna summit craters Voragine (VOR), Bocca Nuova (BN), North East Crater (NEC), South East Crater (SEC) and 
New South East Crater (NSEC) and samples location on the NE sector of Mount Etna (red circles); c) Schematic N-S ge-
ological cross-section of Etna [modified after Branca et al., 2011 and Heap et al., 2013] showing the different volcanic 
edifices composing the stratovolcano and overlapping the Appenninic-Maghrebian Chain. 
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references therein]. However, hints are provided by the 
complex geology of Eastern Sicily. The present volcano 
edifice most likely rests above the sedimentary forma-
tions forming the front of the collision belt (Apenninic-
Maghrebian Orogen) grown at the margin of the Pela-
gian Block of the Africa promontory [Burollet et al., 
1978] during the Neogene-Quaternary Europe-Africa 
convergence [Dewey et al., 1989; Ben Avraham et al., 
1990]. In this region, the two colliding continental 
margins have produced some crustal domains. Rem-
nants of the crystalline nappes Hercynian in age at the 
southernmost edge of the Calabrian arc [Ogniben, 
1960] represent the deformed European margin which 
has largely overthrusted the Maghrebian thrust belt 
[Lentini and Vezzani, 1978; Ben Avraham et al., 1990; 
Lentini et al., 1996]. The Maghrebian thrust belt is 
made up of superimposed tectonic units including 
Mesozoic sedimentary sequences detached from both 
continental and oceanic crusts and Cenozoic flysch-
type cover [Finetti et al., 2005; Lentini et al., 2006]. In 
the Etna region, the Apenninic-Maghrebian Orogen 
(AMO) is represented by the Alpine Tethis sequences 
formed by the Sicilide Tecton unit. This unit is formed 
by clays and terrigenous succession such as the Nu-
midian, Troina-Tusa and Mt Soro flysches, outcropping 
in both NW and SW sector of Mount Etna [Branca et 
al., 2011].  

Beneath these sequences are the Mesozoic to Mid-
Pleistocene carbonates of the Hyblean Plateau, given 
by succession of limestone and dolomite [Lentini, 
1982; Grasso and Lentini, 1982; Pedley and Grasso, 
1992; Heap et al., 2013]. These units should be located 
at a depth of about 5 km beneath the volcano [Figure 
2c, Tibaldi and Groppelli, 2002; Andronico et al., 
2005], with an average thickness of about 10 km 
[Yellin-Dror et al., 1997].   

 
 
3. SAMPLES AND ANALYTICAL METHODS 
 
Seven samples (labeled SC1-SC7) were collected on 

the northeastern side of Mount Etna, in the area between 
Serra delle Concazze (2200 m a.s.l.) and Pizzi Deneri 
(2847 m a.s.l.). Xenoliths were found within the pyro-
clasts (coarse scoriae and lapilli) erupted during the 
paroxysms that occurred from 2011 to 2016 [Viccaro et 
al., 2014; Ferlito et al., 2017; Pompilio et al., 2017].  

Samples have centimetric size (up to 10 cm) (Figure 
1), although sometimes in the field one may find larger 

xenoliths of the same kind (up to 40 cm in diameter). 
With the exception of SC3 sample, these rocks are 
very friable, white to brown in color, and mostly made 
of quartz grains with size from 200 µm to 1.2 mm. In-
clusion of oxides, zircon and sphene are found within 
the grains or at their contact. At macroscopic scale, 
samples are characterized by fractured portions filled 
by green to brown glass and containing vesicles in var-
ious amounts (Figure 1). Sample SC7 differs from the 
others, showing a foam-like structure characterized 
by the scarce presence of grains and a high number of 
large (up to 5 mm) vesicles. 

 
3.1 X-RAY FLUORESCENCE (XRF) ANALYSES 
Whole rock major and trace element concentration 

on seven samples (Table 1) has been determined by X-
Ray Fluorescence (XRF) analyses using a Philips 
PW2404 WD-XRF spectrometer standardized accord-
ing to Germanique [1994]. The matrix effect was re-
duced using the method proposed by Franzini et al. 
[1972]. The precision is between 1 and 5 % for major 
elements and between 5 and 10 % for trace elements 
[Franzini et al., 1972]. The accuracy was monitored us-
ing international standards and was always better than 
10 %. Water content was determined by gravimetric 
measurements as L.O.I. (Loss on Ignition) and succes-
sively corrected for iron oxidation. 

 
3.2 BACK-SCATTERED ELECTRON (BSE) IMAGING 

AND SEM ANALYSIS 
Textural investigations on high-contrast back-scat-

tered electron (BSE) images and chemical analyses for 
crystals and glass have been made at the Dipartimento 
di Scienze Biologiche, Geologiche e Ambientali, Univer-
sity of Catania (Italy) with a Tescan Vega-LMU scanning 
electron microscope (SEM) equipped with an EDAX Nep-
tune XM4-60 microanalyzer operating by an energy 
dispersive system characterized by an ultra-thin Be win-
dow coupled with an EDAX WDS LEXS (wavelength dis-
persive low energy X-ray spectrometer) calibrated for 
light elements. Operating conditions were set at 20 kV 
accelerating voltage and ca 8 nA beam current for ob-
taining high resolution BSE images and 20 kV acceler-
ating voltage and 0.2 nA beam current for analyzing ma-
jor element abundances. Chemical spot analysis on 
intergranular vesicle-rich glass were performed on se-
lected samples (SC3, SC5 and SC7). SC4 grains and glass 
were investigated by 3 compositional profiles made by 
14 spot analysis.  
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3.3 SYNCHROTRON X-RAY MICROTOMOGRAPHY 

(SRμCT) MEASUREMENTS 
The study was conducted on portions of xenoliths with 

lateral size of 5-6 mm. Three-dimensional imaging was 
performed by high-resolution SRμCT in phase-contrast 
mode [Cloetens et al. 1997; Polacci et al., 2010; Baker et 
al., 2012a] at the SYRMEP beamline of the Elettra-Sin-
crotrone Trieste laboratory in Basovizza (Trieste, Italy), 
employing either monochromatic or polychromatic X-ray 
beam delivered by a bending magnet source illuminating 
the sample in transmission geometry. The monochro-
matic beam using a double crystal monocromator Si 111, 
was adopted for the SC6 and SC7 samples, characterized 
by large-sized vesicles, whereas polychromatic beam at 
higher resolution was employed for investigating the 
SC1-SC5 samples.  

With the monochromatic beam configuration, the 
sample-to-detector distance was set at 150 mm, X-ray en-
ergy at 25 keV and 1800 radiographic projections were 
collected with an exposure time of 1.5 seconds. Projec-
tions were acquired by a 12-bit, 4008 x 2672 pixels CCD 

camera (VHR, Photonic Science) with an effective pixel 
size of 4.5 μm. Applying a 2x2 binning on chip, an out-
put isotropic voxel size of 9 μm was obtained for image 
acquisition. 

Regarding the white beam configuration, filters (1.5 
mm Si + 1 mm Al) were used to suppress the contribution 
of low energies in the beam spectrum. The sample-to-de-
tector distance was set at 100 mm. For each sample, 1800 
projections were recorded with an exposure time/projec-
tion of 1 s. Two sets of measurements were carried out 
with an effective pixel size of the detector set at 1.37 and 
2.62 μm, yielding a maximum field of view of about 2.8 
× 2.8 and 5.4 × 5.4 mm2, respectively. The detector used 
was an air-cooled, 16 bit, SCMOS camera (Hamamatsu 
C11440-22C) with a 2048 × 2048 pixel chip coupled with 
a high numerical aperture optic. These experiments were 
performed in “local area mode” [Lak et al., 2008; Maire and 
Withers, 2014], being the lateral size of samples larger than 
the horizontal field of view of the detector. 

Reconstruction of the 3D tomographic slices was 
done with the Syrmep Tomo Project (STP) house soft-

Sample SC1 SC2 SC3 SC4 SC5 SC6 SC7

SiO2 83.58 88.62 97 93.45 82.7 82.53 59.45
TiO2 0.83 0.55 0.18 0.49 0.68 0.73 0.55
Al2O3 6.22 3.89 1.01 2.24 5.79 5.62 19.96
Fe2O3 1.99 1.93 0.42 0.82 3.13 3.33 3.32
MnO 0.04 0.05 0.01 0.03 0.07 0.06 0.04
MgO 0.56 0.51 0.02 0.2 0.83 0.88 0.07
CaO 2.16 1.55 0.2 0.96 2.65 2.63 1.59
Na2O 1.74 1.21 0.48 0.77 1.65 1.74 6.49
K2O 2.43 1.23 0.48 0.75 2.01 1.92 7.19
P2O5 0.12 0.11 0.01 0.05 0.13 0.19 0.08
L.O.I. 0.32 0.36 0.2 0.25 0.36 0.35 1.26

Sr 268 171 18 73 275 298 105
V 65 42 7 22 70 77 23
Cr 26 15 13 17 15 13 6
Co 3 3 1 2 6 6 2
Ni 11 4 4 7 11 9 6
Zn 31 30 9 17 42 36 39
Rb 41 24 11 14 39 38 65
Y 18 11 3 10 17 13 9
Zr 501 360 187 638 329 305 101
Nb 17 10 2 8 16 18 29
Ba 670 127 25 248 191 228 244
La 30 25 11 17 26 36 54
Ce 42 33 5 27 55 44 73
Pb 7 9 5 8 9 6 13
Th 6 3 1 4 4 4 7

TABLE 1. Results of whole rock analyses for major (wt.%) and trace (ppm) elements.



ware suite [Brun et al., 2017]. Different combinations of 
filters available in the STP software were applied to the 
datasets for reducing ring artefacts caused by detector 
inhomogeneity [Brun et al., 2013]. Owing to phase-
contrast, the projection images display a mix of ab-
sorption-based contrast and edge effects. With the aim 
of improving the reliability of the segmentation process 
and morphological analysis, and to fully exploit the po-
tential of phase-contrast SRμCT, it is necessary to com-
pute an image predominated by the real part of the com-
plex refractive index n = 1− δ + iβ [eq. 1], where the real 
(δ) and imaginary (β) parts are related to phase and ab-
sorption distribution of the sample, respectively.. This 
can be done by retrieving the phase distribution within 
the sample volume. We used the Transport of Intensity 
Equation (TIE) based algorithm [Paganin et al., 2002] im-
plemented in the STP software. Phase-retrieval in com-
bination with the Filtered Back-Projection algorithm 
[Herman, 1980] allowed us to obtain the 3D distribution 
of the complex refractive index n of the considered 
rocks. In principle, this class of algorithms can only be 
applied for homogeneous objects, characterized by a con-
stant ratio γ = δ / β. Although the considered samples do 
not satisfy this assumption, it has been demonstrated by 
Arzilli et al. [2015] that this kind of algorithm can still be 
employed, with some caution, even on multiphase vol-
canic rock samples. We used a priori known information 
about the samples, characterized by a constant γ. For the 
SC1-SC5 samples we adopted γ = 100, for SC6-7 γ = 50. 
These values allowed to enhance the contrast between 
vesicles, crystals/grains and glass of the samples. 

 
3.4 3D IMAGE PROCESSING AND ANALYSIS 
The analysis of the 3D sample images allowed the 

quantification of the grain, glass and vesicle amount 
and their connectivity among the samples. Quantitative 
analyses were performed by means of Pore3D software li-
brary [Brun et al., 2010; http://www.elettra.eu/pore3d/]. 
From each of the original image stack we cropped out a 
Volume Of Interest (VOI) with variable sizes (Table 2). For 
SC1-SC5 we chose to perform experiments at two differ-
ent scales (1.37 and 2.6 μm/pixel) because of the inho-
mogeneous texture of some samples, in some cases pre-
senting only localized vesiculation. In order to represent 
the SC6 and SC7 xenoliths, we performed only measure-
ments at 9 μm/pixel which resulted in a field of view large 
enough to catch their texture variability. In this regard we 
tested the representativeness of each VOI and defined the 
Representative Elementary Volumes (REVs) [Gitman et al. 

2007; Zandomeneghi et al., 2010] by the box-counting 
method [Al-Raoush and Papadopoulos, 2010]. This 
method consists of the iterative analysis of a variable (in 
our case the vesicle content expressed in vol.%) in an in-
creasing sub-volume extracted from the VOI. According to 
Costanza-Robinson et al. [2011] REV is defined as the min-
imum window length scale (L) at which the variation of a 
measured system variable reaches a reasonable plateau. 
Measurements made at this scale are scale-independent 
and accurately represent a largest system. Results of REV 
estimations for our xenoliths in Figure 3 indicate that for 
pixel size = 2.6 μm VOIs reach REV characteristics for L 
> 700 pixels corresponding to a cubic VOI with lateral size 
of 1.8 mm, whereas REV is not reached by volumes ob-
tained at 1.37 um. Images of SC6 and SC7 collected in 
monochromatic mode at pixel size of 9 μm reach REV 
characteristics for L > 350 (cubic VOI with lateral size of 
3.15 mm). On the basis of REV results, 3D analyses were 
performed on VOIs with size larger than L. In addition, the 
iterative procedure for individuating REV, if successful, tes-
tify the reliability of the measurements, since a large 
number of VOIs is investigated during this test.  

The procedure for the image analysis using the Pore3D 
library consisted in the following steps: 

- Filtering using the bilateral filter [Tomasi and 
Manduchi, 1998] in order to remove noise and 
preserve edges. 

- Segmentation of the vesicle population by the Multi 
Otzu algorithm [Otsu, 1979], setting 3 classes of ob-
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Sample
Voxel size 

(um)
VOI (mm3) Density Connectivity 

Density (mm-3)

SC1 2.6 18.9 0.7 983

SC2 2.6 18.9 0.8 515

SC3 2.6 18.9 0.05 125

SC4 2.6 11.9 0.3 509

SC5 2.6 18.9 0.6 604

SC6 9 75.6 0.7 164

SC7 9 73.5 0.9 90

TABLE 2. Results of 3D basic analysis on vesicles.



ject (vesicles, crystals and groundmass/glass). Where 
necessary, thresholds between two classes were man-
ually adjusted after visual inspection. 

- Evaluation of the density, the ratio between the to-
tal volume of the investigated objects (in our case 
crystals or vesicles) and the volume of the VOI.  

The estimation of the quartz grain and glass amount 
was performed on VOIs with a pixel size of 2.6 and 9 
μm/pixel, filtering the images by the 3D Median filter of 
the Fiji software. Images were manually segmented in or-
der to extract the grain + glass phase (Figure 4) and then 
processed by erosion/dilation cycles [Brun et al., 2010] in 
order to erase the voxels corresponding to vesicle walls 
without affecting the original volume of quartz grains. By 
this process quartz grains were isolated and glass amount 
calculated subtracting the grain + vesicle phases from the 
total volume. 

The connectivity of the vesicles was investigated and 
parametrized by the skeletonization of the segmented 
vesicles network using the GVF Skeletonization algorithm 
[Brun and Dreossi, 2010]. This procedure allowed us to 
elaborate the “spine” of a 3D object and then to analyze 

its morphology. Skeletonization was applied on reduced 
VOIs from the datasets acquired at pixel size of 2.6 
μm/pixel (768 × 768 × 768 voxels corresponding to ~ 8 
mm3) and on the original VOIs from the dataset collected 
at 9 μm/pixels. The choice of working only on sub-vol-
umes of the VOIs was made because of computation ca-
pacity limits and on the basis of REVs results. The pa-
rameter used to evaluate the degree of interconnection 
of the vesicle is the connectivity density [see Lanzafame 
et al., 2017; Zambrano et al. 2017], a value derived from 
the skeleton of the connected pore network and repre-
senting the number of redundant connections normalized 
to the total investigated volume. It is computed as CD = 
[1 - (n - b)]/V [eq. 2] being n the number of bubbles, b 
the number of bubble-to-bubble branches of the skele-
ton and V the investigated volume [Brun et al., 2010]. 
Positive results of CD indicate highly connected net-
works, whereas negative values are typical of scarce 
connection of the analyzed objects. 

Volume visualization of the image stacks of the sam-
ples was performed by volume rendering procedures us-
ing the commercial software Avizo 8.1. 
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FIGURE 3. Result of the REV estimations by box counting method. Red and blue lines represent samples imaged at pixel size of 2.6 
and 1.37 μm, respectively. In green samples SC6 and SC7 (pixel size = 9 μm). Grey fields indicate the minimum L value 
for REV characteristics. REV for volumes collected at 1.37 μm/pixel is not reached by all samples at lateral size < 1000 
voxels. In the box is schematized the box counting method, which involves VOIs with increasing size (L1…Ln).



4. RESULTS 
 
4.1 CHEMICAL COMPOSITION, 2D AND 3D TEXTURAL 

FEATURES 
Results of the whole rock composition by X-Ray 

Fluorescence (Table 1) suggest a quartzarenitic nature of 
the SC1 to SC6 parental rocks, mainly constituted by 
SiO2 (> 82 wt.%) with Al2O3 < 6.3 wt.% and Alkali 
(Na2O + K2O) < 4.2 wt.%. Glass compositions investi-
gated by SEM spot analysis and traverses (Table S and 

Figure 5) have wide composition and in general reveal 
a decrease in SiO2 ( 64 < SiO2 wt.% < 88) and an in-
crease in Al2O3 and Alkali content with respect to the 
whole rocks. Mass balances of the glass + quartz grains 
composition Vs. whole rock (Table S2) evidence a good 
correlation between the calculated and the whole rock 
SiO2 content; whereas for some elements (e.g. Al, Ca, K, 
Na) the calculated compositions result enriched or de-
pleted with respect the whole rock. This discrepancy 
could be ascribed to the heterogeneity of the glass com-
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FIGURE 4. Example of the segmentation protocol applied to 
two samples. On the left the original images, on the 
right the binary images obtained by manual seg-
mentation of the vesicle phase.

FIGURE 5. Compositional profile of the contact zone between quartz grains and vesiculated melt of SC4 sample.  

Quartz Vesicles Glass Partial melting (%)

SC1 12.7 72.2 15.2 54.5

SC2 11.3 77.7 11.0 49.3

SC3 63.9 5.4 30.7 32.4

SC4 54.1 31.0 14.8 21.5

SC5 17.3 64.2 18.5 51.6

SC6 19.7 72.0 8.3 29.6

SC7 < 0.1 92.0  7.9 > 99

TABLE 3. Volume fractions (in %) of the samples components 
and calculated degree of parental rock partial melting. 



position, which originates from the partial melting of the 
quartz crystals and total melting of the accessory min-
erals. The SC7 sample has a foam-like appearance with 
rare quartz grains and vesicles up to millimetric size sep-
arated by thin vitrified walls. Whole rock analysis indi-
cates an SiO2 content of 60.2 wt.%, Al2O3 = 20.21 
wt.% and total Alkali content = 13.85 wt.%.  

Textural observations on 2D images collected on 
thin sections and on 3D images from SR-μCT revealed 
that the SC1-SC6 samples are made by two principal 
phases: rounded quartz grains and glassy matrix with 
variable amount of vesicles (Table 3). Three-dimen-
sional images collected at 1.37 μm/pixel allowed us to 
investigate the quartz grains morphology, which evi-
denced that these components are always rounded with 
jagged borders (Figures 4 and 6 - left column). Images 
collected at 2.6 μm/pixel and 9 μm/pixel were used to 
investigate the geometry of the glassy matrix separat-
ing the quartz grains and containing vesicles of micro-
metric to millimetric size, divided by tiny walls (Figures 
4 and 6). Results of the vesicle amount calculated on 3D 
images are comparable for both sets acquired at 1.37 and 
2.6 μm/pixel (SC51-SC5 samples). Vesicularity of the 
SC6 and SC7 samples was evaluated on images ac-
quired at 9 μm/pixel.  

On textural basis, samples can be divided in:  
a) Highly vesiculated xenoliths, including the SC1, 

SC2, SC5 and SC6 samples characterized by artic-
ulated and extensive networks of vesicles result-
ing in a foam-like appearance. These xenoliths 
show a vesicle content up to 77 vol.% of the total 
volume, in which are dispersed isolated grains of 
quartz with lateral size up to 1.2 mm. The glass 
fraction constituting the vesicle walls represent the 
8-20 vol.% of the rock, indicating a 29-55 vol.% 
of partial melting.  

b) Fractured SC4 xenolith, with texture made by 
grains with size up to 1.2 mm and a massive pres-
ence of large fractures often filled by vesiculated 
glass. Quartz grains of this sample occupy the 
55% of the total volume, whereas glass is less than 
15 vol.%. The estimated partial melted volume of 
the parental rock does not exceed 22 vol.%. 

c) Poorly vesiculated SC3 xenolith, exhibiting a com-
pact structure formed by quartz grains (60 vol.%) 
with a maximum size of 700 µm surrounded by 
thin veins of glass. This sample is characterized by 
low and localized presence of vesicles (5.5 vol.%) 
enclosed in the glass phase (30 vol.%). Vesicles are 

often spherical and appear associated along frac-
tures bordering the quartz grains.   

d) Foamy SC7 sample, which differs from the other 
samples being almost entirely made by glass with 
rare grains of quartz and very large vesicles (Fig-
ure 7). This rock most probably underwent a total 
melting, conserved its foam-like structure, and 
was not totally assimilated by the hosting-magma.  

In volumes obtained at 2.6 µm/pixel (SC1-5), vesicles 
form networks with a moderate to high degree of con-
nections as demonstrated by the positive CD values 
(Table 2). Samples from group (a) show the highest CD 
value, due to their extended vesicle network, whereas 
sample SC3 shows the lowest value because of its com-
pact structure and the small amount of vesicles. Positive 
CD values are also shown by volumes obtained at 9 
µm/pixel (SC6-7) indicating also for these xenoliths a 
marked coalescence of vesicles. 

 
 

5. DISCUSSION 
 
This discussion will focus on: the origin of the xeno-

liths sampled in this work and on the explanation of 
their textural features, and in particular the highly 
vesiculated interstitial glass within the quartz grains. 
Lastly, we formulate a model for their origin and history, 
taking also in account the marked textural and chemi-
cal differences between SC1-SC6 and SC7 samples. 

The SiO2 contents of SC1-SC6 (85 to 95 wt.%) is used 
as the starting point for discussing their origin and tex-
ture. In fact, these high values coupled with textures 
given mainly by quartz grain dispersed in a extensively 
vesiculated glass indicate, as very likely, an origin from 
the sedimentary basement that lays beneath the volcanic 
cover. The sedimentary succession outcropping in the 
Mount Etna area includes several formation and rock 
types, from the limestone of the Hyblean Plateau to the 
terrigenous Sicilian formations [Dongarra and Ferla, 
1982; Grasso and Lentini, 1982; D’Errico et al., 2014]. 
However, the topmost sedimentary layers, cropping out 
just to the west of the volcanic edifice, are the alternate 
clays and quartzarenitic sandstones of the Numidian 
Flysch [Wezel, 1969; Thomas, 2011; Barbera et al., 2014; 
Pinter et al., 2016 and references therein]. It seems 
plausible that the quartzarenitic xenoliths found em-
bedded in many Etnean lavas, and among the scoriae 
and pyroclastic material emitted during the Strombolian 
and lava fountain activity, rightly comes from this sed-
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imentary formation, as already hypothesized by 
Michaud [1995]. To prove this point, we have compared 
the petrographic and petrochemical features of the xeno-
liths with those of mudrocks and sandstones of the Nu-
midian Flysch described in detail by Barbera et al. 
[2009, 2014]. Sandstones of the Numidian flysch are 
characterized by a high amount of modal quartz (> 
95% vol.%) and low percentages of feldspar and lithic 
fragments. Mudrocks are characterized by non-clay 
fraction (quartz = 5-44 vol.%, feldspars 3-14 vol.% and 
low contents of Fe Oxides) and clay minerals (kaolinite 
and smectite in the order of 50 vol.%, illite and chlorite 
as subordinate phases). In Figure 8 are reported the 
xenoliths composition expressed as SiO2 wt.% Vs. ma-
jor oxides. Diagrams indicate that the SC2, SC3 and SC4 
samples fall within or close to the compositional field of 
the sandstone member of the Numidian Flysch [Barbera 
et al., 2009; 2014]. Samples SC1, SC5 and SC6 are 
slightly less siliceous and fall in an intermediate field. 
Three dimensional investigations, coupled with SEM 

spot analysis, revealed that textures consist of quartz 
grains separated by a glass phase. These results offer 
strong hints to hypothesize that the origin of the SC1-
SC6 samples could be attributed to the quartzarenitic 
portion of the Numidian Flysch laying beneath the vol-
cano edifice. On the contrary, the chemical signature of 
the SC7 sample indicate its origin from the mudrock 
portion of the Numidian Flysch (Figure 8). 

The interstitial glass filling the space between quartz 
grains in SC7 shows trachytic to rhyolitic composition 
(SiO2 > 64 wt.% and Alkali = 7-14 wt.%) whereas SC1-
SC6 glass is rhyolitic (SiO2 > 70 wt.% and Alkali = 4-
12 wt.%) and lays in a field between the mudrocks and 
the quartzarenites (Figure 8). Similar compositions have 
been reported by Mollo et al. [2017] for glass in an Et-
nean xenolith associated to products emitted during 
the March 2013 paroxysmal sequence and by Michaud 
[1995] for siliceous xenoliths found in historic lavas of 
Mount Etna. The genesis of this glass can be related to 
the partial melting of the quartzarenites captured by 
magma rising through the plumbing system of Mount 
Etna. The analysis of microtomographic images allowed 
us to calculate the amount of glass in the samples and 
thus to estimate the degree of partial melting, which af-
fected ~ 21 to ~ 55 vol.% of the parental rocks. This ver-
itable process could have been improved, or even driven, 
not only by the high temperature that flysch underwent 
when in contact with magma [~ 1150 °C, cfr. Mollo et 
al., 2011] but especially by the flux of magmatic gasses, 
that are much more efficient in carrying the heat and in-
duce partial melting [Ferlito et al., 2017; Ferlito, 2018]. 
In this regard, evidence of high gas content in the xeno-
liths is the large number and size of vesicles within the 
glass phase.  

The origin of this gas is an interesting point to be dis-
cussed, since quartzarenitic sandstones of Numidian 
Flysch are mostly made of quartz (> 95 vol.%), with 
scarce presence of single grains of feldspar (plagio-
clases + k-feldspar < 5 vol.%) and accessory rock frag-
ments given by fine-grained (< 0.06 mm) carbonates, 
sedimentary clasts, micas and/or chlorites. Among these 
minerals, only micas could contain water in their lattice, 
but their scarce amount in the sandstones (generally less 
than 1 vol.%) does not justify the high number and vol-
ume of coalescent vesicles shown by the xenoliths. One 
plausible hypothesis to explain such a high amount of 
vesicles is that the gas phase inflating the interstitial 
melt comes from volcanic gases (mostly H2O and CO2) 
fluxing the magmas of the Etnean feeding system [Fer-
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FIGURE 6. Reconstructed slices (1.37 µm/pixel) and volume ren-
derings (2.6 μm/pixel) of selected representative sam-
ples. SC2 and SC4 show the massive presence of in-
terstitial vesiculated glass, whereas SC3 is poorly 
affected by vesiculation. In this sample, glass forms 
a continuous phase (dark grey) that separates quartz 
grains (light grey).



lito et al., 2014, 2017; Ferlito, 2018] and therefore the 
embedded xenoliths. To prove this, we have modeled the 
amount of water that can be dissolved in the anhydrous 
melt generated by the partial melting of the xenoliths. 
The sediments of the Maghrebian-Appenine Chain base-
ment, source of the xenoliths parental rocks, extend 
from 1100 meters a.s.l. to ~ 4000 m b.s.l [Tibaldi and 
Groppelli, 2002 and reference therein] and are covered 
by 2240 m of volcanic products. Considering a rock den-

sity of ~ 2750 kg/m3 for the volcanites and ~ 2650 
kg/m3 for the sedimentary basement, the lithostatic 
pressure at these depths ranges between 60 (top of the 
sedimentary basement – 1100 m a.s.l.) and 190 MPa 
(4 km b.s.l.). The water solubility in the interstitial melt 
was modeled by VolatileCalc 2.0 macro for Excel [New-
man and Lowenstern, 2002] considering a liquid with 
rhyolitic composition such that generated by the sand-
stone partial melting and a temperature of 1150 °C, 
typical for Etnean trachybasalts [Mollo et al., 2011]. 
Results indicate that for the above mentioned conditions 
a water amount comprised between 2.3 and 5 wt.% can 
be stored in the melt formed within the sandstone rocks. 
Once xenoliths reach the shallower portion of the 
plumbing system (P < 60 MPa, depth < 2240 meters be-
neath summit craters), immediately before the eruption, 
such an amount of water starts exsolving, forming vesi-
cles and giving origin to the characteristic foam-like ap-
pearance of the samples. 

Alongside the hydration of the newly produced melt 
by partial melting of the parental rock, gas fluxing could 
play a major role in the partial melting itself. Recently it 
has been demonstrated by Ferlito et al. [2017] that high 
gas fluxes coming from depth and migrating indepen-
dently from magma are able to trigger the partial melt-
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FIGURE 7. Volume renderings (9 μm/pixel) of the foam-like SC7 
sample, given by highly vesiculated glass with rare 
crystals (bright objects on the top). 

FIGURE 8. Whole rock and interstitial melt compositions of the investigated xenoliths compared to literature data of Numidian Fly-
sch sandstone and mudrock [Barbera et al., 2014] and interstitial melt in Etnean quartzarenitic xenolith investigated by 
Mollo et al., 2017. Black arrows indicate the compositional ranges of whole rock xenoliths and their glass for SC1-6 sam-
ples and SC7 xenolith which shows a marked compositional difference. 



ing of solidified rocks stored in the shallow levels of the 
Etnean plumbing system. Here we propose that a similar 
process could affect portions of the sedimentary base-
ment, either immediately before or after their incorpora-
tion in the uprising magmas. Gas fluxing of the xenoliths 
would therefore trigger the partial melting, hydrate the 
formed melt and explain some peculiar features of the 
SC7 sample.  

In fact, this rock significantly differs from the other 
xenoliths, since it is given by a foamy structure with mil-
limetric bubbles and rare small grains of quartz or lithic 
fragments. The whole rock composition matches that of 
the mudrocks constituting the lower portion of the Nu-
midian Flysch units (Figure 8). Rocks belonging to these 
stratigraphic successions show variegate composition, 
with presence of quartz (5 – 44 vol.%), feldspar (3 -14 
vol.%) and clay minerals (60-90 vol.%), which are mostly 
given by kaolinite (up to 48 vol.%). Detailed compositions 
are reported by Barbera et al., [2009; 2014]. Spot analy-
sis on the glass phase indicate that also the interstitial 
glass falls in the mudrock field (Figure 8). These features, 

together with the peculiar texture of the SC7 sample, in-
dicate that a teared off fragment of mudrock underwent 
almost total melting and developed an intense vesicula-
tion during the upraise through the plumbing system, 
with vesicles grown up to the millimetric scale. For this 
particular case, the origin of the gas phase triggering the 
vesiculation could be related to the breakdown of the hy-
drate kaolinite constituting the clayous part of the sedi-
ments. However, we cannot rule out the influence of gas 
fluxing, since the mineralogical composition of the 
parental rock remains unknown and the sample shows a 
high content of Na and K that cannot be related to the 
mudrocks of the Numidian Flysch. In fact, although these 
two elements are relatively scarce in the Numidian Fly-
sches (see Figure 8) they can be carried by magmatic gases 
and eventually enrich magmatic melts located in shallow 
zones of the Etnean plumbing system, as widely discussed 
by Ferlito et al. [2008, 2009] and Ferlito and Lanzafame 
[2010]. Here, we propose that this process could be most 
likely responsible also for the Alkali enrichment in the 
SC7 xenolith.  
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FIGURE 9. Schematic illustration (not in scale) of the main steps of textural evolution of xenoliths: 1) parental sandstone made of 
quartz grains (Qz), feldspars (F) and accessory minerals (A); 2) tearing off of the xenoliths, partial melting of the F+A min-
erals, rounding of quartz grains and alkali enrichment by gas fluxing; 3) magma transport to the shallow plumbing sys-
tem (P < 60 MPa), gas exsolution and massive vesiculation. Pressure values are referred as beneath the summit craters. 



Despite the fact it was almost entirely melted as sug-
gested by the foam-like structure, this rock was not as-
similated by the hosting magma. The reason of this 
strange occurrence remains unknown and we speculate 
that for this rock the entire process from detachment from 
the basement and emission in the atmosphere occurred in 
a very short span of time, which did not lead to a com-
plete disruption of the sample.  

 
 

6. CONCLUSIONS 
 
The results of this study strengthen the idea that the 

sedimentary basement beneath Mount Etna volcano, con-
stituted by at least two lithologies, provided the rocks of 
quartzarenitic SC1-SC6 and mudrock SC7 xenoliths. The 
source of this crustal material can be identified in the 
quartzarenites and mudrocks composing the Numidian 
Flysch. Mineralogical and textural features of the xeno-
liths coupled with chemical investigations indicate that 
parental rocks, detached from the basement and carried 
up through the Etnean feeding system by rising magmas, 
undergo textural and chemical modifications strongly al-
tering their original structure. The most intriguing features 
of the samples can be summarized as: i) the dual origin 
of the xenoliths (quartzarenites and mudrock); ii) the 
presence of highly vesiculated glass; iii) the rarity of 
grains in the mudrock xenolith, which also shows a 
foamy structure with vesicles up to 5 mm in size, and iv) 
the anomalous enrichment in Alkali with respect of the 
parental rocks. All these characteristics can be well ex-
plained by a multistep process of partial melting – gas 
fluxing – alkali enrichment – vesiculation which shaped 
the final structure, mineralogy and texture of the xeno-
liths (Figure 9). This model confirms the idea that at 
Mount Etna a key-role is played by the gas phase (mostly 
H2O and CO2) through the feeding system, able to hydrate 
and alter the chemical composition of both crustal and 
magmatic materials. Finally, this study highlights the 
importance of the multiscale approach when investigat-
ing geological samples such as xenoliths. Using 3D im-
ages collected at different pixel size allowed us to describe 
adequately the variations of textures at different scales. 
Combining image analysis with chemical investigations 
on the sample components (grains and glass) was demon-
strated to be a powerful tool to formulate a model for de-
scribing their history from the detachment of sedimentary 
portions belonging to the basement to the emission in the 
atmosphere as xenoliths embedded in lavas. 
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