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From the Editorial Board

Dear Members, the editorial transformation of our magazine continues. In recent 
years the journal has been moved to the web, which allowed the introduction of 
the DOI for published contributions. The consolidated sections of the Extended Ab-
stracts of the Juniors SIMP’s Ph.D. Thesis and the SIMP Activities will be maintained 
and accompanied, down the line, by new sections. These will be aimed at enhan-
cing the cultural, didactic and dissemination activity that involves the Society and its 
Members. All of this will be framed in a new graphic design aimed at reviving the 
magazine.
To achieve these objectives, the editorial committee composed of Concetta Rispoli, 
Nadia Malaspina and Lorenza Fascio has been expanded, adding four young SIMP 
members: Post-Docs Stefania Corvò and Andrea Maffeis, and two members of the 
BeGeo organizing committee, Alessandro Petroccia and Maria Verde. They are joi-
ned by Virginia Marchionni, the new component of the SIMP secretariat and com-
munication team.
We hope that this initiative will give our magazine a new impetus and that, with the 
contribution of all the Members, PLINIUS will continue to be are reference point for 
all those who wish to learn about the themes, the research and the dissemination 

activities in the fields of Mineralogical and Petrological Sciences.
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In the early 1980s the SIMP planned to 
institute a prize to be awarded to scienti-
sts for their outstanding contribution to 

the Mineralogical sciences 

Marcello Carapezza (SIMP 
president ‘82-’83) asks 
Renato Guttuso (Italian 

painter) to engrave a medal 
with a scientist considered 

a “myth” of natural 
sciences

Renato Guttuso and Marcello Carapezza 
(Courtesy Archivi Guttuso Association)

The medal portrays 
Gaius Plinius Secundus 

(the Elder),
a philosopher, a 

historian and a scientist,
regarded as one of the 
fathers of Mineralogy

The original 
sketch by Guttuso

Courtesy Archivi
 Guttuso Association

The Plinius
 Medal

(                     )

The SIMP logo is digitised and 
renewed, inspired by the original 

design of Guttuso

Plinius Medal becomes the
 SIMP logo

The official bulletin of the SIMP, the Rendiconti 
della Società  Italiana di Mineralogia e 

Petrologia (1967-1988), previously Rendiconti 
della Società Mineralogica Italiana (1941-1966), 

becomes PLINIUS and the Guttuso Medal is 
since featured on the cover of the journal

The journal PLINIUS is being renewed and 
Guttuso’s Plinius silhouette has been now sketched 

out and embeded within the journal name

The history of the SIMP logo and PLINIUS emblem



5

PLINIUS  49 | 2023

Cappelletti Piergiulio.............................6

Cesare Bernardo....................................9

Senior’s
Interviews



6

PLINIUS  49 | 2023

Cappelletti Piergiulio
Piergiulio Cappelletti 
is a Professor of Mineral Geore-
sources and Mineralogical-Petro-
graphic applications for the Envi-
ronment and Cultural Heritage at 
University of Naples. Director of 
the Department of Earth Scien-
ces, Environmental and Resour-
ces (DiSTAR) from 2015 to 2016. 
President of the Società Italiana di 
Mineralogia e Petrologia (SIMP) 
from 2018 to 2019 and has also 
held the position as Director of 
the Museum Center of Natural 
and Physical Sciences since 2018.

The Center for 
Natural Sciences 

Museums

The Center for 
Natural Sciences 

Museums was 
established in 1992 
and consists of the 

Mineralogy, Zoology, 
Anthropology, 
Palaeontology 
museums, and 

since 2012, also the 
Physics Museum. 

Soon, the Chemistry 
Museum will also be 

added to them. 

The high scientific 
and historical 
value of the 

various collections, 
combined with 
the significant 

artistic and cultural 
interest of the 

exhibition halls, 
make it a prominent 

institution among 
other national 

What does SIMP represent for the scientific community?

First, I would like to congratulate the whole new Plinius team for this new way of approaching 
the SIMP community, I would have loved to experience this kind of relationship between 
the senior member of the mineropetrographic community. SIMP represents in my opinion 
the natural interface for young students and researchers from different Universities and 
Research Institution that operate in the specific field of the mineralogical sciences (sensu 
latu); with its annual congresses, and along with workshops, schools and seminars, in 
which the results of scientific research are presented and discussed, SIMP promotes the 
development in sciences and is the natural place for constructive confrontations among 
scientists, no matter what their age (academic and not) is.

As a museum director, what are the most fascinating and complicated aspects of your 
role?

I have to admit my role as Museum Director represents a new challenge for me, since my 
academic career was totally devoted to field and laboratory activities, beside teaching, 
and only in 2018 I began this new adventure, that I have been heavily involved in, and it is 
not always easy to reconcile the two aspects mentioned above, but I try my best not to let 
one of the two activities be negatively affected. Undoubtedly, being Director of the Centro 
Musei (there are five museums: Mineralogy, Palaeontology, Zoology, Anthropology and 
Physics, and a sixth is on the way, Chemistry) is certainly a stimulating challenge but also 
one dense with responsibility; one only has to think of the importance of the collections 
housed and the names of my predecessors, in various capacities, to make one’s wrists 
quiver...

What qualities are essential?

Patience is the fundamental quality, as well as the ability to mediate in order to obtain 
results that might seem easy, but that conceal an enormous amount of work behind them; 
it is obvious that without all the staff of the Museum Center, the Director alone could never 
have achieved the results achieved so far, both at the level of representativeness in the 

Parma 2019

SIMP Meeting
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and international 
museums.

The aim is to make 
the sciences, 

particularly the 
natural and physical 
sciences, accessible 

to the general 
public, involving 

scholars, educational 
institutions, and 

the community in 
the appreciation 

of the beauty and 
importance of 

spreading scientific 
knowledge.

The Museums in 
the Center actively 

engage with 
the community 
by promoting 

exhibitions, 
conferences, 
seminars, and 

activities aimed at 
schools, through 

guided tours, 
workshops, and field 

trips.

territory but also with regard to Third Mission activities, which constitutes a very important 
challenge for all Italian universities, now and in the years to come.

When you were a student what triggered the engine of interest that led you to these 
important achievements?

The main engine that has driven me throughout my career is undoubtedly the passion for 
Geology in its various fields, and since I was a boy even before enrolling in university, the 
interest in the explanation of the natural phenomena affecting our planet. On the other 
hand, I cannot deny that having been born and raised in Campania (and more precisely in 
the city of Pozzuoli, mentioned by both Vitruvius and Pliny the Elder - does this last name 
ring a bell?) it came natural for me to indulge this passion. Then, I was certainly lucky 
during my career as a student, having met professors who were able to raise in me the 
awareness of having made the right choice but who above all taught me work ethics and 
gave me the opportunity to continue my journey.

What age groups visit museums most frequently and what are the reasons that motivate 
them to occupy their halls?

Visitors to the Museum Center belong to a wide range of age groups, and although the 
main number of guests belong to schoolchildren of all levels in the Campania region 
(but not only), there are numerous visitors from the entire citizenry who join the ranks of 
science enthusiasts of all ages. The uniqueness of the architectural heritage (pertaining to 
the oldest secular Athenaeum in Italy, and which this year celebrates its 799th anniversary 
since its founding) is combined with the very considerable importance of the collections 
housed in the five museums, and makes the Museum Center an exceedingly representative 
institution, not only of the city of Naples, as a reference for the history of the evolution of 
the scientific method, helping to organize events and seminars of both a popular and 
scientific nature. Finally, there are numerous occasions on which temporary exhibitions, 
cultural events and classical music concerts are hosted in the prestigious halls.

Today, it is very difficult to stimulate the 
younger generation, who are increasingly 
interested in finding better-paid university 
paths in the future. What can the natural 
and physical sciences give young people?

Well, this consideration is true up to a point, 
because despite everything I continue to 
see young scholars animated by passion 
and “holy fury” in regard to scientific 
disciplines, even if economic aspects are 
undeniably to be taken into consideration. 
I believe that in any case being able to be 
fortunate enough to do something you 
are passionate about goes beyond what 
may be mere career expectations, and if 
in life you are able to indulge your work-
type aspirations, then it can be even more 
fulfilling and satisfying than a job that 
allows you to earn a very good salary level 
materially.

A recent walk (2023) in 

the Royal Mineralogical 

Museum (Federico II 

University), along with the 

Italian famous science 

disseminator, 

Alberto Angela.
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With such an extensive collection of natural and physical science specimens, which ones 
do you believe capture the essence of the museum’s mission and purpose?

Among the many exhibits in the Museum Center, the choice is extremely complex, but 
I would like to dwell on one of them, which in my opinion combines the true essence of 
what an university science museum may be able to convey. The presence of a small Satyr’s 
head (labelled as quartz on Carrara marble) attributed to Antonio Canova within the 
collections of the Royal Mineralogical Museum of Naples offers an opportunity to highlight 
the layering of meanings an object becomes the bearer of when it is part of a museum 
display. The object dates from the famous collection of naturalist Teodoro Monticelli 
largely acquired by the Royal Mineralogical Museum in 1851. Canova and Monticelli had 
met during one of the artist’s Neapolitan sojourns, and had become particularly close, as 
evidenced by correspondence between the two, who also exchanged rock specimens. 
The small Satyr, then, represents not only an interesting mineralogical essay, but also a 
work of art and material evidence of the museum’s history, and its importance, which helps 
to understand how the Museums also had the role of research centers over the centuries. 
Indeed, a number of complex meanings are layered on it, ranging from mineralogy to 
art history and history tout court, which are revealed, however, only if the history of the 
museum and the collecting history of the object are kept in mind.  Antonio Scherillo, the 
museum’s director from 1939 to 1972, and my most illustrious predecessor (he was also 
president of SIMP from 1968 to 1969) also points out that the attribution to the great 
sculptor was tied exclusively to an oral tradition handed down from director to director.

Do you have any advice for young people who want to study geological sciences (min-
pet-geochemistry)?

Aside from the ever-valid suggestion to follow your passions, regardless of external 
conditioning and fashions of the moment, I like to recall a phrase that has always made 
me think a lot: “Civilization exists by geological consent, subject to change without notice”. 
This is a quote from William James Durant, an American historian and philosopher, best 
known for his 11-volume work, The Story of Civilization, which contains and details the 
history of Eastern and Western civilizations, and in my humble opinion many of the 
reasons for this “geological consent” for civilization could be described and explained 
trough mineralogical and petrographical studies; and for this purpose we need only think 
of the many georesources that have been used over the millennia, and that enable the 
continuous development of increasingly advanced technologies (metals, glass, ceramics, 
ligands, building stones and so on).

Canova’s Satyr: 

head in Carrara marble 

from whose mouth emer-

ges like a hyaline quartz 

crystal. Collection of the 

Royal Mineralogical 

Museum of Naples, da-

ting back to the collection 

of the naturalist Teodoro 

Monticelli, acquired by 

the Neapolitan museum 

in 1851.
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Cesare Bernardo
Bernardo Cesare is a Professor 
of Petrology at the Department 
of Geosciences at the Universi-
ty of Padua and President of the 
Società Italiana di Mineralogia 
e Petrologia (SIMP) from 2014 
to 2015. His research includes 
metamorphic rocks, the origin 
of granitic magmas, minerals 
and their inclusions. He exten-
sively employs photography, 
both micro and macro, to docu-
ment his research and describe 
the morphological features of 
minerals.

About 
MicROCKScopica 
- Rock Art (since 

2009)

As a photographer 
with artistic intent, 

my rock 
photomicrographs 

have been displayed 
in photo galleries, at 

mineralogical and 
scientific exhibits 

and in Natural 
Sciences 

Museums in Italy, 
France, Germany, 
Hungary, Poland, 

Spain, Switzerland, 
UK and USA, 

and published in 
photographic and 

popular magazines, 
and in geological 

journals.

I won the 
MicroGeo2008 
photo contest 
of the Russian 
Mineralogical 

Society, the 2nd 

What does SIMP represent for the scientific community?

SIMP is, or should be, the reference Society for the Italian mineralogical s.l. community. 
Under the current circumstances – shrinkage of affiliates or potential members at national 
level; widening of the international perspective and interests of early-stage researchers 
– SIMP is facing some difficulties to maintain such reference role. Initiatives such as the 
rejuvenation of Plinius and its editorial board are definitely on the right track, and should 
be supported and followed by many others.

How was MicROCKScopica - Rock Art born?

MicROCKScopica developed in parallel to my scientific activity, as I realized that rocks under 
the microscope may have an important aesthetic value, and are pleasing to viewers. At the 
beginning, working with transparencies film, photomicrography was time-consuming and 
expensive, and results somehow unpredictable: often times, after developing the film, 
I had to throw it away due to bad exposure or lack of focus. Digital photography made 
everything faster and cheaper, but most of all you could see the results in real time. My 
first digital camera on a microscope marked the serious beginning of MicROCKScopica.

Did it start from a simple passion or after attending photography or similar courses?

I never attended photography courses even though at the time of Ph.D. I was interested 
in reportage and macro photography – necessary for fieldwork – and studied some theory 
on books. For photomicrography I could learn many of my skills from a couple of excellent 
teachers: the managers of the photography lab of my Department.

When you created this page, did you imagine that it would become so famous?

Is MicROCKScopica really famous? Actually the main web page needs a major update, but 
I always postpone... I think the main reason why my aesthetic photomicrographs attract a 
fairly wide audience (mostly of non-geologists) on Twitter or Facebook is because viewers 
find the photos appealing but do not know what they are looking at. There’s an element 

On the Archean 

granulites of the Lewisian 

Complex, Scotland
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of surprise in MicROCKScopica that, fortunately, was not explored before. And, yes, I take 
some prices having been featured in calendars, exhibits and books alongside people like 
Michael Davidson, Felice Frankel or Martin Öggerli. Those are really the famous SciArtist!

How long does it take to create one of your masterpieces? From choosing the object to 
depict to the final photo?

It depends. Some rocks are photogenic; some are just not (for me, of course). This means 
that with some thin sections I could stay for hours at the microscope (generally I quit 
before) looking for a good subject, without success. For the good ones it may be a matter 
of minutes. Then it comes to color, and also in this case even though I like the composition 
I may be unsatisfied with the combination of colors, and move to another subject. But 
once the right image has been prepared, shooting several others is very fast with digital 
equipment.

When you were a student, what sparked your interest that led you to the achievements of 
your career in geosciences?

Ah, let’s move to more serious things! As a student I was quite unaware that I wanted to 
(would) become a scientist. I just wanted to learn, and do things well. With the master 
thesis I enjoyed working with crystalline rocks and the microscope, and decided it could 
be not a bad idea to give a try to a Ph.D. in petrography (actually I had little alternatives…). 
From then on, my scientific future was basically determined by a combination of luck, 
serendipity, curiosity and encounters with some of the best scientists in my field. A few 
names? During Ph.D.: Guidotti, Sassi, Trommsdorff, Connolly, Thompson, Hollister, Vernon. 
Many others followed. Moreover, I would have not discovered nanogranitoids, what I am 
probably known most for in geology, if I hadn’t seen by pure chance some thin sections 
of xenoliths from El Hoyazo (Spain) belonging to the collection of late G. Zirpoli. Those 
incredible rocks marked the major change of direction in my scientific career. Thanks 
Giampiero Venturelli for making this happen! 

and 3rd place at 
the 2008-9 Art in 

Crystallography Prize 
of the American 
Crystallographic 

Association, the 9th 
place at Nikon Small 
World contest 2009, 

the 8th in 2011. 
Runner up at Bilder 
der Forschung 2010 
and at WPGA 2010 
- The Pollux Awards, 
and at Chasing the 
light – Patterns in 

Nature 2011. Merit 
award a WPGA 2011 
- Beauty Around Us.
I won the IPA-2012 

Awards (micro - non 
pro category).

Garnet in blue 

Garnet porphyroblast in a graphitic schist from the upper Vizze Valley.
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Which is your favourite photographed object or the one that surprised you the most once 
observed under the microscope?

The choice is really wide, both scientifically and aesthetically. Most thin sections I see for 
the first time have beautiful subjects for aesthetic photomicrography. Among my favorite 
rocks are agates, which provide a large variety of lovely microscapes despite being all 
made ony of silica. A non-geological jaw-dropping subject is callus remover, which allows 
to capture crystallization in real time. Scientifically speaking the most recent “wow” I said 
was looking at the tetragonal garnets (https://doi.org/10.1038/s41598-019-51214-9) of 
an eclogite under polycromatic polarization (https://doi.org/10.1130/G49303.1).

Do you have any advice to give to young people who want to undertake the study of 
geological sciences (especially in the min-pet-geochemistry field?)

Talking to Master or Ph.D. student what I can say is be curious, read/study a lot, think a lot 
and think you are learning how to address problems by asking the right questions rather 
than solve problems or answer questions. And for the specific MinPetGeochem fields, also 
keep in mind that the optical microscope is still fundamental!
Concerning follow-ups in research, Academia has changed a lot since I got my Ph.D., and 
my ideas and advise may be outdated or even counterproductive. But I still believe Ph.D. 
should be “training to research”, whereas the current views are that a Ph.D. has to solve 
the major problems in Science. I know that one has to be successful in the job market, but 
early-stage researchers should not forget that research is not competition but the search 
for most likely answer to a scientific question. In this search I would recommend to be 

open minded, rigorous 
and humble, so as 
to evaluate most 
possible alternatives. 
All in all, as my Master 
advisor said reading 
the conclusions of 
my Thesis “potrebbe 
anche essere tutta 
un’altra cosa”.

Taking photomicrographs 

of dried Aperol

Needles which do

 not sting

Sillimanite needles in 

cordierite. Metapelitic 

granulite from 

Klin Aus, Namibia



12

PLINIUS  49 | 2023

Ferrando Carlotta......................................13

Mauro Daniela..........................................14

Murri Mara...............................................15

Capriolo Manfredo...................................16

Finocchiaro Claudio..................................17

Corvò Stefania..........................................18

Fugazzotto  Maura....................................19

Mingardi Giulia........................................20

Fantini Riccardo........................................21

SIMP Grants
Interviews



13

PLINIUS  49 | 2023

Ferrando Carlotta
Area of Expertise:

Petrology

Current position:
Researcher (RTD-A)

Current Affiliation:
Dipartimento di Scienze della 

Terra, dell’Ambiente e della Vita, 
Università degli Studi di Genova  

(Italia)

e-mail:
carlotta.ferrando@unige.it

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

Follow your dreams 
and pursue your in-
terests! Our field of 

research allows us to 
discover our Planet 

through different 
approaches, often 
ignored by many 
people although 

crucial to our under-
standing of Earth 

dynamics.

With a multidisciplinary methodological approach, from structural and microstructural in-
vestigations to geochemical analysis, my scientific research is focused on the understan-
ding of the petrological processes involved in the formation of the oceanic lithosphere, 
from mantle melting at spreading centres to crystallization and cooling of the lower oce-
anic crust. This research aims at constraining the evolution of magmatic systems beneath 
spreading centres and the interplay among magmatism and hydrothermalism during the 
formation and exhumation of the lower oceanic crust, mainly in slow-spreading environ-
ments. I conduct petro-geochemical investigations on peridotites, pyroxenites and gab-
broic sequences sampled at modern ridges (Mid-Atlantic Ridge and Southwest Indian 
Ridge) and analogue ophiolites (Erro-Tobbio, Ligurian Alps, Italy; Monte Maggiore, Alpine 
Corsica, France).

The continuous cycle of solid Earth begins at mid-ocean ridges where decompression 
melting and processes of melt migration and crystallization continuously build the ocea-
nic crust. Understanding these processes that shape the outermost portion of our Planet 
provides fundamental constraints on the heat and masses exchanges between the interior 
and the exterior of the Earth. My scientific research and the multidisciplinary methodolo-
gical approach I apply bring new insights into the processes behind these thermal and 
chemical exchanges, crucial for life in the deep oceans.

I received the SIMP award “Angelo Bianchi” 
based on my scientific activity and publica-
tion records. I presented 12 peer-reviewed 
published papers. These papers are the 
result of my ongoing international collabo-
rations and involvement in oceanographic 
expeditions. These manuscripts are mainly 
focused on the accretion and evolution of 
the lower oceanic crust along present-day 
spreading centres, the Southwest Indian Ri-
dge and the Mid-Atlantic Ridge.

PREMIO ANGELO 
BIANCHI

2021
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Mauro Daniela
Area of Expertise:

Mineralogy

Current position:
Administrative Technician

Current Affiliation:
Museo di Storia Naturale, 

Università degli Studi di Pisa 
(Italia)

e-mail:
daniela.mauro@unipi.it

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

Stay hungry. Stay 
foolish. I think that 

these words of Steve 
Jobs could summari-
ze the advice I would 
like to give to young 
people. One of the 
take-at-home mes-

sages I learnt during 
my Ph.D. was that 
scientific research 

can be very exciting 
and the results total-
ly unexpected. Every 
day a new discovery 

waits for you.

My main research topic is related to the crystal-chemical investigation of sulfate mine-
rals through a multi-technique approach (X-ray diffraction, chemical analyses, and some 
spectroscopies). The aim was the understanding of the structural plasticity of sulfate mine-
rals as well as their role as sinks for potentially toxic elements (PTE) during the alteration 
of primary ore deposits. Moreover, recently, I focused my attention on other topics, e.g., 
the OH content in garnets, and the mineralogy of the Peloritani Mountains (Sicily, Italy). 
Finally, due to my current position at the Natural History Museum of Pisa University, some 
research was devoted to the study of old mineral collections, with a particular focus on na-
tive copper from Tuscany and the sulfur specimens kept in our mineralogical collections.

The crystal-chemical investigation of sulfate minerals allowed an improvement of the un-
derstanding of their role in acid mine drainage systems, showing both their structural 
variability as well as their role in hosting some PTE (e.g., Tl) whose speciation was under-
stood and described integrating data from different techniques. Moreover, some new mi-
neral species were discovered (in some cases with novel crystal structures) adding further 
complexity to the sulfate mineralogy. Among current topics, I hope to be able to give a 
contribution to a better understanding of the role of H2O in garnets. Finally, I would like 
to improve our knowledge of the mineralogy of the Peloritani Mountains, where several 
small deposits occur whose mineralogy (considering both primary and secondary phases) 

is scarcely known.

The SIMP award I received was a gre-
at honour. It deeply gratified me and it 
was a further stimulus in continuing my 
scientific research. 

PREMIO MAZZI
(EX PANICHI)

2022
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Murri Mara
Area of Expertise:

Mineralogy

Current position:
Researcher (RTD-A)

Current Affiliation:
Dipartimento di Scienze della 

Terra e dell’Ambiente, 
Università di Pavia (Italia)

e-mail:
mara.murri@unipv.it

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

Be curious, careful 
and creative! The 

world of geological 
sciences is amazing 

and ready to be 
explored by young, 
motivated scienti-

sts! We still need to 
know and under-

stand a lot of aspects 
of our planet. In our 
everyday life there 

is always something 
related to the geolo-
gical science world, 

so if you want to 
discover more and 

be part of the future 
geological gene-

ration of scientists, 
find your favourite 

geological topic and 
pursue it!

I study the role of stress and strains in impact-shocked minerals and in minerals from ul-
tra-high pressure metamorphic rocks to understand stress-driven processes occurring on 
the Earth’s surface as impact shock events or deeper in the Earth, as subduction and exhu-
mation. My research methods range from the application of intracrystalline 
geothermometry to unravel the thermal history of terrestrial and extraterrestrial bodies, 
to the development of Raman elastic geobarometry on mineral host-inclusion systems to 
assess the pressure and temperature conditions attained during metamorphism. I also 
study shock features in impact diamonds and the effects of space weathering processes 
in aqueous environments by performing liquid-phase nanosecond pulsed laser ablation 
on silicate and carbon phases.

The originality behind my research is the integration of methods from diverse fields which 
allows me to obtain new insights and results into geological processes. An example is the 
study of mineral host-inclusion systems by using Raman elastic geobarometry which can 
provide constraints about their formation conditions. However, most methods and theo-
ries available are developed for hydrostatic pressure conditions, while mineral inclusions 
often experience deviatoric stress. So, I developed the concept of the phonon-mode 
Grüneisen tensor to determine strains in inclusions from Raman spectroscopy measure-
ments. This was only possible because I performed ab initio HF/DFT calculations to deter-

mine all the Grüneisen tensor compo-
nents for each Raman active mode in 
quartz, which are almost impossible to 
achieve experimentally. 

The SIMP award “Fiorenzo Mazzi” was 
extremely helpful for my research acti-
vities since it contributed to my atten-
dance at one national conference and 
to the acquisition of laboratory equip-
ment.

PREMIO MAZZI
(EX PANICHI)

2022
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Capriolo Manfredo
Area of Expertise:
Igneous Petrology, 

Geochemistry and Volcanology

Current position:
Post-Doc Researcher

Current Affiliation:
University of Birmingham

(United Kingdom)

e-mail:
m.capriolo@bham.ac.uk

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

My advice to all the 
young members in-
terested in studying 
Geological Sciences 
is to be curious and 
to be driven by their 
curiosity in scientific 

research.

In Earth’s history, the emplacement of Large Igneous Provinces (LIPs) coincided in time 
with the major mass extinction events. My Ph.D. thesis focussed on the carbon cycle in 
the Central Atlantic Magmatic Province (CAMP), whose activity was synchronous with the 
end-Triassic biotic crisis. Throughout a multi-analytical approach (combining optical mi-
croscopy, confocal Raman microspectroscopy, microthermometry, cathodoluminescence, 
SEM-EDS, EMP and Nano-SIMS), the investigation of melt and fluid inclusions within the 
magmatic minerals of CAMP basaltic rocks allowed characterizing and quantifying the vol-
canic and thermogenic emissions (CO2 and CH4, respectively) from this LIP. Then, using a 
biogeochemical box model, the constraints on volcanic CO2 from melt inclusions allowed 
assessing the impact of the main CAMP volcanic phase on the end-Triassic climate and 
environment.

My Ph.D. thesis presented a new protocol to detect and quantify the primary carbon spe-
cies in LIPs. Since carbon is a volatile element and exsolves at high pressures (i.e., deep in 
Earth’s crust), it was mostly degassed during LIPs activity. Hence, my Ph.D. research hinged 
on the analysis of melt and fluid inclusions preserving primary carbon within the magmatic 
minerals of both effusive and intrusive magmatic rocks from the end-Triassic CAMP. Po-
tentially, this innovative and powerful approach may be applied to the study of any mass 
extinction-related LIP. 

First of all, I am honoured to 
have received the SIMP award, 
which represents a great reco-
gnition for my Ph.D. research. 
Then, the SIMP award provi-
ded the economic support to 
attend an international confe-
rence, which is a great oppor-
tunity to present my current 
research and enlarge my aca-
demic network.

PREMIO TESI DI 
DOTTORATO

2022
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Finocchiaro Claudio
Area of Expertise:

Applied Mineralogy to Geo-re-
sources and Cultural Heritage

Current position:
Researcher (RTD-A)

Current Affiliation:
Dipartimento di Scienze Biologi-
che, Geologiche ed Ambientali, 

Università di Catania (Italia)

e-mail:
claudio.finocchiaro@unict.it

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

In general, the Earth 
sciences are wide 
and fascinating. I 

always suggest fol-
lowing and believing 

your own aspira-
tions. Moreover, I 
invite the young 

students to follow 
political tendencies 
and to specialize in 

the applied sciences 
which have a high 

impact on the worl-
dwide context

My research aims to provide innovation for the production of alternative and sustainable 
building materials, with the development of alkaline-activated materials, low-energy-con-
suming, using low-value natural raw materials or waste materials in view of the circular eco-
nomy and environmental sustainability promoted by European policies for the ongoing 
Ecological Transition. In detail, the research was born with the chemical and mineralogical 
investigation of the volcanic ashes of Mt. Etna volcano (Italy), still a natural waste material 
with high management cost, for use in the alkaline activation process as a precursor. Their 
use is limited in traditional mortars and to the old leached deposits, since fresh volcanic 
products have an excessively high chloride and sulphate content due to their interaction 
with the volcanic gasses. The synthesized products were investigated, through a multidi-
sciplinary approach, to assess their physical-mechanical features and useful durability test 
are in progress for further application tests in the restoration and building sectors.

My research aims to the valorisation of natural and industrial waste for the production of 
eco-friendly materials as an alternative to the traditional ones based on Portland cement, 
which are mostly responsible for CO2 emissions in the industry sector. Moreover, it allows 
limiting the exploitation of natural resources for the environmental safeguard as reque-
sted by EU policies. In this way, the alkaline-activated materials represent a new poten-
tial georesource class to be investigated within the applied mineralogy and applied to 
building and restoration sectors. Considering the valorisation Mt. Etna volcanic deposits 
and the high interest already shown by several companies, this research could represent 
a great opportunity to create new industrial manufacturing lines of sustainable materials 
and thus boost the local economy in a circular way.

The “best Ph.D. thesis” award of SIMP gave me the oppor-
tunity to attend the prestigious XVIII Conference of the Eu-
ropean Ceramic Society that took place in Lyon on 2-6 July 
2023, where I have presented the results of durability tests of 
alkali-activated materials based on volcanic ashes, obtained 
during my abroad period at Department of Mineralogy and 
Petrology of Granada University (Spain). 

PREMIO TESI DI 
DOTTORATO

2022
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Corvò Stefania
Area of Expertise:

Petrology, Structural Geology

Current position:
Post-Doc Researcher

Current Affiliation:
Dip. di Scienze della Terra e 

dell’Ambiente, Università degli 
studi di Pavia (Italia)

e-mail:
stefania.corvo@unipv.it

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

My main advice to 
young and future 
geoscientists is 

that, if there is such 
passion for what 

you do and curiosity 
to discover, then it 
means you are on 

the right track, so ne-
ver give up! Always 

try! Because only 
with tenacity and 

determination, your 
sacrifices and efforts 

will be rewarded!

The research I conducted during my time abroad involved testing the U-Pb dating method 
on garnet in representative rocks of the continental crust. The aim was to investigate 
whether and how garnet can record magmatic, metamorphic and deformation processes 
in different lithotypes from distinct levels and sections of the continental crust exposed in 
famous and diverse locations in the Alps (and beyond). Thanks to the SIMP grant, I spent 
two months in one of the few laboratories in the world specialised in U-Pb dating of me-
tamorphic garnet, the LERA (Laboratory for Environmental and Raw Materials Analysis) at 
the Karlsruhe Institute of Technology (KIT; Germany). Here, I was able to work closely with 
Dr. Aratz Beranoaguirre, an expert in the aforementioned technique. This was based on 
the use of modern laser ablation mass spectrometry instrumentation (LA-ICP-MS; Ther-
mofisher-Teledyne Proton Machine), which can successfully date metamorphic garnets 
containing less than 10 ng/g uranium and an accuracy of < 3 % for the lower intercept age.

During my stay, I tested the technique on a total of 50 thin sections of mafic, felsic, low- 
and high-grade metamorphic, deformed, and undeformed rocks. In summary, not all gar-
nets are datable. The feasibility of dating garnet depends on several factors including the 
chemistry of the total rock, as well as the mineralogical assemblage. The rocks in which 
garnet is successfully dated are mainly skarn, garnetites, undeformed rocks and those 
poorer in accessory minerals (such as zircons, monazites, rutile etc.). Only in these parti-
cular cases, the garnet has a good chance of containing the right concentrations of U-Pb 
and thus being datable. With this research, I hope to provide important guidelines and a 
significant contribution to improving the method of U-Pb dating on metamorphic garnet, 
which is one of the main minerals contained in the rocks constituting the Earth’s crust and 
whose study allows us to understand many geological processes. 

This award gave me the occasion to do a new experience abroad and in a different univer-
sity environment. This type of experience can only enrich you on several fronts, not only in 
your curriculum but above all from a cultural and social point of view. Receiving this award 
has given me more confidence in my work, motivation and energy to “take a challenge”, as 
well as the opportunity to learn new knowledge to add to my wealth of experience.

BORSE DI STUDIO 
PER L’ESTERO

2022
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Fugazzotto Maura
Area of Expertise:

Georesources to mineralogy and 
petrology for the environment and 

cultural heritage

Current position:
Post-Doc Researcher

Current Affiliation:
Dipartimento di Scienze Biologi-
che, Geologiche ed Ambientali, 

Università di Catania (Italia)

e-mail:
maura.fugazzotto@unict.it

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

It will appear pro-
saic, but I think that 
the best way to rea-
ch your objectives, 
in every field, not 

only in geology, is to 
focus on what you 

really like, definitely 
ignoring possible 
fear of failing. If 

you care about that 
thing, you will find 
the right path to 

reach it.

This project aimed to deeply investigate the chemical processes involved in binary alka-
li-activated materials (AAMs), which are linked in literature with hybrid gels. The research 
starts from the results of my Ph.D. Thesis, where a complex structure of the gel is deve-
loped in the binary AAMs based on ceramic waste and metakaolin (MK). Particularly, the 
obtained gel in a large set of AAMs was studied from molecular, mineralogical and micro-
structural points of view, by means of Infrared and Raman spectroscopies, X-ray Diffracto-
metry and, extensively, by high-resolution Scanning and Transmission Electron Microsco-
pies, coupled with Energy Dispersive X-ray Spectroscopy. To connect the characteristics 
of the gel to the used precursors, also the raw materials were studied, specifically by a 
reactivity test and chemical analysis.

The synthesis process of AAMs sees a series of reactions whose complexity depends on 
the whole system: alkaline liquid precursors, aluminosilicate powder precursors, synthesis 
conditions and so on. Overall, the scientific literature identifies two microstructural sy-
stems: low-Ca content three-dimensional gel and high-Ca content gel, basically bi-dimen-
sional. But, a third, hybrid, system can also be formed, whose structure and reaction pro-
cess is unclear. This study increases the available knowledge about the complex hybrid 
systems, particularly related to AAMs obtained by ceramics, highlighting as very small 
variations, also in only one parameter involved in the synthesis, can determine evident 

differences in the formation of the gel and 
possible secondary products.

Undoubtedly, the grant was useful for con-
ducting research at the University of Grana-
da and its Centro de Insrtumentacíon Cien-
tífica (CIC), where I had the opportunity to 
improve my skills both in investigation and 
in using analytical instrumentation, as, for 
example, high-resolution TEM analyses, a 
field in which the scientists in Granada are 
very expert.

BORSE DI STUDIO 
PER L’ESTERO

2022
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Mingardi Giulia 
Area of Expertise:

Rock Mechanics, Mineral Physics, 
Planetology

Current position:
Ph.D. student

Current Affiliation:
Ecole Normale Supérieure, 

Université PSL (France)

e-mail:
mingardi@geologie.ens.fr

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

My advice is to be 
passionate and 

curious. I think that 
those two elements 
are fundamental to 
pushing us in our 

research and making 
new discoveries. 

Also, another impor-
tant aspect of scien-
ce is never give up. If 
the results you have 

are not what you 
expected just keep 
going. Maybe you 

will find explanations 
that are more inte-

resting than the one 
you were expecting 

at the beginning.

With the Award Con.Scienze was awarded my Master thesis about the geochemical study 
of two Martian shergottites. I studied the chemical and isotopic compositions of two oli-
vine-phyric shergottites, DaG 670 and NWA 4222, to determine their mantle source and 
geochemical evolution. To tackle this objective, I firstly measured in situ the Pb isotopic 
composition of 15 melt inclusions in olivine for each shergottite using SHRIMP (Sensitive 
High Resolution Ion Microprobe), instrument in KBSI (Ochang, South Korea). In addition 
to Pb isotopes, I measured trace element compositions of the pyroxenes in the matrix. 
They revealed significant Eu and Sr anomalies in the cores. Thanks to this study I was able 
to define the depleted mantle source origin of the two meteorites and the subsequent 
geochemical evolution.

From the analysis of Pb isotopes and 
trace elements, I determined that 
the source of the two samples was 
a depleted source. However, the 
simple melting and the consequent 
fractional crystallization could not 
have produced some characteristic 
features such as Eu and Sr positive 
anomalies in the analyzed pyroxe-
nes of the matrix. These trace ele-
ment patterns have been produced 
during the magma-chamber phase 
in the crust of Mars. In fact, during 
the intrusion in the crust of the mel-
ts produced in the depleted mantle, 
some plagioclase cumulates, such 

as anorthositic levels, might have been partially reabsorbed in the melts. These results 
are in good agreement with a study performed on gabbroic rocks in the Ivrea Verbano 
Zone (Mazzucchelli et al., 1992) and it is the first case that this is documented for Martian 
shergottites. 

External Awards
to young SIMP

members:

PREMIO 
Con.Scienze

 MAGISTRALE 
2021-2022
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Fantini Riccardo
Area of Expertise:

Mineralogy

Current position:
Post-Doc Researcher

Current Affiliation:
Dipartimento di Scienze Chimiche 

e Geologiche, 
Università di Modena e Reggio 

Emilia (Italia)

e-mail:
riccardo.fantini1@unimore.it

What advice would 
you give to young 
members who are 
interested in stu-
dying geological 

sciences?

The geological 
sciences are a 

complex mixture of 
entangled knowled-
ge. Even if you have 
a specific interest in 
a particular subject, 
such as minerals or 
fossils or whatever, 
never be blind to 
other aspects. The 
mastery of a solid 
geological back-

ground can be a bar-
gaining chip to face 

many challenges 
and projects in the 

research or business 
world.

With a multidisciplinary methodological approach, from structural and microstructural in-
vestigations to geochemical analysis, my scientific research is focused on the understan-
ding of the petrological processes involved in the formation of the oceanic lithosphere, 
from mantle melting at spreading centres to crystallization and cooling of the lower oce-
anic crust. This research aims at constraining the evolution of magmatic systems beneath 
spreading centres and the interplay among magmatism and hydrothermalism during the 
formation and exhumation of the lower oceanic crust, mainly in slow-spreading environ-
ments. I conduct petro-geochemical investigations on peridotites, pyroxenites and gab-
broic sequences sampled at modern ridges (Mid-Atlantic Ridge and Southwest Indian 
Ridge) and analogue ophiolites (Erro-Tobbio, Ligurian Alps, Italy; Monte Maggiore, Alpine 
Corsica, France).

The continuous cycle of solid Earth begins at mid-ocean ridges where decompression 
melting and processes of melt migration and crystallization continuously build the ocea-
nic crust. Understanding these processes that shape the outermost portion of our Planet 
provides fundamental constraints on the heat and masses exchanges between the interior 
and the exterior of the Earth. My scientific research and the multidisciplinary methodo-

logical approach that I apply bring 
new insights into the processes 
behind these thermal and chemi-
cal exchanges, crucial for life in the 
deep oceans.

The ConScienze award I received 
shaded light on the results of our 
project, also attracting the atten-
tion of possible stakeholders. Mo-
reover, the award strengthened the 
will of carrying on the project by 
seeking new collaborations.

External Awards
to young SIMP

members:

PREMIO 
Con.Scienze

 MAGISTRALE 
2021-2022
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Definition of a genetic model for the dark-colored over-
growths in pegmatitic gem tourmaline crystals

Alessandra Altieri
Dipartimento di Scienze della Terra, Università di Roma La Sapienza, Piazzale Aldo Moro 5, 00185, Roma, Italia

DOI: 10.19276/plinius.2023.01.001

RESEARCH’S INTRODUCTION AND AIM

Pegmatitic gem tourmaline crystals commonly display 
a sharp transition to dark color at the analogous termi-
nation; one of the best example is the so-called “Moor’s 
head” textural type, which characterize the tourmaline 
crystals from Elba Island (Pezzotta, 2021). Such termi-
nations show a wide range of morphological characte-
ristics: they may occur as a narrow overgrowth with a 
sharp and lustrous pedion face terminating the crystal 
or as a thick overgrowth with rough pyramidal faces cha-
racterized by a fibrous texture that, occasionally, can be 
composed of an aggregate of long parallel needles (Fig. 
1). However, in some tourmaline crystals, the dark over-
growth can extend all over the prismatic faces, including 
the antilogous pole. In all these cases, such dark-colou-
red overgrowths can be generally described as colour 
anomalies.

The formation of color anomalies, which are typically 
rich in Fe and/or Mn, is related to a dramatic physico-
chemical change in the geochemical system during the 
latest-stages of tourmaline growth. However, the true se-

quence of events that led to the availability of such ele-
ments in the crystallization environment, resulting in the 
growth of late-stage tourmalines, was still unclear.

The goal of this Ph.D research is to constrain the for-
mation mechanisms of tourmaline dark-colored termi-
nations. To achieve this goal, selected gem-tourmaline 
crystals with dark overgrowths of different colors and 
textural features from several miarolitic Li-bearing peg-
matites located in Elba Island (Italy), were studied with 
a multi-analytical approach. This approach includes che-
mical analysis with an electron microprobe and spectro-
scopic investigations using Mössbauer, OAS and FTIR 
analyses. Results obtained, combined with structural and 
paragenetic information of the cavities, were used to de-
fine a genetic model for the color anomalies observed 
in Elba gem-tourmaline crystals. This Ph.D research was 
further extended to several detrital tourmaline grains 
collected from the secondary deposit of Mavuco (Alto Li-
gonha pegmatite district, NE Mozambique). Gem-quality 
tourmalines from the Alto Ligonha district are among the 
most renowned for the combination of color and rarity. 

Figure 1 a) Thin black overgrowth evidenced by a lustrous pedion face at the termination of a multicolored tourmaline crystal on matrix. b) Thick 
black overgrowth with rough pyramidal faces at the termination of a multicolored tourmaline crystal on matrix. c) Fibrous black overgrowth on a 
multicolored tourmaline crystal. All specimens are from Elba Island (Italy). Private collection. A. Miglioli photo.

PLINIUS  49 | 2023
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These features make them unique from a gemological 
viewpoint and therefore with a high commercial value, 
limiting the information regarding their crystal-chemical 
characteristics. To fill this gap, sixteen tourmaline grains 
provided by ongoing mining projects, were subjected 
to an in-depth analysis. Specifically, a detailed chemical 
characterization as well as a correlation study between 
compositional data and color displayed, was conducted. 
In addition, on selected grains with particular chromatic 
features, OAS analyses were performed. For all the tour-
maline samples, the gemological variety was identified.

Besides their polychromatic features, most of these 
tourmaline grains are characterized by a dark overgrowth 
covering the prismatic faces. However, the genetic me-
chanisms responsible for these peculiar overgrowths 
have not been defined so far, as the pegmatitic source 
from which these tourmalines originated was still uncer-
tain. This uncertainty was essentially due to the strong 
NYF (Niobium-Yttrium-Fluorine) geochemical affinity (Li- 
and B-poor composition) of the Alto Ligonha pegmatites 
located quite close the secondary deposit of Mavuco, as 
well as the rudimentary excavation techniques, which 
did not allow the exploration of new pegmatitic deposits 
in the Alto Ligonha district. To gain information about the 
mechanisms that led to the formation of the prismatic 
dark overgrowths, selected tourmaline crystals from a re-
cently discovered pegmatitic field, the so-called “Marina” 
pegmatite (Mavuco area), were analyzed. The “Marina” 
pegmatite has been hypothesized to be the source of 
the detrital tourmaline grains of the Mavuco area, given 
its proximity to the secondary deposit and its LCT geo-
chemical signature. Studies on tourmaline crystals from 
the “Marina” pegmatite were carried out to confirm the 
above hypothesis; specifically through the comparison 
of the compositional data obtained from such tourma-
line crystals with those obtained from the detrital tour-
malines of the Mavuco area. The same studies allowed 
obtain detailed information on the genesis of the dark 
prismatic overgrowths, which also characterize most of 
the detrital tourmalines.
 

CRYSTAL-CHEMICAL STUDY OF PEGMATI-
TIC GEM TOURMALINE CRYSTALS FROM 
ELBA ISLAND (TYRRHENIAN SEA, ITALY)

Main results

Eleven tourmaline samples that represent the variety 
of color anomalies at the termination of Elba tourmalines 
were collected from different miarolitic cavities occurring 
in the area of San Piero and Sant’Ilario in Campo villages, 
within four selected pegmatitic veins distributed along 
the eastern border of the Monte Capanne pluton. Com-
positional data were collected with electron microprobe 
along a straight traverse parallel to the c-axis from the 
base to the termination of each crystal using an average 

step size of 300 μm, except at the overgrowths, where 
the step size was reduced to about 150 μm to capture 
more fine-scale details. A total of 400 spot analyses were 
collected. Iron oxidation state was determined in se-
lected Fe-rich overgrowths by Mössbauer spectroscopy. 
On the basis of the chemical data and color displayed, 
each sample was divided in compositionally similar zo-
nes. For each zone, atoms per formula unit (apfu) were 
calculated and the relative empirical formula has been 
determined.

It is interesting to point out that during this chemi-
cal characterization, a new mineral species of the tour-
maline supergroup was discovered: celleriite, ideally 
□(Mn2+

2Al)Al6(Si6O18)(BO3)3(OH)3(OH). It was found in the 
Rosina pegmatite (San Piero in Campo, Elba Island, Italy) 
and occurs as chemically homogeneous, millimetric to 

sub-millimetric zones within the analogous pole of a zo-
ned tourmaline crystal. This new mineral species was ap-
proved by the IMA-CNMNC, proposal n. 2019-089 (Bosi 
et al., 2022a).

In general, chemical analysis revealed that the termi-
nation of each crystal is characterized by a significant 
increase in Fe and/or Mn that is responsible for the co-
lor variation at the analogous pole. As expected, in the 
tourmaline crystals with the most significant Fe and/or 
Mn increase at the termination (MnO > 5 wt% and FeO 
> 2 wt%), the color variation is more enhanced, and the 
species changes from initial elbaite/fluor-elbaite, to cel-
leriite, foitite, or schorl (Fig. 2). Such increase in Fe/Mn 
suggests that a dramatic chemical variation in the cry-
stallization environment, with a new supply in Fe/Mn 
during the latest stages of tourmaline growth, occurred. 
The increase in Fe and Mn is consistent with the substitu-
tion of Li and Al at the Y site of the tourmaline structure. 
However, this substitution can occur in different ways ac-

Figure 2 Plot of the content of 2Li vs. (Mn+Fe) at the Y site for each spot 
analysis of the tourmaline samples studied. The three lines (dashed, 
dotted and full) represent different degree of substitution. Symbols with 
black border indicate the compositions relative to the dark terminations 
of the different samples. For Pastori sample the Mg content was also 
considered. The vertical line distinguishes the compositions occurring 
at the crystal dark terminations (left) from those occurring in the prisma-
tic sections (right).
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cording to whether Fe and Mn totally or partially replace 
Li and Al. In the crystals from Elba, a partial substitution 
occurred at Y, according to the simplified mechanism 
(1.5Li+ + 0.5Al3+) ↔ 2(Mn2+, Fe2+). As this substitution de-
termines a total charge variation, it needs to be balanced 
by a cation vacancy (□) replacing Na at the X site: Na+ + 
(1.5Li + 0.5Al)Σ3+ ↔ □ + 2(Mn,Fe)Σ4+. 

Results obtained, along with structural and paragene-
tic observation of the cavities in which the tourmaline 
samples were collected, provide evidence that the for-
mation of the observed dark overgrowths is the result of 
an opening of the geochemical system ascribable to an 
event of pocket rupture. This event is further supported 
by the crystal-chemical features of an elbaitic multicolo-
red tourmaline crystal, found in a wide miarolitic cavity 
naturally broken in two fragments and characterized by 
Mn-rich dark overgrowths, respectively purplish-red at 
the analogous pole and yellow-orange at the antilogous 
pole (Altieri et al., 2023). Based on the results obtained 
from this peculiar tourmaline crystal, the pocket rupture 
was responsible for its breakage, allowing for the forma-
tion of new growth surfaces in the direction of the analo-
gous and the antilogous pole (Fig. 3).

Consequently, this crystal represents a key witness of 
the pocket rupture event registering not only the com-
positional variations of the geochemical system throu-
gh the formation of Mn-rich overgrowths, but also the 
mechanical events that led to the crystal breakage, thus 
allowing for the formation of an unusual overgrowth at 
the antilogous pole.  In the same study, a comparison of 
the overgrowths at the analogous and antilogous poles 
provides evidence of a preferential incorporation of ele-
ments at growth surfaces. Beside the preferential uptake 
of Ca, F and Ti at the antilogous pole, already described 
in literature (e.g., Henry & Dutrow, 1992; van Hinsberg 

et al., 2006), we report for the first time a further prefe-
rence at level of the ionic charge of the same element. 
In fact, OAS data show a selective uptake of Mn2+ at the 
antilogous pole, even in the presence of a considerable 
amount of Mn3+, which preferred the analogous one. This 
uneven uptake of Mn ions resulted in the yellow-orange 
coloration of the antilogous overgrowth (Mn2+ depen-
dent) rather than the purple-reddish color of the analo-
gous overgrowths (Mn3+ dependent; Altieri et al., 2023).

Overall data obtained, as well as structural and para-
genetic observations of the cavities in which the studied 
tourmaline crystals were collected, allowed to clearly cor-
relate structural information (i.e., fracturing of the pocket 
and breakage of tourmaline crystals) to the late-stage 
tourmaline growth, and thus permitting definition a ge-
netic model for the dark overgrowths in Elba tourmali-
ne crystals. A pocket rupture event, probably related to 
thermal contraction during the cooling of the rock, led 
to mechanical brittle deformations of the enclosing peg-
matite through the formation of late-stage fractures (Fig. 
4a). This situation allowed the highly reactive late-stage 
cavity fluids to permeate the fractures surrounding the 
cavity where the early-crystallized Fe- and Mn-rich cavi-
ty-lining minerals were formed. Then, the hydrothermal 
alteration of such minerals through leaching and corro-
sion processes by the late-stage cavity fluids, led to the 
release of Fe and Mn in the system, thus causing a sud-
den change in the chemical composition of the pocket 
environment. These processes are supported by the oc-

Figure 3 History of growth of the analysed tourmaline crystals. a) Sche-
matic representation of the events that led to the collected samples. 
Step 1: tourmaline crystal growth from light green to pale pink in the 
direction of the analogous pole (c- side). Step 2: breakage of the cry-
stal as a result of the pocket rupture event followed by changes in the 
chemical composition of the crystallisation environment. Step 3: gene-
ration of late-stage dark-coloured overgrowths at the analogous (OGX, 
OGY, OGZ) and at the antilogous (OGR) poles in a Mn-rich environment. 
b) Image of the tourmaline crystals analysed.

Figure 4 a) E-W section of the Rosina pegmatite (about 60 cm in thick-
ness), with label for the different textures and mineralogical zonation. 
Altered cavity-lining minerals as well as late-stage fractures (red arrows) 
are also evidenced. Scale bar = 10 cm. b) Examples of heavily fractured 
and partially corroded spessartine crystals (red arrows) frozen in quartz 
and feldspars in proximity of cavities of the Rosina pegmatite. Crystals 
up to 6 mm in diameter. Scale bar = 10 mm.
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currence of fractured and altered biotite crystals, as well 
as corroded spessartine garnet in the intermediate and 
lower border zone of the pegmatites (Fig. 4b).

Based on the size of the cavity, the extent of the fractu-
ring phenomena and the consequent leaching proces-
ses, as well as the relative abundance of different primi-
tive minerals in the enclosing pegmatite, the chemical 
composition of the residual cavity fluids underwent a 
variation in concentration in Fe and Mn. This can result 
in a simple color change up to a chemical evolution from 
an initial elbaite/F-elbaite composition to foitite, cellerii-
te or schorl at the termination of the tourmaline crystals. 

For instance, in the case of the “blue-cap” tourmalines, 
found in small pockets (~ 10 dm3) within the San Silvestro 
and the Fucili veins (San Piero in Campo locality), com-
positional analyses revealed that the blue coloration of 
these crystals is exclusively related to a slight enrichment 
in Fe2+. In addition, the presence of Fe only in the diva-
lent state, suggests persisting reducing conditions in 
the pocket environment. This interpretation is consistent 
with a partial opening of the cavity system associated to 
minor fracturing phenomena, which led to a limited lea-
ching of biotite crystals in the enclosing pegmatite (Al-
tieri et al., 2022).   

In other cavities, more extensive fracturing pheno-
mena associated with the presence of abundant Fe/
Mn-rich primitive minerals in the enclosing pegmati-
te, allowed the release of high amounts of Fe/Mn to 
the residual cavity fluids. In these conditions, a chemi-
cal evolution at the analogous termination of the tour-
maline crystal occurred. Depending on the prevalen-
ce of Mn or Fe, the overgrowth can result in celleriite, 
□(Mn2+

2Al)Al6(Si6O18)(BO3)3(OH)3(OH), foitite, □(Fe2+
2Al)

Al6(Si6O18)(BO3)3(OH)3(OH) or schorl, NaFe2+
3Al6(Si6O18)

(BO3)3(OH)3(OH) compositions.
A similar scenario occurred in a wide miarolitic cavity 

(~80 dm3) of the Rosina pegmatite where a peculiar tour-
maline crystal, found naturally broken in two fragments 
and characterized by late-stage Mn-rich overgrowths at 
both analogous and antilogous poles, was collected. In 
this case, a partial pocket collapse occurred, which cau-
sed an intense leaching of the primitive Mn-rich mine-
rals in enclosing pegmatite. Although the Mn increase 
at the overgrowths is confirming a significant chemical 
evolution (MnO up to 7 wt%), the mineralogical species 
remain elbaite/F-elbaite, due to the lower presence of 
spessartine garnet in the enclosing pegmatite. This sce-
nario was also responsible for the crystal to break, with 
the consequent formation of dark-colored overgrowths 
of purple-reddish color at the analogous poles (Mn3+ 

dependent), and yellow-orange at the antilogous ones 
(Mn2+ dependent). The presence of Mn in both +3 and 
+2 redox states suggests relatively oxidizing conditions 
during overgrowths formation (Altieri et al., 2023). 

COMPOSITIONAL AND SPECTROSCOPIC 
CHARACTERIZATION OF GEM-QUALITY 
TOURMALINES FROM THE ALTO LIGONHA 
PEGMATITE DISTRICT (MAVUCO AREA, NE 
MOZAMBIQUE)

Main results

Sixteen tourmaline grains collected from the secon-
dary deposit of Mavuco in the Alto Ligonha pegmatite 
district were studied. The samples collected were found 
as waterworn grains with a sub-angular to sub-rounded 
shape and most of them show a dark-colored prisma-
tic overgrowth that surrounds completely, or in part, a 
multicolored core ranging from blue, green, yellow to 
purple-red, even within the same crystal (Fig. 5a). Com-
positional data were collected with electron micropro-
be along a straight traverse perpendicular to the c-axis 
with an average step size of 300 μm for a total of 501 
spot analyses. To gain information on the mechanisms 
underlying the color displayed by the core regions of 
the tourmaline grains, OAS analyses in the UV-Vis region 
were performed on selected samples with particular 
chromatic features. The in-depth study on these tourma-
line grains allowed a detailed characterization of their 
chemical composition, which was correlated to the color 
displayed. 

Chemical data indicate that all studied samples are 
characterized by a CuO content that never exceeds 1 
wt%. Despite the moderate concentration, Cu is able 
to contribute as color-causing agent especially in those 
core zones where its value approaches 1 wt%. Further-
more, EMP data revealed that most of the detrital tour-
malines are of F-elbaite composition (Fig. 5b). This is the 
evidence that the tourmalines from the secondary de-
posit of Mavuco do not belong only to elbaite species, 
as assumed in previous studies (e.g., Laurs et al., 2008), 
but also to different species, including fluor-liddicoatite. 
A correlation study between chemical composition and 
color displayed by the studied tourmaline samples, al-
lowed identifying the gemological variety to which the 
core zone of these grains belong. Specifically, in the se-
condary deposit of Mavuco, tourmalines belonging to 
indicolite, canary tourmaline, Paraiba-type and “Cu-be-
aring rubellite” varieties were identified. 

Compositional analysis was extended to two tourmali-
ne crystals from the “Marina” granitic pegmatite (MAV 21 
and MAV 22 samples). 

The presence of Cu in MAV 21 sample, which amount is 
comparable with that of the detrital tourmalines, suppor-
ts the hypothesis that the “Marina” pegmatite represents 
a source from which the tourmaline grains of the Mavuco 
area were originated. Thus, the “Marina” pegmatite can 
be considered a primary deposit for Cu-bearing (Parai-
ba-type) tourmalines and its further exploration can be 
economically advantageous.
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The MAV 22 sample is characterized by a thick (up to 
4 mm) black late-stage overgrowth developed all over 
the tourmaline surfaces, from the analogous to the anti-
logous pole, including the prism faces, which chemical 
and morphological features are similar to those obser-

ved in most of the detrital tourmalines from the secon-
dary deposit of Mavuco (Fig. 6). 

The presence of such an extended overgrowth further 
strengthen the hypothesis that “Marina” pegmatite is a 
primary source of the detrital tourmalines in the Mavuco 
area. Structural and paragenetic observations of the giant 

Figure 5 a) The tourmaline grains analyzed for this study. b) Compositional diagrams based on the X-, Y- and W-site occupancy determined by 
EMPA. Each point represents the result in apfu of the core and overgrowth zones analyzed. Arrows highlight the compositional evolution trend from 
the core zone to the overgrowth observed in some of the analyzed tourmaline grains.
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cavity in which the MAV 22 sample was collected (about 
12 m in size), provide evidences that the change in the 
chemical composition of the crystallization environment 
was related to an intense and widespread fracturing of 
the cavity, which culminated with the subsequent collap-
se of the pocket roof. In this scenario, the propagation of 
the fracturing phenomenon caused the collapse of the 
amphibolitic host rock, which reacted with the residual 
cavity fluids, thus releasing large amounts of Fe and Mg 
in the system (FeO up to 24 wt% and MgO up to 8 wt%). 
This condition, associated with a long lasting late-stage 
tourmaline crystallization ensured by B, which must be 
still present in the residual fluids of the cavity, allowed 

for the development of a thick late-stage black over-
growth covering all over the crystal surfaces, including 
the prismatic faces and the steep pyramidal faces at the 
antilogous pole, which characterize the MAV 22 sample. 
In this case, the pocket collapse was associated to oxidi-
zing conditions as supported by the high Fe3+/Fetot ratio 
(> 0.50) observed at the analogous termination of MAV 
22 sample. Moreover, the great availability of Fe and Mg 
in the system (FeO up to 24 wt% and MgO up to 8 wt%), 
allowed for a chemical evolution from an initial F-elbai-
te composition to a new Fe3+-dominant species at the 
analogous overgrowth. Infact, chemical, spectroscopic 
and crystal-structure refinement resulted in a new mine-

Figure 6 Upper panel: EMP analysis of the 
MAV 22 sample along a straight traverse 
parallel to the c-axis (only selected oxides 
are reported). Lower panel: close-up of 
the chemical composition of antilogous 
(OGant) and analogous (OGana) over-
growths in the MAV 22 sample (only se-
lected oxides are reported).
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ral species of the tourmaline supergroup, ferro-bosiite, 
ideally NaFe3+

3(Al4Fe2+
2)(Si6O18)(BO3)3(OH)3O, recently 

approved by the IMA-CNMNC (proposal n. 2022-069) 
(Bosi et al., 2022b). 

CONCLUSIONS
On the basis of results obtained from the chemical cha-

racterization of the detrital tourmalines from the Mavuco 
area, including those from the MAV 22 sample, as well 
as structural and paragenetic information of the cavity 
in which the MAV 22 sample was collected, it has been 
possible to extend the genetic model defined for Elba 
tourmalines to the prismatic overgrowths observed in 
the tourmaline crystals from the Alto Ligonha pegmatite 
district with some differences.
1) The size of the cavities. A larger size of the cavities, 

combined with extensive fracturing phenomena, may 
have played a key role in the formation of the prisma-
tic overgrowths in the tourmaline crystals of the Alto 
Ligonha pegmatitc district. In fact, a broader fractu-
ring surface may allow more extensive alteration and 
corrosion phenomena of the primitive minerals in the 
enclosing pegmatite by the late-stage fluids of cavity, 
leading to the formation of dark-colored overgrowths 
not only at the crystal termination, but also along the 
prismatic faces; 

2) Typology of primitive minerals in the enclosing peg-
matite. While biotite is the main Fe/Mg supplier in 
Elba pegmatitic system, biotite and especially ferro-
magnesian amphiboles are accounted for Fe/Mg sup-
ply in the petrogenetic systems of the Alto Ligonha 
district. In fact, the dramatic destabilizing event that 
characterizes the cavity in which the MAV 22 sample 
has been collected, allowed the cavity-fluids to react 
with the collapsed amphibolithic host rock, with the 
consequent release of greater amounts of Fe and Mg 
in the system.

Concerning the Mn availability, in the petrogenetic 
system of Elba Island, spessartine garnet is responsible 
for both depletion and release of Mn in the crystalliza-
tion environment, being the main regulator of Mn levels 
during the evolution of the pegmatitic system. This is 
consistent with the low content in Mn recorded in the 
early-stages of tourmaline crystallization, because of the 
high degree of Mn incorporation in spessartine garnet. 
On the other hand, spessartine etching results in high 
availability of Mn in the pocket environment, with the 
consequent formation of unusual Mn-rich dark-colored 
overgrowths. In contrast, in the petrogenetic system of 
the Alto Ligonha, the scarce presence of spessartine gar-
net in the secondary deposit of Mavuco suggests that 
the main regulator of Mn levels during crystallization of 
tourmaline is apatite. However, apatite is a fairly-com-
petitive mineral for Mn respect to spessartine. This can 
explain the higher content in Mn recorded in the core 

zones of the analyzed detrital tourmalines and the lower 
increase at the overgrowth right after the pocket rupture 
event. Also, the presence of apatite in the host rock can 
explain the release of Ca during the cavity opening, as 
observed in some overgrowths.

The results obtained in this Ph.D research allowed to 
define and validate a model for the genesis of the dar-
k-colored overgrowths in pegmatitic gem- tourmaline 
crystals from Elba Island. This model has been applied 
to the prismatic overgrowths of the tourmaline crystals 
from the Alto Ligonha pegmatite district, and can be fur-
ther extended to explain the late-stage color and com-
position anomalies of gem-tourmaline crystals in many 
other gem-pegmatite deposits in the world.
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INTRODUCTION
Pyrometamorphism is a distinctive type of thermal me-

tamorphism characterized by a wide temperature range 
and Low-Pressure (LP) conditions, typically occurring at 
shallower depths compared to regional metamorphism 
(less than 3-4 km; Bucher & Grapes, 2011).

Combustion Pyrometamorphism (CP) is a complex ge-
ological process involving sedimentary sequences and 
occurs in two stages: (i) 1st stage consists of extreme hi-
gh-temperature and low-pressure conditions resulting 
from the self-ignition of coal seams or the rise of metha-
ne-rich gases from deep reservoirs along fractures; (ii) 
2nd stage involves low-temperature and low-pressure 
conditions, characterized by the weathering of previou-
sly combusted rocks. CP primarily affects lacustrine se-
quences (clay-rich protoliths, sandstone, and lacustrine 
sediments) rather than marine sequences (limestone 
and marls), which can be attributed to the higher wea-
thering resistance of the former CP protoliths (Grapes, 
2010). The mineral assemblages in pyrometamorpho-
sed rocks typically fall within the sanidinite and hornfels 
facies, indicating the high-temperature and low-pres-
sure conditions (Bucher & Grapes, 2011). Additionally, 
various high-temperature minerals (such as cordierite, 
mullite, sapphirine, merwinite, and rankinite), including 
metastable ones (like larnite, hatrurite, brownmillerite, 
mayenite, and ye’elimite), are found in both pyrometa-
morphosed rocks and industrial materials (such as metal 
slags, ceramics, and cements). Therefore, pyrometamor-
phosed rocks can be considered as natural analogs of 
certain human-made materials (Sokol et al., 2014; Vapnik 
et al., 2007).

CP is an understudied geological process within the 
uncommon field of petrological experiments (i.e., HT 
and LP involving limestone). The scarcity of geological 
information and the relative rarity of CP further compli-
cate the understanding of the processes occurring du-
ring CP, particularly in the case of limestone protoliths. 

This study focuses on the Hatrurim Basin in Israel, whi-
ch is the most significant and extensive location where 

well-preserved CP rocks and their limestone protoliths 
are exposed, enabling the observation of geological fe-
atures and collection of rock samples. Investigating CP 
rocks and the overall pyrometamorphism process is va-
luable for both geological purposes (providing deeper 
insights into microstructure development and stability 
fields of mineral assemblages under HT and LP) and in-
dustrial applications (enhancing production processes 
and properties of final products).

GEOLOGICAL FRAMEWORK AND FIELD 
TRIP

Hatrurim Basin is located in the northern part of the 
African Plate inside Sinai Microplate (Freund, 1965), re-
presenting the southern shelf of Tethys paleo-ocean 
before the collision with Eurasian Plate (Novikov et al., 
2013). The sedimentary sequence is featured by carbo-
nate sediments interrupted by sedimentation breaks 
and unconformities, later deformed during Late Creta-
ceous. Tectonic activity led the deposition of phospho-
rite beds (Mishash Formation) later covered by limesto-
ne and marls (Ghareb and Taqiye Fm.) inside synclines; 
whereas, mainly chalky rocks were formed in anticlines 
(Novikov et al., 2013). A sea regression and uplifting 
produced clastic sediments deposition, mainly conglo-
merates (Hazeva Formation), from Eocene to Oligocene. 
An intese faulting occurred from Late Oligocene due to 
the opening of Levantine Transform Fault (Novikov et al., 
2013). Hatrurim Basin is a rectangular shaped area (40 
km2) closely located to Dead Sea in which a sedimentary 
sequence aged from Late Cretaceous to Paleocene un-
dergone in CP ~ 5 Ma forming a CP sequence up to 190 
m from the surface. Hatrurim Basin falls inside a syncline 
with several minor structures related to the Syrian Arc fold 
system (Burg et al., 1991; Hirsch & Burg, 2008). CP rocks 
were formed by means of methane-rich gases combu-
stion coming from deep hydrocarbon reservoirs found 
in several nearest locations (Sokol et al., 2019, 2007): the 
combustion occurred at foci reaching HT (1100-1450°C) 
close to the surface; whereas, LT were reached at greater 
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depths, due to the limited oxygen availability for com-
bustion (Grapes, 2010). The CP sequence is featured by 
an upward increase of metamorphic grade; however 
LT and retrograde rocks occur in all parts of the meta-
morphic sequence. The geological field trip focused on 
studying CP features and collecting rock samples in the 
northern part of Hatrurim Basin where the CP sequence 
is well preserved and exposed along with the sedimen-
tary one (Fig. 1). Highest metamorphic grade rocks were 
found at top and bottom sequence, representing meta-

morphosed impure limestone (Ghareb and Taqiye Fm.) 
which are classified as ye’elimite-larnite granofels (also 
called Larnite Rocks): ye’elimite-larnite granofels rocks 
are  fine and dense rocks always crisscrossed by later hy-
dration veins. Larnite Rocks protolith was sampled from 
fresh excavation front inside Rotem Amfort Mine close to 
eastern Hatrurim Basin (Fig. 2): Ghareb Formation rocks 
were classified as calcimudstone rich in phosphatic pel-
lets and gypsum, very porous and soft.

 

Figure 2 Stratigraphic 
section of combusted 
pyrometamorphosed se-
quence and sedimentary 
one on left and right re-
spectively (modified from 
(Burg et al., 1991); red and 
blue squares highlight the 
stratigraphic position of 
sampled HT and sedimen-
tary rocks, respectively.

Figure 1 a) Geological map (1:50’000 scale) of Arad, reporting in grey (retrograde CP rocks), cyan, purple and brown (prograde HT CP rocks), black, 
blue and red squares represent Hatrurim Basin, Rotem Amfort Mine and Larnite-Rocks sampling areas, respectively (Hirsch & Burg, 2008); b) geo-
logical section passing through Hatrurim Basin area (Novikov et al., 2013b); c) Legend of geological map (Hirsch & Burg, 2008).
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MATERIALS 
Ye’elimite-larnite granofels both anhydrous and hy-

drated ones collected at the top and bottom of the CP 
sequence in Hatrurim Basin area were deeply studied 
by means of convetional and innovative analytical tech-
niques.

Gypsum-apatite-rich calcimudstone (impure limesto-
ne) belonging to Ghareb Formation collected inside 
Rotem Amfort Mine (Israel), close to the western part of 
Hatrurim Basin, was studied obtaining microstructural, 
mineralogical and crystallographical features. Further-
more,  this impure limestone was used as starting raw 
meal for preparing new green-cements doped with SO3, 
F and P2O5. 

An industrial fine mixture based on limestone, clays, 
kaolinite, hematite, and quartz was used as starting raw 
meal for preparing Belite Cement at laboratory scale. 

METHODS
A multidisciplinary approach based on conventional 

and innovative techniques was strictly necessary in order 
to handle the high complexity of studied materials (i.e., 
low amount of crystal phases, low crystal size, numerous 
polymorphs and polymorphic transitions during hea-
ting), especially for natural ones. 

X-Ray Fluorescence (XRF), Reflected and Transmitted 
Light Microscopy (RLM & TLM), Scanning Electron Mi-
croprobe and Electron Microprobe microAnalyser (SEM/
EMPA), Laboratory X-Ray Powder Diffraction (LXRPD) 
and Single Crystal X-Ray Diffraction (SC-XRD) were used 
as conventional techniques obtaining relevant informa-
tion for microstructural, crystallographic, mineralogical 
and chemical information. 

Whereas, Synchrotron X-Ray Powder Diffraction with 
in-situ High Temperature and ex-situ experiments (in-si-
tu HT and ex-situ SXRPD), Neutron Diffraction (NXRD), 
Single Crystal Synchrotron X-Ray Diffraction (SC-SXRD) 

and Computed MicroTomography with in-situ High Tem-
perature and ex-situ experiments (in-situ HT and ex-situ 
μ-CT) were used to gain relevant microstructural and mi-
neralogical changes occurring during heating and over-
coming limitations of ordinary techniques.

HT and LP experiments were performed at labora-
tory scale to synthetize Belite Cement and S-P-F-doped 
Cement using industrial raw meal and Ghareb Fm., re-
spectively. A laboratory oven with SiC resistors was used 
for HT experiments up to 1350°C with an increasing rate 
of 2°C/min and slow cooling. 

Furthermore, Isothermal Calorymetric Analysis (ICA), 
Thermal Gravimetric Analysis associated with Differential 
Scanning Calorimetry (TGA-DSC) and Specific Surface 
Analysis (SSA) were used during hydration study.

RESULTS
Results were presented in four sections considering 

(i) the study of Larnite Rocks (i.e., natural cement) sam-
pled in Hatrurim Basin (see section 5.1), (ii) investigation 
and synthesis of S-P-F-doped Cement using Ghareb Fm. 
rocks (see section 5.2), (iii) synthesis of Belite Cement 
at laboratory scale (see section 5.3) and (iv) hydration 
experiments between synthetic Belite Cement and natu-
ral Larnite Rocks (see section 5.4).

Ye’elimite-larnite granofels investigations

Ye’elimite-larnite granofels were collected at bottom 
and top of Hatrurim Basin, highlighting similar features: 

Sample 
/ Oxide 
(wt%)

Larnite 
Rocks

Ghareb Fm. F-BC raw 
meal

CaO 56 - 53 47.1 [68.4] 38.5 [57.5]

SiO2 23 - 25 11.8 [17.1] 14.9 [23.2]

Al2O3 9 - 10 3.3 [4.9] 5.3 [7.4]

Fe2O3 3 - 4 2.5 [3.6] 3.7 [5.5]

MgO 1 - 2 0.2 [0.3] 0.6 [0.9]

SO3 1 - 4 1.9 [2.7] 2.1 [3.3]

P2O5 1 - 3 1.8 [2.5] 0.1 [0.2]

LOI 1 - 3 31.5 34.8

Tot. 99 - 101 100.4 100.6

Table 1 X-ray Fluorescence (XRF) of studied materials; esd is lower than 
1 wt%; inside square brackets is reported the wt% value normalized to 
Tot.-LOI.

Figure 3  Irregular metric outcrops of Larnite Rocks at the bottom of CP 
sequence in Hatrurim Basin, sourrounded by retrograde LT rocks.
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dark brown to black rocks with fine microtexture, dense 
and hard to brake rocks (Figs.3,4). Mineral assemblage is 
always based on larnite (Larn, β-Ca2SiO4) and ye’elimite 
(Yel, Ca4Al6SO16) as major phases, and shulamitite (Shul, 
Ca3Ti(Al,Fe)2O8), fluorapatite-ellestadite (Fap-ell, Ca5(P1-x 
Sx/2Six/2)F) and spinel (Spin, Mg(Al,Fe)2O4) as minor ones; 
whereas differences among samples are related on ye’e-
limite abundance and trace phase occurrence such as 
brownmillerite (Brw, Ca2(Al,Fe)2O5), ternesite (Tern, Ca5 
(SiO4)2(SO5)) and mayenite (May, Ca12Al14O33). Microtex-
tural investigations showed high density and low poro-
sity of samples, revealing larnite as main mineral with 
polygonal shape (i.e., granoblastic texture), anhedral 
ye’elimite, prismatic shulamitite and peciloblastic euhe-
dral fluorpatite crystals (Fig. 5). 

Ye’elimite-larnite granofels are always crisscrossed by 
later hydration veins that often reveal an internal structu-
ral made of a white core and brown rims: white core is 
mainly composed of calcium carbonate polymorphs 

(calcite, aragonite and vaterite) and minor gypsum (Ca-
SO4∙2H2O) ettringite (Ettr, Ca5Al12(OH)12(SO4)3∙26H2O) 
and tobermorite (Tob, Ca5H2Si5O18∙4H2O); whereas, 
brown rims are composed of low water reactive phases 
(Shul, Spin and Fap-ell), calcium carbonates, Ca-Si-H pha-
ses, hydrogarnet (Hydrg, Ca3Al2(OH)12) and aluminium 
hydroxides (i.e, gibbsite, nordstrandite and bayerite).

Ghareb Formation HT experiments (S-P-F-doped 
Cements)

Ghareb Fm. samples were collected at Rotem Amfort 
Mine (Fig. 2a) and were classified as calcimudstone rich 
in gypsum and apatite as fish bone fragments and pho-
sphatic pellets (Lewy, 1990; Schneider-Mor et al., 2012). 
The selection of Ghareb Fm. as starting raw material 
for synthetizing new green-cements was based on the 
following reasons: (i) Ghareb Fm. represents a volumi-
nous waste generated from the operations of the Rotem 
Amfort Mine (Israel), allowing the chance of waste ma-
nagement as alternative raw material promoting Circular 
Economy; (ii) Ghareb Fm. possesses a high concentra-
tion of dopant elements (P, S and F) which are common 
in several different wastes (phosphogypsum, bottom 
and fly ashes) that can even boost clinkering reactions 
(calcium silicate phases formation at HT) if are used as 
alternative raw materials (Kurdowski, 2014); (iii) Ghareb 
Fm., along with Taqiye Fm., represents the protolith of 
ye’elimite-larnite rocks, allowing for the reconstruction 
of the transformation processes (i.e., metamorphic re-
actions, microstructural changes, polymorphic transi-
tions and melting) during CP by means of HT laboratory 
experiments. 

Despite Ghareb Fm. samples showed a homogeneous 
and fine microtexture, three different inhomogeneities 
locally occurred at larger observation scale: (a) millime-
tric black, soft and porous nodules composed of calci-
te, goethite (FeO(OH)), quenstedtite (Fe2(SO4)3∙11H2O), 
bernalite (Fe(OH)3∙0.25H2O), titanite (CaTiSiO5) and mi-
nor clays; (b) millimetric gypsum-rich veins (> 90 wt%) 
with decicentimetric lateral continuity showing no pre-
ferred orientation; (c) submillimetric goethite-rich layers 
with decicentimetric later continuity revealing no prefer-
red orientation.   

HT experiments and in-situ HT SXRPD on Ghareb Fm. 
powdes highlighted microstructural, metamorphic re-
actions, polymorphic transition, crystal phase assembla-
ge changes occurring upon heating of impure limestone. 
Ghareb Fm. powders (i.e., S-P-F-rich impure limestone) 
were heated up to 1350°C revealing four main features 
occurring at different temperatures: 
(i) 800-1000°C, Fap-ell increased by the reaction

 3 Larn + 3 Anh + CaF2 → 2 Fap-ell
which leads larnite consumption; 

(ii) 1000-1200°C, ternesite crystallized by the reaction:
Fap-ell + 3/2 Larn → 3 /2 Tern + 1/2 CaF2 

Figure 4  Larnite Rocks outcrop highlighting a fine microtexture and 
anhydrous dark brown portions crisscrossed by internally structured 
hydration veins.

Figure 5 SEM of Larnite Rocks revealing the fine microtexture based 
on polygonal larnite (medium grey, yellow square), anhedral ye’elimi-
te (dark grey, red square), subhedral spinel (light grey, purple square), 
prismatic shulamite (white, green square) and euhedral peciloblastic 
fluorapatite (darker medium grey, light blue square).
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which released fluorite; 
(iii) 1200-1250°C (Fig. 6), 1st melting event (LT melt) due 

to the incongruent melting of:
 Larn + Fap-ell + CaF2 → Larn + Fap-ell + Liquid 

(iv) 1250-1280°C, 2nd melting event (HT melt) featured by 
the melting of Ca-Al-Fe-rich phases (i.e., brownmille-
rite, mayenite and part of ye’elimite) revealed by the 
change from euhedral to xenomorphic texture. 

Furthermore, hatrurite (also called alite, Ca3SiO5) cry-
stallized at T of 1200-1250°C forming coarse pecilobla-
stic pseudohexagonal crystals (Fig. 6), which later breaks 
down at T > 1250°C. At T > 1250°C hatrurite turned from 
euhedral crystals (100-200 μm) to rounded crystals with 
lesser inclusions that are made of May+Brw. All these 
outcomes are relevant for cement manufacture becau-
se Ghareb Fm. represents the starting raw material for 
producing a S-P-F-doped Cement (i.e., new type of gre-
en-cement). 

Fe-rich Belite Cement (F-BC) synthesis

An industrial raw meal composed of a mixture of li-

mestone, clays, hematite and gypsum was used to pre-
pare F-BC at laboratory scale (Table 1), studying micro-
structural, mineralogical and crystallographic changes 
occurring during heating up to 1350°C. Commercial BCs 
are always composed of mainly larnite, brownmillerite, 
mayenite and/or celite (Cel, Ca3Al2O6) plus a variable 
amount of ye’elemite depending on the selected SO3 

content (De La Torre et al., 2007). Our F-BC prepared at 
laboratory scale highlighted Larn-Brw-Yel-May already 
stable at T ≥ 1200°C, despite this final mineral assembla-
ge usually occurs between 1300-1350°C (Ghorab et al., 
2014): this result represents an important outcome for 
improving BCs manufacture. Samples heated at T ≤ 1300 
°C showed a microtexture based on micrometric crystals 
of Larn, Yel, May and coarser prismatic Brw with high 
porosity; whereas samples heated T > 1300°C figured 
out lower porosity, coarse rounded Larn, subhedral Yel 
and xenomorphic matric of Brw. This dramatic change in 
microtextural features is accounted to the main melting 
event of BCs which usually occurs between 1270-1309 
°C leading the formation of a melt mainly rich in Ca, Al 
and Fe (Brw and May melt) improving the growth of cry-
stal phases and reactions (Kurdowski, 2014).

Hydration experiments

Hydration properties comparison between ye’elimi-
te-larnite granofels and F-BC prepared at 1350°C was 
made by means of hydration experiments. Cements 
were prepared by adding 3 wt% of gypsum to ye’eli-
mite-larnite granofels powder and F-BC. Later, cemen-
ts were mixed with water (0.5 water/cement ratio) and 
investigated till 28 hydration days. Results highlighted 
that natural and synthetic Belite Cement have similar 
heat release and crystal phase evolution during hydra-
tion, excepted for the earlier crystallisation of stratlingite 
(Strat, Ca2Al2SiO2(OH)2∙3H2O) after 7 hydration days for 
natural cement.

Furthermore, the natural hydration of ye’elimite-larnite 
granofels was reproduced at laboratory scale by hydra-
ting (a) rock powders and (b) rock fragments. (a) Rock 
powders hydration revealed after 4 months a mineral as-
semblage composed of unreacted larnite, low reactive 
phases (i.e., Fap-ell, Shu and spinel), stratlingite, ettrin-
gite, calcite, aluminium hydroxides and amorphous Ca-
Si-H, which the latter comes from larnite hydration star-
ting after 12 hydration weeks.  However, the obtained 
phase assemblage is similar to brown rims one, excep-
ted for the occurrence of stratlingite and amorphous Ca-
Si-H instead of crystalline Ca-Si-H phase and hydrogar-
net: stratlingite should later breakdown in hydrogarnet 
and Ca-Si-H phases when Ca(OH)2 content increases 
due to larnite hydration. (b) Rock fragments hydration 
produced a white precipitate made of calcite, ettringite, 
gypsum and aluminium hydroxides, which well fits with 
white core mineral assemblage of natural hydrated veins.  

Figure 6 RLM of Ghareb Fm. powders heated at 1250°C after Nital 
etching at (a) parallel nicols and (b) crossed nicols, revealing pecilobla-
stic pseudohexagonal hatrutite.
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DISCUSSION AND CONCLUSIONS
This study deeply compared the natural process of 

Combustion Pyrometamorphism (CP) that involved im-
pure limestones occurring in Hatrurim Basin (Israel) and 
the synthetic analogous process of cement manufacture 
by means of a multidisciplinary approach. 

The geological field trip in Hatrurim Basin area al-
lowed to collect both CP rocks and protolith of Larnite 
Rocks, and relevant geological features making a direct 
comparison with available bibliographic data. Chemical 
composition differences (i.e., changes inside the CaO-
SiO2-Al2O3) and microstructural changes observed along 
the metamorphic sequence are well linked to changes 
occurring inside the pristine sedimentary sequence: (i) 
metamorphosed Mishash Fm. corresponds to the base 
of metamorphosed sequence; (ii) gehlenite-wollasto-
nite and anorthite-diopside hornfels represent brown 
to black layers corresponding to the metamorphism 
of marls belonging to Taqiye Fm.; (iii) stratified Larnite 
Rocks and calcite-spurrite well fit with HT metamorphi-
sm of well stratified marly limestone of Hafir Member 
(Upper Taqiye Fm.). Furthermore, HT rocks usually occur 
at the metamorphic sequence top or areas featured by 
high oxygen availability. Therefore, all results confirmed 
the general hypothesis of in-situ HT and LP metamorphi-
sm of a sedimentary sequence by methance-rich gases 
combustion which came from deep hydrocarbon reser-
voirs. 

The study on protolith of Larnite Rocks (Ghareb Fm.) 
was crucial to reveal detailed mineralogical and crystallo-
graphic information and to highlight natural anisotropies 
which influence mineral assemblage and microtexture of 
resulting CP rocks. The link between Ghareb Fm. inho-
mogeneities and ye’elimite-larnite granofels microtextu-
re was confirmed by: (i) millimetric black nodules rich in 
spinel and Ti-bearing phases in ye’elimite-larnite grano-
fels should be correlated with millimetric dark nodules 
rich in Fe-phases and minor titanite occurring inside pri-
stine limestone; (ii) coarse fluorapatite crystals occurring 
inside ye’elimite-larnite granofels should be linked to the 
occurrence of phosphatic pellets inside protolith rocks.

Detailed crystallographic and microtextural investiga-
tions on ye’elimite-larnite granofels and the equivalent 
green-cement doped in S-P-F, which was laboratory 
prepared using ye’elimite-larnite granofels protolith, re-
vealed crystal phase evolution upon heating till 1350°C 
showing two main melting events: (i) low-T melt rich in 
Anh-Larn-CaF2 is produced from T ≥ 1054°C when CaF2 
is released during Tern crystallisation and Fap-ell break-
down; (ii) high-T Al-Fe-rich melt occurs at 1250-1270°C, 
leading microtextural features close to BCs ones. Fur-
thermore, highly doped hatrurite occurred at Room Tem-
perature (RT) after heating Ghareb Fm. at 1244°C even 
with a slow cooling, representing a relevant outcome for 
designing new green-cements and advancing cement 

manufacture: the simultaneous occurrence of S, P and F 
in cement raw meal strongly improves hydration proper-
ties and reduces combustion T. Therefore, this study fi-
gured out the availability of S-P-F-rich wastes reuse (e.g., 
phosphogypsum, solid urban wastes, F-rich sludges and 
S-P-F-rich rock wastes) as alternative raw materials in 
cement manufacture coping with the aim of managing 
waste-related problems (dangerous elements pollution, 
reducing land use for landfills and waste treatment co-
sts) and reducing CO2 emissions (lowering combustion 
T, fuel and natural raw materials consumption). Further-
more, results could be employed not only for improving 
cement manufacture but also for advancing oil fields 
exploration, due to the vicinity of CP rocks to oil and gas 
reservoirs: CP rocks could be used as a proxy especially 
for methane-rich reservoirs exploration. 

F-BC samples showed a mineral assemblage and hy-
dration properties similar to commercial BCs. Neverthe-
less, results highlighted that the BCs final mineral assem-
blage (Larn-Brw-Yel) was already occurring at 1200°C 
with high porous and fine microtexture representing re-
levant outcomes for BCs manufacture allowing: (a) lower 
energy expenditure and CO2 emission reduction thanks 
for the lower combustion T compared to common BCs 
conditions (1250-1350°C); (b) lower grinding costs than-
ks to the advantageous porous-soft microtexture that 
represents a main item of expenditure in cement manu-
facture; (c) the positive reuse of Fe-S-rich wastes as alter-
native raw material helps in handling bauxite supply and 
landfill related problems.

 Natural ye’elimite-larnite granofels figured out similar 
hydration reactions of F-BC, excepted for earlier strat-
lingite occurrence in natural cement due the hydration 
contribution of minor phases such as mayenite and alu-
minium hydroxides: Al(OH)3 that occurs as minor phase 
in Larnite Rocks and is also produced by mayenite hydra-
tion can reacts with Ca-Si-H phases forming stratlingite. 

Furthermore, hydration experiments on ye’elimite-lar-
nite granofels clarified the formation of natural hydrated 
veins better explain their textural features: (i) the weathe-
ring of ye’elimite-larnite granofels outcrops caused the 
water interaction with reactive anhydrous phases (e.g., 
larnite, ye’elimite, mayenite, brownmillerite and terne-
site) leading a circulating pore solution rich in Ca(OH)2, 
(SO4)

2-  and Al(OH)3, and hydration products (i.e., Ca-Si-H 
phases, Hydrg, gibbsite and Ettr); (ii) the resulting pore 
solution infills cracks and lead the precipitation of calcite, 
ettringite and gypsum, forming white core of hydration 
veins; (iii) the hydration products remain in the same po-
sition close to anhydrous portions and gradually crystal-
lise as Ca-Si-H phases (tobermorite, jennite and afwillite), 
hydrogarnet, gibbsite and minor minerals coming from 
the pore solution (e.g., calcite, ettringite and gypsum), 
resulting in the brown rims of hydration veins. 
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INTRODUCTION AND AIM OF THE WORK
Carbonatites are rare magmatic rocks but of great 

importance for several reasons, among which: (i) scien-
tific importance, given their petrogenesis that involves 
modified carbonated mantle, liquid immiscibility, geo-
dynamic setting (e.g., Yaxley et al., 2022); (ii) economic 
relevance, given that they are considered the main nat-
ural hosts of critical metals for key economic sectors in 
heavily industrialized countries, due to their great abun-
dance in Rare Earth Elements (REEs) and trace elements 
(such as Nb, Hf, U, Th, etc), essential in many high-tech 
applications (e.g., Anenburg et al., 2021); (iii) environ-
mental, due their strict ties with CO2 uptake and exsolu-
tion. Despite their importance, many aspects of carbon-
atites petrogenesis and evolution processes remain still 
poorly constrained. One of the principal purposes of the 
scientific community is to refine the existing models for 
carbonatite magma petrogenesis, because they provide 
meaningful information on the deep geochemical cycle 
of carbon and mantle metasomatism. Then, it is funda-
mental to understand not only the genesis of carbonatite 
magmatism investigating its source, but also any possi-

ble post-genetic process during the evolutionary history 
of carbonatite melt. 

This work adopts a multidisciplinary approach to de-
fine petrology and isotope geochemistry of carbonatites 
in different geodynamic settings. The goal is to charac-
terize the source of carbonatite magmatism and identify 
any post-genetic processes such as crustal contamina-
tion, mixing processes, isotopic exchanges, hydrother-
mal mineralization, that were able to modify the prima-
ry signature and the origin composition of carbonatite 
melts. Fuerteventura (Canary Islands) was taken rep-
resentative of oceanic carbonatites, while Mt. Vulture 
(southern Italy) was taken representative of intra-conti-
nental carbonatites, within the particular geodynamic 
context of Apennine subduction zone (Fig. 1). The com-
parison of oceanic carbonatites with intra-continental 
ones was aimed to provide information on the mantle 
source and the relationship of carbonatite magmatism 
with the various geodynamic settings, trying to under-
stand why oceanic carbonatites are so rare if compared 
with continental counterpart. Principal inferences regard 
also the role of the carbonatite melts in metasomatiz-

Figure 1 Geographic location 
of the two studied areas.
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ing the mantle source, and also on the importance of 
post-magmatic processes in which the infiltrating fluids 
play an important role in the transport and concentration 
of REEs.

To achieve these objectives, for each case study, a de-
tailed minero-petrographic and minero-chemical char-
acterization was firstly carried out. In particular, a detailed 
micro-thermometric study was performed in Fuerteven-
tura carbonatites to understand the processes involved 
in carbonatite-related hydrothermal mineralization and 
formation condition (temperature, pressure and compo-
sition of fluid inclusions), and in Mt. Vulture products to 
provide important information about the melilitite-car-
bonatite magma ascent path and its mantle source, de-
scribing the volcano plumbing system and the way in 
which these very particular magmas are transported to 
the surface, with considerations about carbonatite man-
tle metasomatism and possible implications in terms of 
volcanic hazard. Subsequently, a characterization of no-
ble gases (He, Ne and Ar), together with literature data of 
stable isotopes (δ13C and δ18O), and Sr-Nd-Pb systemat-
ics, applied on studied carbonatite products (or closely 
related to them), was implemented. 

RESULTS AND DISCUSSION

The case study of Fuerteventura (Canary Islands)

Hydrothermal fluids and formation conditions of 
REE enrichment processes 

Carbonatitic dykes that crop out in the central western 
part of Fuerteventura Basal Complex were affected by 
the Miocene intrusive event responsible for contact 
metamorphism and partial melting of part of the alka-
line-carbonatitic complex (Casillas et al., 2011). Indeed, 
the original igneous mineralogy disappeared comple-
tely in the anatectic zone, and a metamorphic association 
composed of wollastonite, monticellite, diopside, vesu-
vianite, garnet, calcite, perovskite, alabandite, pyrrhotite 
and Nb–Zr–Ca silicates (cuspidine–niocalite–baghdadite 
series) was formed (Casillas et al., 2011). The absence 
of metamorphic minerals typical of the contact zone, 
together with the presence of primary magmatic mine-

rals such as apatite, biotite, and aegirine-augite, indicate 
that carbonatite outcrops in Punta de La Nao (Ajuy-Sola-
pa sector) escaped this thermal overprint and preserve 
their original igneous assemblage and textures (Carne-
vale et al., 2020). Furthermore, the presence of monazi-
te enriched in LREE (La, Ce, Nd) formation processes in 
microfractures that affect zircon crystals (Fig. 2), suggests 
carbonatite interactions with hydrothermal fluids and 
partial REE remobilization processes. Indeed, at sub-so-
lidus temperatures (T > 600°C) and the brine-melt stage 
(600°C ≤ T ≤ 400°C), where REEs are sufficiently concen-
trated in the residual brine-melt to form REE-minerals, 
the infiltrating fluids during the hydrothermal stage play 
an important role in the transport and concentration of 
REEs. The identification of chlorite (d001=14 Å), vermiculi-
te (d001=16,6 Å) and interstratified illite-smectite (d001=13 
Å) as hydrothermal alteration minerals, allows to frame 
the hydrothermal event in the metamorphic facies of ze-
olites, and the formation of these hydrothermal altera-
tion minerals is due to a metasomatism process caused 
by the exsolution of a hydrothermal fluid phase from the 
magma that gave rise to carbonatite in the last moments 
of cooling (i.e. autometasomatism, a common process in 
carbonatitic intrusive rocks) (Carnevale et al., 2020).

In order to further constrain the formation conditions 
and characterize the late-stage hydrothermal fluids, the 
study of fluid inclusions (FIs) in carbonatite rocks is essen-
tial, and micro-thermometric studies represent the most 
straightforward method to obtain information about flu-
id temperature, pressure and composition (e.g., Carne-
vale et al., 2022a). Fuerteventura carbonatites show the 
presence of isolated FIs in host calcite minerals, sugge-
sting a primary origin. The size of the inclusions is < 10 
µm, and they mostly are in the range of 1-5 µm. Their 
shape is generally irregular, with negative-crystal forms 
and square shapes, according to the host calcite mine-
ral. Few rounded isolated FIs in apatite are also present. 
Some FIs show textural characteristics of partial decre-
pitation, such as haloes of tiny fluid inclusions (diame-
ter < 0.1 µm) surrounding the inclusion cavity, revealing 
that some events of partial density re-equilibration have 
occurred. Some intragranular trails confined within cal-

Figure 2 Backscattered 
electron images (BSE) 
of (a) zircon (Zrn) cry-
stal and (b) filled mi-
crofractures in zircon 
crystal with monazite 
enriched in LREE (La, 
Ce, Nd).
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cite grain-boundary and crystal interior are also found. 
Observing the temperatures of phase changes in FIs 
during heating/cooling analyses, it is possible to know 
the composition of the inclusions for the appropriate 
chemical system, because each chemical system has its 
own eutectic temperature (Te). Results show apparent 
eutectic temperatures ranging from -21.7 to -21.0°C, al-
though the small dimension of FIs did not allow the cor-
rect determination of Te* for almost all inclusions. Thus, 
the eutectic behavior and the narrow range of measured 
Te suggest the well know binary NaCl-H2O system (Te = 
-21.2°C) as a characterizing chemical system in studied 
FIs. No CO2 was detected (the eutectic temperature of 
pure CO2 is -56.6°C). With the Te range and the chemical 
system, the final ice melting temperatures (Tim) during 
heating was also measured ranging between -3.2 and 
-2.1°C and corresponding to salinities of 5.3 and 3.6 wt% 
NaCleq, respectively. All studied fluid inclusions homoge-
nize to liquid phase (ThL; L + V = L), with homogenization 
temperature ranging from 142.7 to 208.7°C (correspon-
ding to densities of 0.95 and 0.88 g/cm3, respectively) 
and homogenization pressures ranging from 4.6 to 15.3 
bars. To resume, micro-thermometric studies on Fuerte-
ventura carbonatites shows the presence of low salinity 
(≅ 5 wt% NaCleq) and low temperatures (< 300°C) fluids 
trapped within primary calcite crystals, corroborating 
that processes of fluid/rock interaction occurred. Thus, 
REEs can be mobilised and concentrated on the local 
scale by low-temperature hydrothermal fluids with a pro-
cess known as autometasomatism, accordingly with the 

more recent classification proposed by Mitchell & Gittin-
gs (2022) using the term carbo-hydrothermalite, where a 
carbonatite can precipitate at sub-solidus temperatures 
from a mixed CO2–H2O fluid during late-stage processes.

3He/4He isotopic ratios 

Even though calcite 3He/4He ratios on Fuerteventura 
carbonatites (up to 3.86Ra) are a little higher than cli-
nopyroxenes (≈ 2.23Ra) and higher than apatites (up 
to 0.08Ra), they present values significantly lower than 
typical MORB mantle values (R/Ra = 8 ± 1), while cli-
nopyroxenes from clinopyroxenite show 3He/4He ratios 
(≈ 6.66Ra) slightly lower than typical MORB mantle va-
lues and in the range of sub-continental lithospheric 
mantle values (SCLM, 6.1 Ra ± 0.9). The lower values on 
mineral separates from Fuerteventura carbonatites might 
be caused by “magma aging” (i.e. internal production of 
radiogenic 4He* from U and Th content that lower the 
original R/Ra ratio of the magmatic source). However, 
considering (i) 3He and 4He concentration, (ii) Th and U 
content measured on calcite and clinopyroxene separa-
tes and (iii) contribution of radiogenic 4He*, using a sim-
ple magma aging model, initial R/Ra ratios of calcite and 
clinopyroxene from carbonatite and clinopyroxene from 
clinopyroxenite are not significantly modified. Indeed, 
initial R/Ra ratios continue to present values lower than 
typical MORB mantle values (≈5.10Ra and ≈5.24Ra for 
calcite and clinopyroxene from carbonatite and ≈6.82Ra 
for clinopyroxene from clinopyroxenite), and they are in 
the range of SCLM. An age of 53.5 Ma would be required 

Figure 3 Hypothetical schematic profile view of the upper mantle/crust under Cape Verde and Canary Archipelago (not in scale) with the involve-
ment of the proposed mantle components and the mechanism of physical detachment of the sub-continental lithospheric mantle (SCLM) caused 
by edge-driven convection during breakup of the Pangea Supercontinent and incorporated into the oceanic lithospheric mantle beneath at least 
some Canary Islands.
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for Fuerteventura carbonatites to bring the initial R/Ra ra-
tio of 8 on calcite, and this is not realistic as have ages 
close to 25 Ma (Muñoz et al., 2005). We therefore consi-
der the He isotopic ratio from the calcite to be reflective 
of a sub-continental lithospheric mantle signature.

Figure 3 shows a summary of the proposed mantle 
components for Canary and Cape Verde primitive mag-
mas and shows also a clear regional distribution and 
an isotopic dichotomy of 3He/4He ratios in both silicate 
rocks and Cape Verde carbonatites. This regional di-
stribution appears to be slight on Canary Islands, with 
an apparent increase of R/Ra from eastern (oldest) to 
western (youngest) Islands, and all islands except for 
Fuerteventura, present a MORB-like values. Interestin-
gly, both Fuerteventura carbonatites and silicate rocks, 
present R/Ra values lower to slightly lower than typical 
MORB mantle values, and they are in the range of SCLM 
(Carnevale et al., 2021).

The case study of Mt. Vulture (southern Italy)

Carbonatites and xenoliths: a look into the mantle

The carbonatite magmatism from Mt. Vulture is essen-
tially related to a phreatomagmatic activity of the last 
melilitite-carbonatite eruption (141 ± 11 ka, Villa & Buet-
tner, 2009). The presence of ash-rich tuff deposits with a 
melilitite-carbonatite matrix and carbonatite-rich layers 
within the matrix, reflects the direct evidence of carbo-
natite magmatism. Furthermore, a robust amount of pel-
letal lapilli (enclosing mantle xenoliths) and mantle xe-
noliths from the melilitite-carbonatite matrix, represents 
a great tool to understand the composition and possible 
modification of a mantle source influenced by carbona-
tite metasomatic fluids. Mantle xenoliths are rounded, of 
an average 4-5 cm in diameter, with some rarely samples 
up to 10 cm. The grain size of the mantle xenoliths is va-
riable, fine- to medium-grained (0.5-1 mm) in the case of 
the lherzolite and wehrlite, medium- to coarse-grained 
(2-5 mm) in the case of the wehrlite, ol-clinopyroxenite 
and dunite (Fig. 4). The texture is usually equigranular 
and sub-idioblastic, with the exception of dunite xeno-

lith that show an inequigranular texture. All xenoliths 
show a granoblastic-decussate structure, where the in-
terlocking and randomly oriented grains are variably 
elongated. Well-defined triple junctions are common. 
Olivine usually shows undulose extinction and deforma-
tion structures such as kink bands, while orthopyroxene 
and clinopyroxene (emerald green Cr-diopside) occur 
as subhedral/anhedral with curvilinear boundaries. Spi-
nel is also present as subhedral/anhedral, with colour 
varying from brown to dark brown. Noteworthy, is the 
presence in the xenoliths of phlogopite and reaction rim 
in orthopyroxene replaced by a very fine-grained assem-
blage of olivine and clinopyroxene microcrysts, sugge-
sting that metasomatism processes occurred. Among 
the Mt. Vulture mantle products, the presence of wehrli-
te xenoliths is widely recognized and is corroborated by 
our findings where pelletal lapilli cores are largely wehr-
litic. (La/Yb)N ratios (> 3–4), the presence of carbonates 
and apatites in some wehrlites, suggest carbonatite me-
tasomatism and the role of carbonatite melts instead of 
silicate melts in metasomatizing the wehrlite xenoliths. 

The chemical composition of olivine, orthopyroxene, 
and clinopyroxene minerals from the mantle xenoliths is 
similar to those from the ultramafic core of pelletal lapilli 
and from the loose xenocrysts within the melilitite-carbo-
natite matrix. Olivines show Mg-rich composition (Fo87-

92) and relatively high NiO (0.2 to 0.4 wt%), with some 
exception in dunite xenolith with low NiO content (0.08 
wt%). Orthopyroxenes show also high values of Mg (Mg# 
= 0.89-0.90), and compositionally, the proportion of En 
(Wo2-3, En86-87, Fs10-11) shows a positive correlation with 
the Fo content of the coexisting olivine. Clinopyroxenes 
are essentially diopside in composition (Wo47-51, En44-48, 
Fs5-7) with some Na-rich and Ca-poor exceptions, and 
they generally show high Cr2O3 (0.6-1.4 wt%) and high 
Mg# values (0.87 to 0.91). 

Pelletal lapilli are considered the juvenile component 
of the last Mt. Vulture volcano activity, representing the 
interface between the erupting silica undersaturated 
melilititic-carbonatitic magma and the volatile compo-
nent, this latter considered very important in the evolu-

Figure 4 Mantle xenoliths 
hand specimens and re-
lated parallel polars (PPL) 
photomicrographs of (a) 
fine-grained lherzolite, (b) 
medium-grained wehrlite, 
and (c) coarse-grained du-
nite, respectively. ol = olivi-
ne; opx = orthopyroxene; 
cpx = clinopyroxene (eme-
rald green Cr-diopside); 
spl = spinel.



41

PLINIUS  49 | 2023

tionary history of the erupting magma (Lloyd & Stoppa, 
2003). Thus, the whole rock chemistry of the external 
portion of Mt. Vulture pelletal lapilli represents a good 
tracer to distinguish the literature data of sedimentary 
calcrete-carbonate portion from the melilitite-carbona-
tite one. Indeed, the external portion of pelletal lapilli 
shows concentrations (e.g., Ba = 2430 ppm; Sr = 1250 
ppm; ∑REE = 527 ppm) comparable with those of the 
average values of Ca-carbonatite and plotting onto the 
average range of extrusive carbonatites, suggesting a 
possible contribution of a carbonatite melt in the trace 
elements enrichment processes.

The study of chemical composition together with trap-
ping temperature and pressure of fluid inclusions trap-
ped in rock-forming minerals of mantle xenoliths pro-
vides insights into the PT history of the mantle and the 
mineral-melt-fluid interaction processes in the mantle 
and within the volcano magma storage system. Fluid in-
clusions are present in all studied samples, in both ultra-
mafic cores of pelletal lapilli and in mantle xenoliths. The 
histograms of densities of FIs in mantle xenoliths show 
a similar modal distribution if compared with those of 
mantle xenolith cores of pelletal lapilli (Carnevale et al., 
2022b). FIs trapped in lherzolite and wehrlite xenoliths 
registered magma ponding at different depths within 
the Mt. Vulture magma system (Fig.  5). The first ponding 
stage corresponds to the local crust-mantle boundary 
(at about 32 km depth), while the second corresponds 
to a shallow ponding stage (at about 12-14 km depth), 
as corroborated by geophysical evidences of solidified 
magmatic body at the same depth below the Vulture 
volcano (Improta et al., 2014). In order to constrain the 
ascent velocity of the melilitite-carbonatite magma, we 
used the equation from Lister & Kerr (1991). Our result 
of the ascent rate (≈ 20 m/s) of the melilitite-carbona-

tite magma is in the same order of the ascent rates of 
kimberlite magmatism. If we consider also recent studies 
showing how volcanic systems where activity has remai-
ned dormant for protracted periods (> 100 ka) still have 
the potential for reactivation (e.g., Giordano & Caricchi, 
2022), and in Mt. Vulture there is a possible link between 
the development of tear faults, magmatism and related 
magma ascent along these tectonic pathways (Pecce-
rillo, 2017), our study highlight that the volcanological 
community should pose great attention to volcanic ha-
zard in melilitite-carbonatite volcanoes, and it should be 
carefully evaluated even after long time of quiescence.

Oceanic carbonatites: petrogenetic model

Carbonatite magmatism is essentially related to in-
traplate continental tectonic settings, with only two occur-
rences in oceanic tectonic setting: Cape Verde and Ca-
nary (Fuerteventura) Archipelago. Several studies were 
proposed trying to explain why oceanic carbonatites are 
so rare and are not found in all HIMU-OIB-like archipe-
lagos (e.g., Doucelance et al., 2010), but currently there 
is no petrogenetic model that can constrain the issue in 
detail. Although it is a simple model, here is presented a 
carbonatite petrogenetic model in oceanic environment 
(Fig. 6) based essentially on the most important geoche-
mical and experimental petrology studies and on the 
main results of this thesis. Since the pioneering studies 
of experimental petrology about carbonatite petrogene-
sis it is clear that all petrogenetic processes are related to 
the formation of a primary carbonate melt derived from 
a carbonated mantle, with processes of metasomatism 
with carbonatitic melts, notwithstanding the oceanic or 
intracontinental context. Hammouda & Keshav (2015) 
show how the region located in the depth range of 90 to 
150 km deep is where carbonatitic melts can most likely 

Figure 5 Simplified cross section of Vulture volcano ponding stages.
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be produced and impregnate the surrounding mantle 
through metasomatism, and the upper bound of this re-
gion is called the carbonate ledge. This latter represents 
the shallowest depth at which carbonate melt is stable 
before degassing, and in the carbonated peridotite sy-
stem is located between 20 and 30 kbar (Hammouda & 
Keshav, 2015). Therefore, the presence of the carbonate 
ledge prevents carbonatite magmas to reach the surfa-
ce, and only very fast ascent rates can prevent primary 
carbonatites from degassing by reaction at the ledge 
through the ascent to the surface. However, Hammou-
da et al. (2014) experimentally demonstrated that in hot 
thermal environments the ledge could be avoided, re-
acting with an harzburgitic mantle and becoming more 
calcic upon ascent. Moreover, according to them, Schmi-
dt & Weidendorfer (2018) proposed that oceanic carbo-
natites develop in hotspots where primitive silicate melts 
have the lowest SiO2 and highest total alkalis, characte-
ristics that originate from deep and low-degree melting, 
and this would be responsible for more abundant carbo-
natites in continental hotspots, where the lithosphere is a 
priori thicker than below oceanic crust. Thus, in oceanic 
tectonic settings it is fundamental the thickness of the 
lithosphere, and this is perfectly in agreement with the 
thickness of the lithosphere under Fuerteventura and 
Cape Verde Archipelago, with an anomalously high tran-
sitional oceanic to continental crust. To resume, accor-
ding also with Doucelance et al. (2010), here it is propo-
sed a petrogenetic model that can be described as the 
“PluMeTh” condition: 1) there must be a mantle plume 
to preserve the required hot environment and acting as 
a trigger for low-degree partial melting at the base of the 
oceanic lithosphere; 2) processes of mantle Metasomati-
sm by carbonatitic melts in a carbonated mantle with the 

involvement of a SCLM are needed; 3) the oceanic litho-
sphere must be Thick in order to favor plume-induced 
partial melting at the base, with the production of primi-
tive silicate melts with the lowest SiO2 and highest total 
alkalis and the subsequent processes that drive evolving 
melts into the carbonatite–silicate miscibility gap.

CONCLUSIONS
The multidisciplinary approach of this thesis on pe-

trology and geochemistry of carbonatites permitted 
characterize the source of carbonatite magmatism in 
different geodynamic settings, identifying the role of the 
infiltrating fluids in the transport and concentration of 
Rare Earth Elements (REEs), and the role of the carbona-
tite primary melts in metasomatizing the mantle source. 
To resume, 

(i) regarding the case study of Fuerteventura: 
(1) isotope geochemistry (noble gases) gives an impor-

tant contribution to the oceanic carbonatite petro-
genesis; 

(2) combining our results with the most important geo-
chemical and experimental petrology studies a ge-
neral petrogenetic model for oceanic carbonatites 
is proposed;

(3) petrography, mineral and whole-rock chemistry 
show how the low temperature fluids play an im-
portant role in the transport and REEs concentration 
processes in carbonatites after the magmatic stage, 
with direct implications of economic interest.

(ii) regarding the case study of Mt. Vulture:
(1) fluid inclusions micro-thermometry shows the pre-

sence of CO2-rich fluids in mantle xenoliths, and two 

Figure 6 Proposed simple petrogenetic model for oceanic carbonatites with the PluMeTh condition.
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different magma storage at different depth in Mt. 
Vulture volcanic system;

(2) modelling magma ascent rate results in quite high 
velocity (≈ 20 m/s) for melilitite-carbonatite mag-
mas;

(3) detailed petrographic studies show evidences of 
wehrlitization processes as a consequence of carbo-
natite metasomatism in lithospheric mantle;

(4) the evidences of carbonatite-like metasomatism 
and mantle degassing, and the presence of mant-
le xenoliths in volcanic systems related to diatreme 
explosive eruptions with long quiescence period 
and high velocity magma ascent rate, are conside-
red important in the evaluation of volcanic hazard.  
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INTRODUCTION
The Alps are a collisional belt, developed after the 

closure of the Alpine Tethys, opened in Jurassic times 
between the Adriatic and European continental pale-
o-margins (see Dal Piaz et al., 2003 for a review). A com-
pelling challenge is to provide new data to constrain the 
lithostratigraphic setting and metamorphic evolution of 
various tectonic units from the Ligurian-Piedmont zone. 
With the intent to constrain the relative pre-collisional 
position and the Alpine tectono-metamorphic evolution 
of four tectonic units exposed in the upper Susa and 
Chisone valleys (Western Alps), the data here presented 
derive from a Ph.D. project which investigated: the Ban-
chetta-Rognosa unit, the Albergian unit, the Lago Nero 
unit and the Chenaillet ophiolite.

A multidisciplinary approach was paramount to unra-
vel the tectono-stratigraphic and tectono-metamorphic 
evolution of these units from the Axial sector of the Al-
pine belt.  

The Ph.D. project was hence based on combined field 
survey, petrographic observations, and thermodyna-
mic modeling. Field investigations were carried out in 
order to study the stratigraphic relationships and the 
present-day juxtaposition among different rock bodies. 
Petrographic observations (combined with mineral che-
mistry analyses) were carried out in order to define the 
blastesis/deformation relationships and constrain tecto-
no-metamorphic events in the different tectonic units, 
correlating mesoscale and microscale data. Thermody-
namic modeling allowed to reconstruct the P-T paths 
followed by each unit during the Alpine metamorphic 
evolution.

The overall intent of this work was to propose a re-
construction of the tectono-metamorphic evolution of 
the axial sector of the Alpine chain in the Cottian Alps, 
considering the new lithostratigraphic and metamorphic 
data. The hope is to lead to a better interpretation of the 
geological features and geometric relationships of four 
tectonic units, to unravel their syn-rift tectonic history 
and their following Alpine evolution.

GEOLOGICAL SETTING OF THE STUDIED 
AREA

Based on geophysical investigations (Roure et al., 
1996; Pfiffner et al., 1997), the Western Alps can be sub-
divided in three sectors: i) the inner part of the chain, 
the Adriatic paleo-margin representing the upper plate 
of the collisional system; ii) the outer part of the chain, 
the European paleo-margin representing the lower pla-
te; iii) the axial sector, where units from the oceanic litho-
sphere, European and Adriatic crust are tectonically jux-
taposed. This sector can be further subdivided (Malusà 
et al., 2011) in Cretaceous wedge, the Eocene Eclogite 
belt, and the Frontal Wedge (both made of continental- 
and oceanic-derived Penninic units). The axial sector is 
characterized by a wide range of peak Alpine metamor-
phism (from UHP eclogite-facies to greenschist-facies 
conditions) and is characterized by a double vergence, 
towards the inner and outer part of the chain. 

The studied units belong to the Ligurian-Piedmont 
Zone (LPZ hereafter) cropping out in the upper Susa Val-
ley and Chisone valleys. In their general traits, the units 
ascribed to the LPZ are made of widespread calcschi-
sts embedding ophiolitic bodies. Locally in the studied 
area, sectors of crystalline basement rocks with associa-
ted carbonate meta-sedimentary covers occur (i.e., the 
Ambin massif and the here discussed Banchetta-Rogno-
sa tectonic unit). 

Well known and studied since the dawn of geological 
studies (e.g., Barale et al., 2022; Mosca & Barale, 2022), 
the LPZ cropping out in the considered area can be sub-
divided into different units taking into account the tec-
tono-stratigraphic records (Servizio Geologico d’Italia, 
2002, 2020) an/or the structural setting and metamor-
phic conditions (Agard et al., 2001; Beyssac et al., 2002; 
Agard, 2021). 

From a general point of view, the studied units fall in 
the blueschist-facies domain (Bousquet et al., 2008): i) 
the Albergian and Lago Nero units belong to the blue-
schist-facies units of the LPZ, mainly made of calcschists 
and meta-ophiolitic bodies, ii) the Banchetta-Rognosa 
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unit represents a tectonic unit made of both continen-
tal- and oceanic-derived rocks, recording eclogite-facies 
conditions (Corno et al., 2021), iii) the Chenaillet ophioli-
te has historically been described as a portion of oceanic 
lithosphere with no sedimentary cover, which escaped 
Alpine HP metamorphism, although this project found 
evidence of LT-blueschist metamorphism (Corno et al., 
2023).

In last years, several authors focused on the recon-
struction of pre-collisional paleo-geographic setting, 
by comparison with studies on modern tectonic plate 
boundaries and architecture of ocean floors (Mohn et al.,  
2012, 2014; Festa et al., 2015; Lagabrielle et al., 2015; 
Decarlis et al., 2017; Tartarotti et al., 2021). Similar studies 
are quite difficult for units forming the HP-axial sector of 
the Alpine belt (e.g. Beltrando et al., 2012, 2014). This 
study aimed to try to restore the relative positions of the 
four studied units with respect to the continental mar-
gins and the complex framework of the Alpine Tethys.   

THE STUDIED UNITS

The Banchetta –Rognosa tectonic unit

The Banchetta-Rognosa tectonic unit (BRU hereafter) 
consists of two juxtaposed successions respectively re-

cording the Mesozoic tectono-depositional evolution 
of (i) a continental margin, i.e., Monte Banchetta suc-
cession, and (ii) a neighboring oceanic sector, i.e. Punta 
Rognosa succession, both covered by the same post-rift 
sediments consisting of Upper Jurassic?-Cretaceous car-
bonate micaschist. Several papers by the Authors focu-
sed on the lithostratigraphy, petrography, and metamor-
phic evolution of the oceanic succession (Corno et al., 
2019) as well as the continental one (Corno et al., 2021a, 
b). The result of extensive and detailed lithostratigraphic 
and structural field studies (supported by petrographic 
analyses) are reported in a 1:6,500 scale geological map 
(Corno et al., 2021a), which focuses also on the complex 
relationship between the two successions. 

Main lithostratigraphic features of the BRU 

The oceanic succession (Corno et al., 2019), is made of 
serpentinized mantle overlain by syn-rift polymictic me-
ta-breccia (with both oceanic- and continental-derived 
clasts) and discontinuous meta-sandstone bodies with 
dolostone clasts and blocks. The thick post-rift sequence 
is characterized by calcschist, locally embedding ophio-
litic bodies. 

On the other hand, the continental succession of the 
BRU, whose main features can be observed in the Tron-

Figure 1 a) Simplified tectonic map of the Western Alps (redrawn and modified from Bigi et al., 1990). b) Schematic geological map of the upper 
Susa and Chisone valleys (modified from Corno et al., 2021b), the studied units and areas are highlighted with different colored squares.
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cea valley, is made of a crystalline basement (with mi-
nor polymetamorphic bodies), overlain by scarce levels 
of quartzite and a thick dolomitic sequence, followed 
by syn-rift carbonate-bearing quartzite, polymictic me-
ta-breccia with quartzite and dolostone clasts within a 
carbonate matrix with fuchsite (Cr-bearing white mica), 
and black micaschist. Locally, discontinuous meta-sand-
stone bodies with dolostone clasts occur, quite similar 
to those occurring in the oceanic succession. Also, the 
continental succession is covered by the thick post-rift 
sequence made of calcschist, occurring on the oceanic 
succession. 

Constrained metamorphic conditions 

For thermodynamic modeling purposes, a main focus 
has been given to the continental succession, better 
preserving the mineral assemblages useful for the iso-
chemical phase diagram approach. However, thorough 
petrographic analyses have been carried out on both 
successions. Since conventional thermobarometry poin-
ted to metamorphic conditions at the doorstep of the 
eclogite-facies field,  the isochemical phase diagram ap-
proach proved to be necessary to better constrain the 
peak P-T conditions. Three samples, were selected on 
the basis of their mineral assemblages and proved to 
the most suitable for this kind of approach. More specifi-
cally, the HP tectono-metamoprhic evolution of the BRU 
was constrained based on a Cld+Ph-bearing glaucopha-
nic schist (sample AC44), a  Cld-bearing, partially retro-
gressed,  glaucophanite (sample VT8), and a Jd-bearing 
gneissic micaschist. The isochemical phase diagrams 
were calculated in the system MnNKFMASOH (MnO-
Na2O-K2O-FeO-MgO-Al2O3-SiO2-O2-H2O) for samples 
AC44 and AC74 and in the system NKFMASOH (Na2O-
K2O-FeO-MgO-Al2O3-SiO2-O2-H2O) for sample VT8 (see 
Corno et al., 2021b for more details). 

The three modeled peak P-T conditions (based on 
observed mineral assemblages and compositional iso-
pleths for chloritoid and amphibole) are: i) 21-22 kbar 
and 450±25°C for the Cld-Ph bearing glaucophanic 
schist (AC44); ii) 21-22.5 kbar and 450±20°C for the 
Cld-bearing glaucophanite (VT8); iii) 21-23 kbar and 
470±50°C for the Jd-bearing gneissic micaschist. 

Hence, based on the intersection of predicted ellipses, 
common peak P-T conditions can be constrained at 20–
23 kbar and 440–500°C (Corno et al., 2021b).

 

The Albergian unit

In its general features, the Albergian unit (AU here-
after) is made of a thick succession of Cretaceous calc-
schist wrapping scattered blocks of oceanic lithosphere 
(i.e., serpentinite, meta-gabbro and metabasite), locally 
covered by a thin supra-ophiolitic sequence. The AU em-
beds the Banchetta-Rognosa tectonic unit, while being 
juxtaposed to the Lago Nero unit by a NE-SW high angle 

fault system.

Main lithostratigraphic features of the AU

 In order to investigate the pre-collisional evolution of 
the oceanic sectors sampled by the AU, this study detai-
led the lithostratigraphic successions exposed along the 
Albergian-Gran Mioul mountain ridge, located to East 
with respect to the village of Pragelato (upper Chisone 
valley).

In this area, a pluri-hm body of meta-mafic rocks (gab-
bro apophysis and their volcanic and volcano-sedimen-
tary cover) is embedded by heterogenous calcschist. 

In order to show the complex relationships between 
different lithologies, five lithostratigraphic logs from 
different localities have been analyzed, consisting of a 
clast-supported meta-breccia, dominated by metabasite 
clasts and blocks, with minor doleritic and gabbro clasts. 
In addition, rare meta-plagiogranitic clasts have been 
found, wrapped by the same mafic matrix. The whole 
meta-mafic body is covered by discontinuous levels of 
quarzitic meta-sandstone and and/or discontinuous le-
vels of black micaschist, followed by a thick sequence of 
calcschist.

Constrained metamorphic conditions 

The isochemical phase diagram approach was carried 
out on two samples in order to constrain the peak P-T con-
ditions: i) a Grt+Omp Mg-Al metagabbro (sample 5482) 
and ii) a plagiogranitic meta-breccia (sample 5681). For 
this latter one, due to the significant difference in bulk 
compositions related to different mineral assemblages 
and proportion, two distinct phase diagrams were cal-
culated, one for the plagiogranitic clasts, and one for 
the mafic matrix. The P-T pseudosection for sample 5482 
was calculated in the system MnNCFMASTH (MnO-
Na2O-CaO-FeO-MgO-Al2O3-SiO2-TiO2-H2O). For sample 
5681, the P-T pseudosection of the plagiogranitic clasts 
was calculated in the system NCKFMASTOH (Na2O-CaO-
K2O-FeO-MgO-Al2O3-SiO2-TiO2-O2-H2O), while that for 
the mafic matrix was calculated in the system NCKFMA-
STH (Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-TiO2-H2O). 
For further details and the representative analyses of the 
mineral phases occurring in these two samples, please 
refer to Corno et al., 2022. Modeled peak P-T conditions 
(based on observed mineral assemblages and composi-
tional isopleths for garnet, white mica, and clinopyroxe-
ne) are: i) 21±1.5 kbar and 450±30°C for the Mg-Al me-
ta-gabbro sample 5482; ii) 18 ± 2 kbar and 410±20°C 
for the matrix and 21-24 kbar and T < 430°C for the me-
ta-plagiogranitic clasts of sample 5681. Hence, based on 
the partial overlap of predicted ellipses, common peak 
P-T conditions can be constrained at 18-20 kbar and 380-
420 °C (Corno et al., 2022).

The Lago Nero unit

The Lago Nero unit (LNU hereafter) is made of oceanic 
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lithosphere covered by a meta-sedimentary sequence 
similar to the ones of the non-metamorphic Ligurian uni-
ts of the Apennines. The southern portion of the unit is 
characterized by a pretty continuous oceanic basement, 
from the serpentinized exhumed mantle, meta-basalts 
and syn- and post-rift covers. On the other hand, in the 
northern portion, only scattered blocks of oceanic litho-
sphere occur, and the vast majority of the unit is made of 
post- and minor syn-rift meta-sedimentary rocks. 

Main lithostratigraphic features of the LNU

 The complex lithostratigraphy of the LNU has been 
studied mainly in two typical sectors, i.e. the area around 
the Lago Nero (orographic left, to the South with respect 
to Cesana T.se) and the M. Cruzore area (orographic ri-
ght, to the North with respect to Cesana T.se). 

In the Lago Nero section the  exhumed mantle (i.e. 
serpentinite) is covered by meta-limestone (i.e. marble), 
characterized by thick pluri-decimetric bedding. This 
marble formation displays gradual transition to the Re-
platte formation (Lemoine, 1971), made of an alternance 
of calcschist and marble levels attributed to the Palom-
bini shales of Cretaceous age. The Replatte formation at 
different lithostratigraphic levels envelopes both ocea-
nic- and continental-derived clasts and blocks. Oceanic 
blocks are made of metabasite s.l. (meta-basalt, green-
stone, mafic meta-breccia, meta-gabbro, etc.) and ophi-
carbonate rocks. Continental-derived clasts and blocks 
occur in smaller dimension, from centimetric to pluri-me-
tric, and usually towards the stratigraphic lows of the Re-
platte formation. They are mainly made of marble and 
dolostone blocks, and minor clasts of crystalline base-
ment rocks (i.e. micaschist and quartzite). The Gondran 
flysch follows upwards, made by an alternance of calc-
schist and meta-sandstone. In the area around the Cima 
Fournier the transition between Replatte formation and 
Gondran flysch is marked by grey to black schists (black 
shales according to Barfety et al., 1996). The Gondran 
flysch, up to 20 m in thickness, is mainly made of thin 
calcschist layers alternated with minor coarse-grained 
meta-sandstone layers. The following Rocher Renard 
complex is made by scattered blocks, up to decametric 
in size, embedded by dark schist. Blocks and clasts come 
from an oceanic lithosphere and its meta-sedimentary 
cover. Meta-ophiolitic blocks are made of meta-basalt, 
ophicarbonate rocks, serpentinite, and meta-gabbro. 
Blocks from the meta-sedimentary cover are made of 
marble and calcschist, presumably from the Replatte for-
mation. Locally, smaller blocks and clasts of meta-chert 
has been observed.

The M. Cruzore section is made of serpentinite, repre-
senting a portion of exhumed mantle (Gambino et al., 
2022). In addition, the oceanic crust comprises scattered 
meta-basalt and meta-gabbro bodies, from plurimetric 
to pluridecametric in size. Within the meta-mafic rocks a 
partial lithostratigraphic sequence can be provided, with 

pillow-like structures observable in the lowermost stra-
tigraphic levels and rimmed by local hyaloclastite and 
variolite, while brecciated structures with variolite occur 
in the uppermost levels. Locally, in the upper part of this 
mafic sequence, where meta-mafic breccias occur, clasts 
of plagiogranitic compositions have been found. Scarce, 
decimetric meta-microconglomeratic levels occur in the-
se meta-mafic rocks. These levels broadly represent the 
transition between the underlying preserved pillow me-
ta-basalts and the overlying mafic meta-breccia (made 
of reworked pillow basalts). These levels display a brec-
ciated, matrix-supported texture, with mm to pluri-mm 
clasts dispersed in a fine-grained matrix. 

The transition between meta-mafic rocks and the 
first syn-rift meta-sediments is well observable on the 
southern slopes of the M. Cruzore. In this sector, rewor-
ked fragments of pillow meta-basalt are intercalated with 
thin layers of meta-chert. This level is then topped by the 
lower part of the meta-radiolarite formation, showing in 
turn thin intercalations of mafic debris. This meta-radio-
larite sequence is made by two main terms: a lower part 
of grey and/or green quartzite, gradually fading into an 
upper red fine-grained meta-shale. Locally, ghosts of the 
original radiolarians can still be found as small round 
shapes forming the rocks.

Constrained metamorphic conditions 

Metamorphic conditions of the LNU have been con-
strained with the conventional thermobarometry ap-
proach, combined with microstructural observations 
and chemical analyses. As for the other units, mainly 
the mafic rocks of the LNU have been used to constrain 
the Alpine peak conditions. However, also the detri-
tal bodies (meta-microconglomerate, etc.) have provi-
ded useful constrains. The peak event is defined by the 
Na-clinopyroxene + lawsonite ± Na-amphibole ± talc ± 
white mica + rutile mineral assemblage. The widespread 
occurrence of fresh lawsonite constrains P-T peak condi-
tions at minimum ~17 kbar and maximum of 400-450°C. 
The occurrence of rare talc + acmite assemblage in me-
tagabbro confirms this estimation (as reported by Coro-
na et al., 2013). These conditions are in agreement with 
the high Si content of phengite occurring both in basic 
and detrital rocks (Si up to 3.70 a.p.f.u.), as suggested by 
the phengite barometry of Massonne & Schreyer (1987). 
The maximum extension of the stability field of the talc + 
jadeite association (as reported by Corona et al., 2013) 
can sensibly be influenced by Fe3+ ratio, clinopyroxene 
composition and the peculiar occurrence of Na-amphi-
bole.

The Chenaillet ophiolite

The Chenaillet Ophiolite represents a very well-pre-
served portion of Ligurian-Piedmont ocean in the We-
stern Alps. Historically, the Chenaillet Ophiolite has been 
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known for its very low temperature - low pressure (LT-LP) 
Alpine metamorphism, ascribed to obduction proces-
ses. However, studies aimed at constraining the peak P-T 
conditions of Alpine metamorphism are virtually lacking, 
the general focus having been so far on its high tempe-
rature (HT) metamorphism and geochemical features.

Main lithostratigraphic features of the LNU

 The Chenaillet Ophiolite (CO hereafter) is made of an 
oceanic lithospheric succession comprising exhumed 
mantle, various mafic intrusives (i.e. gabbro sensu lato) 
and a world renown sequence of pillow basalts. Apart 
from scarce breccias closely related to oceanic litho-
sphere (Bertrand et al., 1980), post-rift Late Jurassic to 
Cretaceous sedimentary rocks are absent, in contrast 
with the neighboring oceanic units which comprise a lar-
ge amount of post-rift meta-sedimentary rocks. 

Mantle peridotite consists of strongly serpentinized 
lherzolite and harzburgite, with minor pyroxenite, duni-
te and wehrlite (Bertrand et al., 1980). Within the highly 
serpentinized mantle rocks, a thin sequence of layered 
troctolite and olivine-bearing gabbro less than 1 km in 
diameter occurs, cross-cut by diorite, dolerite, and basalt 
dykes. Dolerite, diorite, and basalt dykes usually occur 
within sheared gabbro, close to high-angle normal fau-
lts. Albitite/alkali syenite bodies occur as dikes and sills 
at the serpentinized peridotite-gabbro boundary throu-
ghout the massif (Chalot-Prat, 2005). The well-known vol-
canic sequence of the CO consists of lava flows, pillow 
basalts, pillow breccias, and hyaloclastites, with strong 
affinities with MORB (Mid-Oceanic Ridge Basalt) series. 

Constrained metamorphic conditions 

The isochemical phase diagram approach was carried 
out on a gabbro sample in order to constrain the peak 
P-T conditions: This specific gabbro sample was selected 
for the thermodynamic modeling because it preserves 
very well the Alpine peak mineral assemblage (e.g. it 
contains 6% of lawsonite) and it is devoid of white mica 
and epidote (both <0.5%), thus allowing to simplify the 

system by neglecting K2O and Fe2O3. The P-T pseudosec-
tion was calculated in the system MnNCFMASTH (MnO-
Na2O-CaO-FeO-MgO-Al2O3-SiO2-TiO2-H2O). For sample 
5681, the P-T pseudosection of the plagiogranitic clasts 
was calculated in the system NCFMASTH (Na2O-CaO-
FeO-MgO-Al2O3-SiO2-TiO2-H2O). The fluid saturation as-
sumption and the effects of Fe+3 on the stability of the 
observed peak mineral assemblage were investigated 
by calculating two P-M(H2O) (mol%) and two P-X(Fe2O3) 
isochemical phase diagrams at T = 300°C and T = 350°C, 
available in Corno et al., 2023. For further details and the 
representative analyses of the mineral phases occurring 
in these two samples, please refer to Corno et al., 2023. 
The unfractionated bulk composition (i.e. the measured 
bulk), was used for modeling, including both the mag-
matic and HT-related mineral relicts (i.e. clinopyroxene 
and HT Ca-amphibole respectively). Modeled peak P-T 
conditions (based on observed mineral assemblages) 
constrain a minimum of 9 kbar and 350°C to a maximum 
of 15 kbar and 450°C, which are compatible with a geo-
thermal gradient of 8-10°C/km. 

Alpine peak P-T conditions are further constrained by 
the overlap with the P-T peak conditions estimated for an 
albitite sample (made of up to 90% of albite, omphaci-
te, Ca-amphibole and titanite), delimited by the phase-in 
curves defined for the mafic system according to Harlow 
et al. (2015). The overlap between the peak P-T condi-
tions inferred for the albitite and the large stability field 
of the gabbro assemblage predicted by thermodynamic 
modeling, further constrains peak Alpine metamorphi-
sm at 10-11 kbar and 340-360°C (Corno et al., 2023).

FINAL REMARKS
The challenge of this Ph.D. project was to provide new 

data to constrain the positions of different Ligurian-Pied-
mont units within the pre-collisional paleogeographic 
setting as well as their Alpine tectono-metamorphic evo-
lution.

Figure 2 Schematized cross-section along the studied area in the upper Susa and Chisone vallyes (exaggerated vertical scale). Peak P-T estimates 
modeled by the Author are highlighted with small barometer icons (Chenaillet, BRU and AU mafic body). The estimations displayed for the other 
units are according to the most recent literature available: Manzotti et al., 2022, for Dora-Maira massif; Ghignone et al., 2021, for the Orsiera-Roc-
ciavrè meta-ophiolite (i.e. Internal Piedmont Zone).
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Paleogeographic restoration

The Banchetta-Rognosa unit (BRU) sampled a portion 
of the ocean-continent transition zone, were continental 
crust and exhumed mantle were adjacent in Mesozoic 
times (see Corno et al., 2019, 2021a, 2021b). Moreover, 
the two successions share a common tectono-metamor-
phic evolution since the earliest event, suggesting that 
they were already adjacent before (or during) the onset 
of subduction and Alpine deformation.

In their general features, the Lago Nero unit and the 
Albergian unit consist of widespread and thick sequen-
ces of calcschist, embedding meta-ophiolite bodies. The 
syn- to lower post-rift deposits of the LNU are characte-
rized by a more abundant continental-derived scree in 
the detrital levels/bodies (with preserved K-feldspar and 
zircons) and a coarser grain with larger and angular cla-
sts with respect to the fine-grained quarzitic meta-sand-
stones of the AU (Corno et al., 2022). These features sug-
gest that the LNU includes continental-derived (meta-)
sediments less mature than the AU ones. The meta-se-
diments of the LNU suffered less transportation than 
those of the AU and hence an original location of the 
Lago Nero unit closer to the continental margin can be 
envisaged.

The Chenaillet ophiolite (CO), as reported by many au-
thors (see Manatschal et al., 2011; Balestro et al., 2019) 
sampled a portion of oceanic lithosphere, characterized 
by exhumed mantle, intruded by gabbroic stocks and 
overlain by basaltic lavas.

Based on these observations, it can be inferred as a 
major and general conclusion that the LPZ units exposed 
in the upper Susa and Chisone valleys include different 
sectors (i.e. units) of the Alpine Tethys, sampled during 
subduction, and originally occurring in structural highs 
or in the hanging-wall of detachment faults. These rock 
bodies were uprooted from the oceanic lithosphere and 
currently occur embedded in the widespread post-rift 
meta-sediments within the meta-sedimentary domina-
ted units of the Ligurian-Piedmont zone.

Tectono-metamorphic evolution

The Alpine metamorphic evolution of the units expo-
sed in the investigated area of the Western Alps has 
been investigated using for the first time the isochemical 
phase diagram approach.

In particular, the constrained Alpine metamorphic 
peak conditions are (Fig. 2):
● 20-23 kbar and 440-500°C for the Banchetta-Rognosa 

unit;
● 18-20 kbar and 380-420°C for the Albergian-Gran 

Mioul body of the Albergian unit;
● > 9 kbar and >300°C for the Chenaillet ophiolite.

Hence, it is worth stressing that: 
● the BRU could represent one of the westernmost eclo-

gitic unit of the Western Alps. This assumption deri-
ves from comparison of the peak metamorphic con-
ditions of the BRU with respect to the ones of other 
eclogitic units on the Middle Penninic known in litera-
ture (see Corno et al., 2021b; Fig. 3);  

Figure 3 Compilation of P-T paths of different units of the Western Alps, 
for comparison with the studied units from the upper Susa and Chiso-
ne valleys. Studied units (Banchetta-Rognosa unit, Albergian unit, Lago 
Nero unit, and Chenaillet ophiolite) are reported with thicker lines. Peak 
conditions were constrained with the isochemical phase diagram ap-
proach, while the retrograde exhumation part of the path was qualita-
tively inferred in the basis of mineral assemblages. Different line pat-
terns indicate different thermobarometric methods, as reported in the 
legend. Lws-Ep reaction is from Poli & Schmidt (1995), modified below 
10 kbar for the modeled bulk compositions.
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● the general westward decrease in metamorphic pea-
ks is abruptly interrupted by the eclogitic BRU, tec-
tonically embedded within the lawsonite-blueschist 
AU (Fig. 2). The present emplacement of the BRU wi-
thin the (slightly) lower grade AU can be tentatively 
explained taking into account a trans-tensional tecto-
nic regime during exhumation;

● in the blueschist-facies AU and LNU the good and wi-
despread preservation of fresh lawsonite can be re-
lated to favorable Ca-rich bulk compositions and fast 
exhumation processes;

● the new and surprising data on the Alpine metamor-
phic evolution of the Chenaillet ophiolite (previously 
considered as anchi- or non-metamorphic) invoke for 
subduction related processes. Therefore, the Che-
naillet ophiolite must be considered in the descrip-
tion of the general westward decreasing of Alpine 
peak metamorphic conditions (Fig. 2,3). 

● this latter assumption brings with it the consequence 
that the geothermal gradient along the subduction 
channel, in this sector of the Western Alps (8°C/km 
according to Agard, 2021), could be revised and 
lowered to 6-7°C/km (Fig. 3).
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INTRODUCTION
In modern petrography an increasingly significant role 

is played by automated numerical computations, which 
determines a higher demand of quantitative analysis. 
While petrographers’ experience still plays a huge role 
in the recognition of specific features in rocks, it may also 
lead to misinterpretations driven by subjectiveness. Hen-
ce, numerous statistical analyses can be applied on rocks 
to objectively extract quantitative information through 
advanced software solutions. However, while machines 
outperform humans in long and recursive tasks, com-
puter-driven analyses can be misleading and may intro-
duce other kinds of biases if not properly overseen by 
an expert operator. Therefore, petrologists’ experience 
is still fundamental to validate machine-generated data 
and identify petrogenetic processes. 

Machine learning (ML) algorithms have been widely 
experimented to support petrography, by processing 
several types of petrographic data, such as bulk-rock 
chemistry (e.g., Ren et al. 2019; Itano et al., 2020) and op-
tical thin section images (e.g., Su et al., 2020; Visalli et al. 
2021). Optical scans of rocks thin sections, however, can 
sometimes be a complex type of input to process, and 
although efforts have been made towards the realization 
of databases of optical thin section images (e.g., Quinn 
et al., 2011), an open-access archive of standardized and 
labeled data is missing. X-ray elemental maps are yet 
another type of input data that significantly benefits from 
the application of ML algorithms. Unlike punctual chemi-
cal analyses, the information is not scattered and preven-
ts possible biases introduced by the choice of points lo-
cations. Therefore, powerful tools have been developed 
to quantify X-ray maps (e.g., Lanari et al., 2014; Argan-
da-Carreras et al., 2017; Ortolano et al., 2018). Generally, 
the acquisition of X-ray elemental maps and BSE maps 
is an efficient and relatively cheap process; however, an 
online structured database of labelled X-ray maps or 
BSE maps is again missing. In this scenario, X-Min Learn 
is here presented. This stand-alone software allows an 
interactive and friendly application of ML techniques for 

automatically identifying minerals from EDS and WDS 
X-ray maps and any other type of multi-spectral image 
data, including, for example, BSE maps. It also allows the 
development of custom ML models for specific research 
needs in a friendly way, meeting the needs of users not 
experienced in computer coding. 

Nevertheless, usually fabric plays a central role in the 
final properties of the lithotypes as well. In this view, Arc-
StereoNet, which has already been published in Ortola-
no et al. (2021), is also presented. This ArcGIS® toolbox, 
useful for the statistical analysis and projection of structu-
ral data, allows the comparison of oriented data from the 
outcrop scale to the thin section scale within the same 
ArcGIS® project. ArcStereoNet allows the application of 
statistical analysis on stereographic projections and rose 
diagrams, while also taking full advantage of default GIS 
mapping processes, expanding the potential of other 
pioneering tools (e.g., Kociánová & Melichar, 2016). 

X-MIN LEARN
The current free software for the classification of X-ray 

maps (e.g., Lanari et al., 2014; Arganda-Carreras et al., 
2017; Ortolano et al., 2018) implement unsupervised 
and supervised classifiers. The latter are usually trained 
on specific user-drawn regions of interest (ROIs) and then 
employed to classify the full sample. While this approach 
(referred to as “lazy learning”) often yields very accurate 
results, it may also introduce dangerous user-driven bia-
ses (Nickerson, 1998; Mehrabi et al., 2021). Lazy learners 
just memorize the information and then use it to classify 
new data by comparison (Hendrickx & Van Den Bosch, 
2005). On the other hand, “eager learners” process the 
training data to extract a function that describes the rela-
tionships occurring between the features of the training 
data, hence producing a generalized enough model that 
can foresee pixel variance within the same mineral clas-
ses.

X-Min Learn (XML) implements both unsupervised 
and lazy supervised classifiers as well. In addition to 
that, however, it also includes a collection of interactive 

PLINIUS  49 | 2023



53

PLINIUS  49 | 2023

tools for a step-by-step development of custom eager 
ML models within its “developer’s toolkit”, simplifying 
the compilation of ground truth datasets and including 
statistics and graphics useful for the inspection of lear-
ning processes. After a custom model is stored, it can 
be employed to classify new samples automatically, not 
requiring users to trace additional training ROIs.

Classifiers
X-Min Learn provides three ML algorithms to identify 

minerals: K-Means (MacQueen, 1967), an unsupervised 
classifier, K-Nearest Neighbours (k-NN – Cover & Hart, 
1967) a lazy supervised classifier and Multinomial Logi-
stic Regression (MLR – Bridle, 1990) a user-trainable ea-
ger supervised classifier. They all generate a mineral map 
and an associated probability map, this latter displaying 
the classification confidence score of each pixel (Fig. 1d-
f). Probability maps are useful for highlighting pixels lo-
cated at the boundary of two different minerals or near 
fractures, displaying a mixed chemical composition (i.e., 
mixed pixels). This score can be used as a rejection factor 

to exclude low confidence pixels, providing a stronger 
user control.

In order to compare the classifiers’ performance, they 
are here tested on SEM-EDS X-ray maps collected from 
a thin section of a metamorphic rock. The classification 
results are displayed in Fig. 1. The time required for the 
computation was comparable for each classifier (i.e., 
under 10 seconds). Both k-NN and K-Means, however, 
required additional time to either draw training ROIs or 
set the appropriate number of clusters and label them. 
The MLR model was previously trained using other meta-
morphic rocks samples collected from different outcrops 
and lithotypes, and therefore did not require additional 
training time, achieving a fully automatic mineral classi-
fication (Fig. 1a). It assigned some pixels to mineral clas-
ses that are not truly occurring in the analyzed sample 
(i.e., FeOx, Px, and Rt, namely iron oxide, pyroxene, and 
rutile). These are noisy pixels, that the model assumes 
as true mineral classes. Although some of them may just 
be excluded with a confidence threshold, this issue can 
be fixed with post-processing operations. The overall re-

Figure 1 Sample classification using the three classifiers of X-Min Learn: (a) MLR, (b) k-NN, (c) K-Means with (d, e, f) their linked probability maps.
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sult is in accordance with that of the other classifiers. The 
k-NN classifier was steered by the operator, who traced 
several training ROIs on the occurring mineral phases, 
and, therefore, the mineral map displays the expected 
classes (Fig. 1b). While this behaviour is appreciated be-
cause provides a stronger user control over the classi-
fication, it can also be a dangerous source of sampling 
and confirmation biases (Nickerson, 1998; Mehrabi et 
al., 2021). The main drawback is that tracing the training 
ROIs is time consuming and is required for each analy-
sis. The K-Means differs from the previous classifiers as 
it employs an unsupervised learning strategy to cluster 
the data into a K number of classes defined by the user. 
Although being the most unbiased of the available clas-
sifiers, the main drawback of K-Means is that its output 
classes are not labelled with mineral names, thus the re-
sult must be interpreted. Furthermore, it can sometimes 
struggle with uneven sized clusters, making it not the 
best choice when analyzing rocks with very imbalanced 
mineral amounts. Indeed, since garnet displays a high 
number of pixels (majority class), K-Means separates its 
zonation patterns in different clusters (i.e., Grt1, Grt2, 
Grt3, Grt4) at the expenses of minority classes such as 
titanite (Ttn) and K-feldspar (Kfs) that are not detected 
(Fig.  1c).

A sub-class analysis can also be achieved with XML 
(e.g., identification of mineral zonation patterns), by re-
cursively applying the algorithms to already classified 
mineral maps. The data is automatically masked in order 
to focus the sub-phase classification only on the selected 

class. This process can be repeated an unlimited number 
of times, also using a sequence of different classifiers. 

Phase Refiner

The Phase Refiner allows the removal of noisy pixels 
(i.e., small classification errors) produced by a classifier, 
which can negatively affect further analysis on mineral 
maps (e.g., sub-phase identifications). It provides ima-
ge processing algorithms in two modalities: basic mode 
and advanced mode. The basic mode allows the appli-
cation of a maximum frequency filter to smoothen the 
entire mineral map, while the advanced mode provides 
binary morphological operations to refine each mine-
ral class individually. In both modes, users can set the 
sliding window size and shape to obtain different refi-
nement results. In advanced mode ROIs can be traced 
to restrict the refinement only to specific areas of the 
sample and several algorithms can be consecutively ap-
plied on different phases, guaranteeing a complete user 
control over the final result. Six different algorithms are 
available: Erosion, Dilation, Opening, Closing, Erosion + 
Reconstruction and Fill Holes. Refined and validated mi-
neral maps could, in turn, be employed as ground truth 
data to train new ML models.

Developer’s toolkit
X-Min Learn is the first mineral-oriented software that 

allows users to train mineral classifiers by providing a 
collection of interactive tools for a step-by-step deve-
lopment of custom eager ML models, using fully classi-

Figure 2  a) Workflow of the developer’s toolkit, that allows users to build custom ML models with interactive tools, such as the Dataset Builder (b) 
and the Model Learner (c)
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fied and validated samples as training data (Fig.  2). A 
lazy classifier trained with user-drawn ROIs is prone to 
be affected by confirmation bias (Nickerson, 1998), as 
operators are led to modify the ROIs multiple times until 
the model generates a result that aligns with their initial 
hypothesis. Fully classified samples, on the other hand, 
provide training data with a larger intraclass variance, 
since all their pixels are processed rather than just those 
contained within arbitrary ROIs. The evaluation of XML’s 
custom classifiers, moreover, is not based on the result 
of a specific classification (i.e., another possible source 
of confirmation bias), but rather on graphics and statisti-
cs during the learning process. Finally, another advanta-
ge of providing the instruments to build custom ML clas-
sifiers is that users can freely choose how to train their 
models, potentially developing highly specialized clas-
sifiers. The developer’s toolkit gathers tools for ground 
truth datasets management (Dataset Builder – Fig.  2b) 
and for the actual training of custom machine learning 
models (Model Learner – Fig.  2c).

Dataset Builder

The Dataset Builder automatizes the compilation of a 
human readable, machine friendly, standardized dataset 
from validated examples of already classified data (i.e., 
ground truth data). Each instance (i.e., row) of such da-
taset is populated with the features (the numerical va-
lues stored in the input maps’ pixels) and the correspon-
ding labels (mineral class stored in the classified mineral 
maps). Users can also operate several dataset refinement 
operations (e.g., renaming, deleting and merging mine-
ral classes). The dataset is saved as a CSV file; this file 
format was chosen for both its wide compatibility and its 
popularity among most users.

Model Learner
The Model Learner allows users to stepwise build new 

custom ML models after having compiled a ground truth 
dataset with the Dataset Builder. Custom models can 
be tailored to solve various tasks, from recognizing the 
most common mineral classes in different rock types, to 
identifying intra-class variabilities of individual mineral 
species. Users may also develop models for classifying 
specific lithotypes or even samples. Moreover, the Mo-
del Learner allows users to update their models with new 
training data, refining them over time.

The adopted ML algorithm is the Multinomial Logistic 
Regression (Eq. 1), which is paired with the Cross-En-
tropy loss function for the quantitative evaluation of the 
model’s errors (Eq. 2) and the gradient descent algo-
rithm for the model’s optimization (Eq. 3). Here 𝜗 are the 
model’s internal parameters, x the input features, K the 
number of mineral classes, 𝜅 the class id (with 𝜅 ∈ [0, K)), 
y the true mineral class, N the train set size, ε the learning 
iteration, η the learning rate, λ the weight decay and μ 

the momentum. 

The learning operations consist of an empirical fine 
tuning of the model’s hyperparameters (i.e., ε, η, λ, μ) 
performed by users with the aim of optimizing the mod-
el’s performance. Such operations are reiterated several 
times with different settings, until a satisfactory perfor-
mance is achieved. The tool provides interactive instru-
ments for the evaluation of the performance, such as 
learning scores, loss curves and confusion matrices (Fig.  
2c). The automatic pseudo-randomizations that are op-
erated during the learning session are controlled by a 
random seed, that can be set for reproducibility purpos-
es. Hence, two learning sessions with same input data 
and hyperparameters settings will always produce the 
identical result if the same seed is adopted. 

Various pre-processing operations can optionally 
be performed on the train set, such as polynomial fea-
tures mapping for the identification of non-linear pat-
terns in the data (Theodoridis & Koutroumbas, 2006) 
and balancing operations. These last consist of over- 
and under-sampling algorithms as implemented in the 
open-source Python library imbalanced-learn (Lemaître 
et al., 2017 and references therein). They are particularly 
useful to address the problem of imbalanced datasets 
(Kaur et al., 2019), which occurs when training data con-
tains different amounts of examples per class, that nega-
tively impact the accuracy of supervised ML classifiers. 
This issue frequently affects mineralogical datasets, as 
the amount of minerals extremely differs in rocks depen-
ding on the mineral species.

Case study

An application of XML for the extraction of quantitative 
petrographic data from a natural rock is here described. 
The collected sample (GC29) consists of a late-Variscan 
amphibolite from the Aspromonte Unit, NE Sicily (Cirrin-
cione et al., 2015 and references therein). From a thin 
section of GC29, three micro-domains were selected, 
depicting three relict eo-Variscan garnets surrounded 
by symplectitic micro-structures. WDS X-ray elemental 
maps and BSE maps were collected and then analyzed 
with XML.

The first micro-domain was classified with the k-NN 
classifier (Fig.  3a). The training ROIs were validated with 
WDS punctual chemical data and optical microscope 
analysis. A custom ML model was trained with the de-

(1)

(2)

(3)
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veloper’s toolkit using the first micro-domain as ground 
truth data. Thus, the model was tailored for the classi-
fication of the sample GC29, achieving an accuracy of 
98.8%. Consequently, the other two micro-domains were 
automatically classified with such model (Fig.  3b,c). Fi-
nally, K-Means classifier was applied on amphibole, cli-
nopyroxene, garnet and plagioclase classes to detect 
the occurrence of sub-phases in each micro-domain. This 
allowed the identification of mineral zonation patterns, 
that were interpreted as the effect of the symplectitic re-
action, and the estimation of the reaction rate of garnet 
porphyroblasts (Fig. 4). This preliminary procedure can 
be helpful to infer the effective reactant volumes and, in 
turn, to identify the effective bulk chemistry (Zuluaga et 
al., 2005) and obtain more reliable pseudo-sections and 
phase diagrams.

ARCSTEREONET
ArcStereoNet (ASN) is a Python-toolbox that adds geo-

logical-oriented tools to ArcGIS®, allowing the projection 
and the statistical analysis of georeferenced oriented 

data, preserving its coordinates in real space. If paired 
with ad hoc tools like Micro-Fabric Analyzer (MFA – Visalli 
et al., 2021), ASN can also process micro-structural data 
collected from thin sections of rocks. Available statistical 
functions include contouring, cluster and girdle analysis 
and mean vectors extraction. A new clustering algorithm 
(i.e., MEAD – Mean Extractor from Azimuthal Data) is also 
included in the toolbox. The algorithms can be compa-
red simultaneously, allowing a more reliable interpreta-
tion of the data distribution. ASN requires the following 
information: azimuth angle (dip-direction, strike, trend), 
dip angle, data format type and data label, which can au-
tomatically retrieve by accessing the attribute tables of 
ESRI® shapefiles. The dataset management operations 
provided by ArcGIS® can be leveraged to manage and 
standardize the data. 

Tools and algorithms

Three tools are included in ASN: Stereoplots, Rose 
Diagrams and Graph To Hyperlink, respectively useful to 
generate stereographic projections and rose diagrams 

Figure 3  Classification of three micro-domains from GC29 sample. The 
first micro-domain (a) was classified with k-NN and then processed with 
the developer’s toolkit to generate a custom ML model, which allowed 
a fully automatic classification of the other two (b, c).

Figure 4  Sub-phase identification achieved with K-Means for amphibo-
le, clinopyroxene, garnet and plagioclase on each micro-domain. The 
estimated reaction rate of each garnet porphyroblast is, respectively, 
0.78, 0.55 and 0.38 
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and to connect them with the geographic position of the 
data. Stereoplots tool generates lower hemisphere equal 
area or equal angle azimuthal projections, displaying 
cyclographic traces, and/or poles for planar data, and/
or points for linear elements. It allows the overlaying 
of contours and the comparison of multiple clustering 
algorithms, as well as the extraction of mean planes or 
vectors for each cluster. Rose Diagrams tool allows the 
identification of clusters and mean vectors as well. Rose 
diagrams can also be weighted based on a user-se-
lected parameter included in the input shapefile. Graph 
To Hyperlink tool is useful to link the plots generated by 
the previous tools to the spatial position of the data in 
the map. Positions corresponds to the mean latitude and 
longitude coordinates of plotted data. Users can click on 
each position to show a popup window displaying the 
hyperlinked plot.

ASN provides unsupervised algorithms for the reco-
gnition of recurring patterns in the data, allowing users 
to group the data based on orientation similarities (i.e., 
clustering) and then to extract the average value of each 
identified group (i.e., mean vector extraction). There are 
four available algorithms in the Stereoplots tool (i.e., 
MEAD, MEAD + Fisher, K-Means, Bingham) and one in 
the Rose Diagrams tool (MEAD). MEAD was created to 
provide a more user-controlled clustering algorithm. Azi-
muth and dip tolerance parameters can be fine-tuned 
to steer the algorithm towards the preferred clustering 
behaviour, also allowing MEAD to discard spurious (i.e., 
noisy) data. A slightly modified version of MEAD is imple-
mented in the Rose Diagrams tool to address some spe-
cific requirements of such types of projections. MEAD + 
Fisher is an alternative version of MEAD, where the mean 
vector extraction process is carried out by the Fisher fun-
ction (Fisher et al., 1993). It yields three statistics: R value 
(mean vector magnitude), confidence radius (mean vec-
tor confidence) and K value (dispersion factor). K-Means 
(MacQueen, 1967) strategy differs from MEAD mainly 
for the selection of the starting cluster centroid and for 
the absence of user-controlled tolerance parameters. 
Bingham (Bingham, 1974) does not perform a clustering 
process, but rather finds the best fit plane of a girdle-like 
distribution pattern. A full description and comparison of 
the algorithms is provided in Ortolano et al. (2021).

Case study

ArcStereoNet was tested by extracting, analyzing 
and comparing meso-structural (outcrop scale) and mi-
cro-structural (thin section scale) oriented data collected 
at Palmi (SW Calabria) within the Palmi Shear Zone (Fazio 
et al., 2017; Ortolano et al., 2020; Ortolano et al., 2021), 
integrated with meso-structural data virtually collected 
after an aerial photogrammetry survey. The Stereo-
plots tool was employed to analyze both the manually 
and the virtually collected meso-structural data (Fig.  5), 

while the Rose Diagrams tool allowed the analysis of 
micro-structural data (Fig. 6), which was extracted with 
the Micro Fabric Analyzer tool (Visalli et al., 2021) from 
thin sections of samples collected at the same outcrops. 
The analysis was performed on the minerals belonging 
to porphyroclastic domains, highlighting their preferred 
orientations. Here, pre-kinematic clasts behave as rigid 
phases during sub-simple shearing plastic deformation 
events (see Ortolano et al., 2020 for further details).

A correlation between the orientation of micro-structu-
ral and meso-structural data can be observed; the mean 
main foliation planes (outcrop scale) and the porphyro-
clasts (thin section scale) are oriented WNW – ESE. The 
porphyroclasts, which are surrounded by quartz-rich 
weak layers, determining a relatively small rheology 
contrast, facilitate wing formation, producing greater re-
sistance to the mylonitic flow and, in turn, clearer eviden-
ce of formation of sub-simple shear kinematic indica-
tors. Aerial photogrammetry data is in accordance with 
field collected data, enlarging the amount of available 
meso-structural data, previously scarce because of the 
impervious terrain. This further confirms the versatility of 
ASN in processing data collected from different sources 
and at different scales.

CONCLUSIONS
In the era of digitalization and big data collection, pe-

trography can benefit from the application of data scien-
ce techniques such as machine learning algorithms. In 

Figure 5 Modified after Ortolano et al. (2021). Meso-structural data 
(main foliations and stretching lineations) collected (a) manually and 
(b) after aerial photogrammetry survey



58

PLINIUS  49 | 2023

this view, two new computer software, useful for the 
quantitative investigation of the mineralogy and the fa-
bric of rock samples, were introduced: a) X-Min Learn, 
that provides customizable machine learning algorithms 
to identify rocks minerals from thin section multi-spectral 
data and b) ArcStereoNet, that allows the statistical 
analysis of structural oriented data within the ArcGIS® 
environment. By encouraging users towards an aware 
application of the provided algorithms, both software 
allow the derivation of reliable interpretations and con-
straints, representing an important contribution towards 
the increasingly pressing demand of achieving quanti-
tative results in petrography. This is at the service of the 
most diverse facets of geosciences, from the resolution 

of petrological problems to micro-structural ones, pas-
sing through the field of geomaterial analysis.
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Mineralogical and chemical characterization of Bottom 
Ashes from Municipal Solid Waste Incinerator

A multi-techniques approach for an extremely complex and heterogeneous material

INTRODUCTION
Humanity is now a dominant geological actor, as hu-

man activities induce great, multiple and irreversible 
changes on Earth. The study of these human-associated 
changes led to the suggestion that we should not refer 
to the present time as pertaining to the Holocene ep-
och but to a new geological epoch called the “Anthro-
pocene” (Crutzen, 2002; Steffen, 2021; Trischler, 2016; 
Zalasiewicz et al., 2011). This new epoch is characterized 
by the appearance of “new materials”: a set of anthropo-
genic materials, which do not exist in nature, designed 
by man through the development of research and tech-
nology and born to satisfy the needs of our society. An 
important input of anthropic material in environmental 
matrices is given by the production of waste. 

The EU policy strategy for waste reduction and man-
agement is based on the following principles, in order 
of preference: prevention, reuse, recycling, recovery and 
disposal. A recovery strategy is to send Municipal Solid 
Waste (MSW) to Waste-to-Energy (WtE) plants, that re-
duce mass and volume of input waste up to 25% and re-
cover energy  from waste in the form of heat and electric-
ity (Brunner & Rechberger, 2015). From the combustion 
of waste not only energy is obtained but also residual 
ashes.

BA are one of the major by-products obtained during 
MSW incineration in WtE plants; their mass is about 20% 
of the incinerated waste. Once the incineration process 
is complete, the BA are thrown into a tank full of water 
for rapid cooling. The BA are classified as non-hazardous 
waste (EWC code 19.01.12: bottom ash and slag other 
than those in 19.01.11 *).

The BA are very heterogenous materials made up of 
different fractions (glass, synthetic ceramic, mineral, met-
als and unburning organic matter) which, thanks to the 
non-hazardousness nature of the unburned material, 
can be recycled becoming a resource. The mineralogical 
and chemical composition of BA varies due to the dif-
ferent waste input, combustion temperature, plant type, 
quenching, aging and weathering.

The most common mineralogical phases are (i) sili-
cates (quartz, melilites, feldspars), (ii) carbonates (calcite, 
vaterite), (iii) oxides (magnetite, hematite, corundum), 
and (iiii) hydrated phases typical of cementitious materi-
als (hydrocalumite, portlandite, ettringite, stratlingite). In 
addition to these main phases, a high content of amor-
phous material, is also present (Alam et al., 2019; Bay-
useno and Schmahl, 2010; Bertolini et al., 2004; Caviglia 
et al., 2019; Mantovani et al., 2023).

Chemically, most abundant elements in BA such as Al, 
Fe, Si, Ti, K and Na are very close to those of the conti-
nental crust. Among the minor and trace elements, Co, 
Zr, Li, Hf, Ti, Rb, F, V, Mn, Sr, Ga, U, Th show an average 
composition in BA similar to the earth continental crust 
content, whereas a  significant enrichment in BA is found 
for Cl, Zn, Cu, S, Pb, Br, Mo and Sn. The presence of these 
Potential Toxic Elements (PTE) poses an issue about the 
potential toxicity of the BA. The toxicity of an element 
depends on its oxidation state and/or its concentration 
in a given environment, which depends on its leachabil-
ity. On its turn, the leachability of an element in environ-
mental matrices depends on the mineralogical phase in 
which it is hosted. Investigate the chemical form of PTE 
and know the crystalline and amorphous phases that 
host them is a key point in assessing the potential tox-
icity of BA and to implement safer and viable material 
recycling strategies.

This complex chemical and mineralogical composition 
and the presence of PTE gives rise to numerous scientif-
ic questions regarding their reuse and non-hazardous-
ness. In this work a multi-techniques approach was used 
to characterise BA and understand the distribution and 
behaviour of PTE.

MATERIALS AND METHODS

Sampling and sample preparation

The BA studied in this work were sampled from 5 WtE 
plants in different cities of northern Italy: Parma (PR), Pia-
cenza (PC), Torino (TO) (plants owned by the company 
Iren Ambiente), Ferrara (FE) and Forlì-Cesena (FC) (plan-

PLINIUS  49 | 2023



61

PLINIUS  49 | 2023

ts owned by the company Hera Ambiente). Forlì-Cens-
ena WtE plant burns only MSW while the others burn 
special non-hazardous waste. The BA investigated were 
taken randomly from a 2-3 m high stock, representative 
of more than one month of accumulation. Approximately 
5 kg of BA samples were collected from each plant.

Grain size analysis

The samples from the 5 WtE plants were first dried in 
an oven at 50°C for 24h and then sieved into ten grain 
size classes (Φ : 16, 8, 4, 2, 1. 0.5, 0.3, 0.2 e 0.063mm) ac-
cording to the prescriptions of the European standards 
for aggregates EN 933-2 (Ente Nazionale di Unificazio-
ne, 2020).

Each particle size class was weighed and, by calcula-
ting the percentage of material that passed through the 
sieves, cumulative particle size curves were made in or-
der to evaluate their distribution and mechanical quali-
ties. 

Thermo Gravimetric Analysis (TGA)

TGA were conducted on samples taken from each par-
ticle size class by a Perkin Elmer 8000 instrument equip-
ped with a Pt-crucible at a heating rate of 10 °C/min in 
the temperature range 35°C – 800 °C. All the measure-
ments were run under a constant flux of dry air atmo-
sphere (30 mL/min).

SEM – EDS observations and analysis

As a preliminary step, several grains (8 - 16 mm) were 
observed with a Scanning Electron Microscope coupled 
with Energy Dispersive System (SEM-EDS) JSM IT300LV 
Jeol 6400 equipped with an Oxford EDX microprobe. 
Microprobe analysis was performed with operating con-
ditions 20 or 25 kV and 1.2 mA current, ~1µm beam dia-
meter and 75 s counting time. 

Subsequently, a great quantity of granules (0.5 – 1 
mm), were embedded in epoxy resin stabs, cut longitu-
dinally and analysed by a JEOL JSM-IT 300LV Scanning 
Electron Microscope, equipped with Oxford INCA Ener-
gy 200 EDS SATW detector (WD 10, KV 15), at 15 kV, 1.2 
mA current and 1µm beam diameter.

X – Ray Powder Diffraction (XRPD) Analysis

For each grain size, XRPD was used for the identifica-
tion and quantification of the phases in the samples using 
a Bragg-Brentano Bruker 2D Phaser Diffractometer, with 
θ – θ geometry, Cu Kα radiation, 30 kV and 10mA and a 
solid-state detector.

Quantitative analysis was done by means of the Riet-
veld method.

X – Ray Fluorescence (XRF) Analysis

XRF spectroscopy: conventional source

Chemical composition was analysed for each grain size 
with a WDXRF Axios PanAlytical spectrometer, equipped 
with a Rh tube working at 4 kW. The analyses were per-
formed on both major elements (expressed g/100g) and 
trace elements (expressed in g/Kg).

µ - XRF spectroscopy: synchrotron radiation

µ - XRF maps were done at the XRF beamline at Elet-
tra Sincrotrone Trieste (ETS). The experiment has been 
conducted using both HE multilayer for the collection of 
µ-XRF maps, with standard 45°/45° geometry for fluore-
scence mode measurements, using an XFlash 5030 SDD 
detector (Bruker, Berlin, Germany). µ-XRF maps were 
collected with an incident beam energy of 14 keV and a 
beam size at the exit slits of 50x50 µm2 (H*V). 

X-ray Absorption Near Edge Structure (XANES)

Some PTE (Cu, Cr, Zn, Pb, Ni, and Co) were analysed 
by XANES in order to investigate their oxidation state 
and the mineralogical environment in which they were 
hosted. XANES measurements were conducted at the 
XRF beamline at Elettra Sincrotrone Trieste (EST). The 
experiment has been conducted using Si111 monochro-
mators, with standard 45°/45° geometry for fluorescen-
ce mode measurements, using an X-Flash 5030 SDD 
detector (Bruker, Berlin, Germany). All spectra were col-
lected using 5 seconds per step and a variable energy 
step as a function of the energy: Large step (5 eV) in the 
first 200 eV of the spectrum, smaller step (0.2 eV) in the 
near-edge region and a k-constant step of 0.05 Å-1 fur-
ther above the absorption edge. The oxidation state will 
be determined using least-squares Linear Combination 
Fitting (LCF) based on reference spectra collected on 
compounds of known oxidation state. 

Leaching Test
Leaching tests and analysis of the leachates were per-

formed following the UNI EN 12457-2:2004 “Waste Cha-
racterization - Leaching - Compliance test for granular 
waste and sludge leaching - Part 2: Single-stage test with 
a liquid/solid ratio of 10 l/kg for materials with particle 
sizes less than 4 mm (with or without size reduction)”. The 
test was carried out on the particle size classes below 4 
mm from all the five WtE plants examined.

Eluates collected were analysed by: Atomic Absorbi-
tion Spectroscopy (AAS) (Thermo S Series AA Spectro-
meter) for cations (Ca, Mg, Na, K); Ion Chromatography 
(IC) (Metrohm Compact IC pro 881) for anions (Cl-, SO4

-2, 
F-, Br-, PO4

3-); Inductively Coupled Plasma – Mass Spectro-
metry (ICP - MS) (Perkin Elmer ICP-MS ELAN DRC-e) for 
the investigation of trace elements (Al, Ba, B, Cr, Co, Fe, 
Pb, Li, Mn, Mo, Ni, Se, Sr, Tl, Ti, V, Zn).
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Sequential Extraction Procedure (SEP)

A new 5 - step SEP was set in this work. SEP was perfor-
med on BA (0.063 – 0.2 mm, 0.3 – 0.5 mm, 2 – 4mm and 
< 4 mm) sampling from Parma WtE plant.

Solid residues obtained from each step were analysed 
by XRPD and XRF.

Eluates collected were analysed by Agilent 7500 ICP-
MS for the investigation of critical raw elements.

Statistical analysis
The results obtained were investigated by statistical 

analysis using: Pearson’s r index (r-index), correlation in-
dex R (or p) by Spearman ranks and Principal Component 
Analysis.

RESULTS AND DISCUSSION

Bottom Ashes morphology and composition

Optical observation was done on several grains, cho-
sen for different colour and lustre, from the portion larger 
than 4 mm. The grain colour varies with the crystalline 
and amorphous phase content, as revealed subsequent-
ly by XRPD. The rounded reddish-grey grains, which are 
most abundant, are mainly made by a heterogeneous 
aggregation of residual refractory material and metals 
coexisting with crystals and amorphous (Fig. 1d). The 
amorphous acts as a matrix that binds the crystalline and 
metallic fractions (Fig. 1b) of the original waste and the 
new-formed minerals. The original waste grains show 
rounded edges, indicating partial reabsorption (Fig. 1c), 
whereas new formed crystals are often present as sharp 
needles within the glass. Vesicles and bubbles appear 
indicating that some degassing occurred (Fig. 1a).

The bulk mineralogical composition for each WtE plant 
was obtained from each grain size. The main mineralo-
gical phases are reported in Table 1 whose abundance 
has been refined by Rietveld analysis. A number of minor 
phases is also present, which either showed very faint 
peaks in XRPD. During Rietveld analysis it was shown 

that the inclusion of a higher number of phases leads 
to refinement instability, so that a compromise was ne-
cessary between the number of phases to be included 
and the number that could be refined. Most evident is 
the amorphous content, which is higher in the BA of the 
three plants (TO, PR, PC) so as that it overtakes the enti-
re quantitative of crystalline component. In these plants, 
the amorphous is over 75% on average, and ranges in 
different grain size between 67 and 88 wt%. In the plants 
of FE and FC, instead, bulk amorphous is, on average, 
less than 35% (depending on grain size between 7 and 
55 wt%). The lower quantity of amorphous material in FE 
and FC occurs together with higher calcite, quartz and 
feldspar. Also, ettringite content is higher in FE and FC 
than the other 3 plants sampled, indicating a probable 
greater reactivity of these ashes in the aging process. 

Among minerals, quartz, calcite, melilites, iron oxides 
and some alteration products such as sulphates, chlori-
des, and hydrated minerals are ubiquitous. Strätlingite is 
found only in the PR samples. This mineral is typical of ce-
mentitious materials and can be formed either from the 
degradation of gehlenite or from the reaction between 
calcium silicates (Ca2SiO4- belite) with Al(OH)3 in hydra-
tion processes involve the degradation of gehlenite, as 
some evidence found in SEM analyses showing that geh-
lenite has been formed in the combustion chamber (cry-
stals with typical neoformation and rapid cooling shape). 
Iron-containing minerals as hematite and magnetite are 
revealed by X-ray diffraction, although likely other metal 
phases are present like Cu or Ni-Ti alloys. Last, a number 
of silicate phases, like pyroxene, gehlenite-akermanite, 
and anorthite, are found without significant difference 
with grain size, and are likely formed at high temperature 
in the combustion chamber.

According with XRPD data, the bulk chemical compo-
sition of BA is represented by the major oxides of Si, Ca, 
Fe and Al. In fact, the sum of these elements (in oxides) 
represents from 60 to 77 g/100 g. S and Cl are found in 

Figure 1 Photomicrograph showing 
the inner part of the clasts cut longitu-
dinally. Each of them appears different 
from the other in terms of morpholo-
gy but we can observe frequently a 
part of a dark matrix (b,d) and within 
it areas of different color, sometimes 
white (c) or transparent (d). Many sam-
ples present little vesicles and bubble 
structures, indicating degassing pro-
cessing (a), metallic, alloy or refractory 
inclusions (b) sometime with reaction 
rims (c).
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a range from 0.3 to 2 g/100g. Among minor elements, 
Zn, Cu, Pb and Ba content is higher than 1000 mg/kg. 
The oxides show a rather similar pattern in the different 
plants, albeit with some slight difference: the BA from TO 
show higher Fe2O3 and lower CaO, and those from PC 
shows lower SiO2 and higher LOI than the others. Also, 
for minor and trace elements our data show that the 
compositional variability related to grain size. In PC hi-
gher value are found for Cl, and Cu, and overall, a higher 
compositional spread in S, Cl and Zn content. The smal-
ler fraction is richer in Ca due to the faster carbonation 
occurring in smaller particles with larger surface area. Si 
is positively correlating with grain size probably due to 
the glass shards in larger grain size. Na as well correlates 
with Si, possibly for the addition of Na as a fining agent 
in glass production technology and for the presence of 
plagioclase solid solution. Ca, Ti, S, LOI (in all the plants) 
and Cl (in PR, PC, FE) correlate negatively with grain size. 
The higher Ca in smaller particles goes together with 
the higher Ca-carbonate content. Higher decarbonation 
means also higher weigh loss in LOI, which is greater in 
smaller particle sizes having higher active surfaces. We 
suppose that S follows the same trend due to the sulfa-

tion process and the formation of the ettringite phase, 
which, as shown in XRPD analysis, is more present in finer 
sized grains. Most of the PTE like Cu, Pb and Cr are ne-
gatively related with grain size. To note, the differences in 
the minor elements concentration between plants could 
be related to the different waste input. Other elemen-
ts, like Al, Fe, Mg, P and Cr show little change betwe-
en samples of different grain size. An exception in TO 
is MgO and Al2O3, which show a significant increase in 
the smaller sized grains. S and Cl are contained in the 
BA in considerable quantities, causing metal erosion if 
they are used as supplementary cementitious material in 
reinforced concrete. In BA examined in this work, S and 
Cl range between 2000 to 21000 mg/kg. These two ele-
ments are positive correlated in all incinerators and show 
an inverse correlation with the grain size, suggesting that 
they are mostly present as weathering of the products.

TGA shows a continuously weight decreases with tem-
perature for any grain size. The weight loss is higher in the 
smaller grain size, where the mass loss at 800°C is about 
25%. For the larger grain size, the loss is about 5-10% 
and for intermediate ones about 15%. An exception is 
PC, where the weight loss is similar for every grain size. 
The analysis of the first derivative shows few temperatu-
re ranges where higher weigh loss is present. A mode-
rate (3-4%) weight loss occurs in the interval 50-100°C, 
likely ascribable to two reaction: one at 50-60°, likely due 
to surface water, and another just above 100°C, related 
to the first dehydration of ettringite with further dehy-
dration possibly revealed by the faint peaks at 250 and 
350°C. The second loss is 1-2 wt% and appeared over 
the range 250-450°C and a 4-7 wt% in the interval 620-
760°C. The 250-450°C reaction is likely due to plastic 
combustion residue (molecular decomposition), while 
the 620-760°C loss is ascribable to the transformations 
involving carbonate (decarbonation) phases. In FE and 
FC the de-carbonation loss is greater than in the other 
plants, accordingly with XRPD and XRF data that show a 
higher carbonate content. Despite the general shape of 
the TGA curves appear similar, some difference with par-
ticle size dimension and between plants is found. A peak 
at 450°C has been found only in FE and FC BA. The peak 
is more apparent in the finer portion, and it is likely due 
to the de-hydration of portlandite which occurs between 
450 and 500°C. Portlandite is present only in the two in-
cinerators of FE and FC, between 5-10 wt% in the finer 
portion, and between 1 and 2% in the larger grains.

Potential Toxic Elements speciation and behaviour
Prediction of leaching behaviour in a complex system 

like BA involves the phases within the ashes, their pro-
portion, and their thermodynamic properties in multiple 
equilibria. For these reasons, PTE behaviour must be stu-
dy by a multi-technical approach.

XANES analyses together with a µ-XRF mapping by 
synchrotron radiation and SEM - EDS allowed to investi-

Mineral phase PR TO PC FE FC

calcite X X X X X

vaterite X X X X X

quartz X X X X X

cristobalite / / * / /

plagioclase X X X X X

pyroxene * * * / /

melilite X X X X X

ettringite X X X X X

hydrocalumite X X X X X

portlandite X X X X X

strätlingite X * * * *

apatite * * * * *

larnite * * * x x

tobermorite * * * / /

sjogrenite / / / * *

magnetite X X X X X

hematite X X X X X

Table 1 XRPD identification of bottom ash. The minerals are arranged in 
the following sequence: (x) major minerals (*) minor or trace minerals, 
(/) not found or very doubtful presence.
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gate distribution and speciation of PTE (Fig. 2). XANES 
spectra collected at the Cu K-edge in different clasts 
suggests that Cu chemical environment and oxidation 
state are heterogeneous even in the same area (0, +I and 
+II); this is interpreted as an effect of zones in the fuel 
bed with different access to the oxygen. Pb is present in 
+II and +III chemical forms. In all XANES spectra Cr was 
present in the Cr 0 and Cr III+ oxidation state. No eviden-
ce of Cr VI+. Zn was found in BA in a number of different 
phases, some of them well visible also in SEM-EDS. Va-
rious XANES spectra were collected on different clasts. 
Zn is not present as a metal but mainly occurred in oxi-
dation state +II. In all the spectra, a great fit is obtained 
with Zn-carbonate, in the form of smithsonite (ZnCO3) or 
hydrozincite (Zn5(CO3)2(OH)6). Zincite (ZnO) was found in 
few grains, confirming SEM-EDS results. Also, spinel pha-
ses like gahnite and Zn-ferrite (ZnFe2O4) are present, as 
well as the silicate hemimorphite [Zn4Si2O7(OH)2·H2O]. Ni 
is found in SEM-EDS only in the above described grain 
together with Co. Ni is present in metal and oxidized 
form, but hydration is also possible. 

Leaching tests were done on particle sizes below 2 mm, 
as XRF analyses showed that they are richer in PTE. Mar-
ked differences in leaching behaviour have been found 
between the two different owner corporation that is IREN 
for PR, PC and TO and HERA for FC and FE. With respect 
to a given particle size, the leaching of an element has 

been compared to the total content in the bulk sample 
(from XRF analysis) and calculated in percentage (all re-
ferred to mg/kg of material). The most released element 
is Cl with a release percentage of about 70/90%, higher 
in the finer fraction. We suggest that Cl is present in very 
soluble salts, like NaCl and KCl, dispersed on the sur-
face of the grains. This suggestion is confirmed by the 
linear relation found in leached Na+K with Cl, whereas 
such relation does not exist in the sample composition 
determined by XRF as most Na and K are likely caged 
within the amorphous and silicates structures. Therefore, 
no diffraction peaks attributable to Na, KCl are found in 
XRPD analysis, suggesting that not all the Cl is bound 
to Na and K in salts, and that a significant release of Cl 
may be originate by the dissolution of ettringite. SEM - 
EDS analyses of the ashes showed that Cl is often asso-
ciated with silicate glassy phases. We suggest therefore 
that chloride is most released by dissolution of weakly 
bonded Cl at the surface of the amorphous phases. All 
tests exceeded the legal limits for Cl (Legislative Decree 
152/06) suggesting that washing and selection of larger 
grains may be combined technique to reduce Cl for a 
correct reuse. S shows a release, about 30% for PR, PC 
and TO and 3% for FE and FC, with no dependence on 
the particle size. S is present in the ettringite structure 
which is observed in XRPD in all the plants, especially in 
FE and FC. However, the release in SO4

2- is lower in the 

Figure 2 Graphical abstract of the experiment conducted at the Elettra XRF beamline, Sincrotrone Trieste.
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two HERA WtE plants, whereas the Ca is higher. Moreo-
ver, Al is released by at least two order of magnitude less 
in HERA than in IREN plants. Another relevant differen-
ce is that the measured pH in the leached IREN plants 
is between 10 and 11, whereas in the HERA plants it va-
ries between 12 and 12.5.We suggest that in the HERA 
plants, the dissolution of portlandite, which is absent in 
the IREN plants, gives rise to a basic environment, where 
ettringite is less prone to dissolution. In the IREN plants, 
ettringite dissolves, with sulphate and Al hydroxide solu-
bilization. Therefore, probably the contribution of ettrin-
gite dissolution is minor, due to the very similar ratio in 
Na+K/Cl in the 5 plants, in spite of the different amount 
and solubilization of ettringite. The different mineralogy 
in IREN and HERA plants, and the consequent different 
leaching in major elements has an effect also on minor 
elements. Minor elements are often present in solid so-
lution within phases more or less prone to dissolution at 
different pH, and the dissolution of the host phases re-
leases also the exsolved element. Therefore, the release 
in minor elements is different in the different WtE plants, 
often by two order of magnitude. For instance, sulphate 
and Cr are above regulatory limits only in IREN BA, but 
Ba and Ni (with the exception of TO) only in the HERA 
plants. A likely interpretation is that Cr could have a si-
gnificant concentration in ettringite, which is dissolved in 
IREN plants, whereas Ba and Ni could exchange with Ca 
in significant amount in portlandite, which is dissolver in 
HERA plants. In TO the leaching of SO4

2-, Co, Cu and Zn 
is higher than in other plants. Cu, Cr and Ni are, among 
the PTE, the most released in all plants with values be-
low 0.5%, except for TO where the Cu stands at 3%. On 
the other hand, the release of Ti, Pb and Zn is relatively 
low (<0.01%), never exceeds law limits (Legislative De-
cree 152/06) suggesting their presence in a non-soluble 
structure, like glass or silicate minerals.

The SEP has been specifically adapted for BA. Some 
steps have been added and/or modified compared to 
the BCR standard method up to obtain a five-step ex-
traction procedure to remove i) water-soluble phases, 
ii) carbonate phases, iii) reducible fraction, iiii) oxidable 
fraction and iiiii) residues. The leaching of a few elemen-
ts (Pb, Cu, Zn, Mn, Ni, Fe, Cr and Ti) was investigated by 
ICP-MS analysis after each step. As expectable they have 
different behaviour, for they are hosted in different mi-
neralogical and/or amorphous environments. Due to the 
heterogeneity of BA, it is difficult to create a link between 
the element and the hosting phase: The element may be 
present as an impurity or as a major constituent of a gi-
ven phase. In the latter case such phases are present in a 
concentration below 1% and are not detected by XRPD. 
This could explain the high release of some elements, 
such as Pb and Zn, even if no mineralogical phase having 
these elements was identified by XRPD. Yet, some specu-
lation can be done by the results of the ICP-MS analyses 

of the leachates. In the first step, some release was re-
corded for Fe and Cu, although in a small proportion. Cu 
could possibly be hosted in chloride, and Fe in larnite, 
both as impurities. The almost negligible extraction sug-
gests that these elements are not present in salts or wa-
ter-soluble phases. In second step, Pb and Zn are most 
leached, showing both a weight loss between 50 to 70% 
of their original budget. Almost all of the leached Zn 
was extracted in this step, recording a release of about 
70% in both grain size. XANES analysis found Zn typi-
cally associated to carbonates, like smithsonite (ZnCO3) 
or hydrozincite (Zn5(CO3)2(OH)6), or to hydroxides like 
Zn(OH)2, which are leached by acid attack. For Pb, the 
leached fraction ranges between 47 and 64% in larger 
and smaller grains, respectively. XANES analysis showed 
that Pb could be present as a carbonate and as Pb3O4, 
both phases unstable in a highly acid environment. Also, 
other oxide phases found in SEM-EDS analysis of the BA, 
like Ca2PbO4, are soluble in acid environment. Cu pre-
sent a moderate release at this step, about 35% for < 4 
mm and 22% for 0.3 – 0.5 mm grain size. Its presence can 
be inferred as a carbonate phase and within amorphous 
phases that are removed in this step. In the third step, 
the most released elements are Ni, with a percentage in 
leachates of about 22% in the < 4mm grain size and 14% 
in the 0.3 - 0.5 mm grain size, Ba and Pb, both with a re-
lease of about 10%. At this stage Fe/Mn oxyhydroxides 
dissolution was rather small, testified by the small weight 
loss in Fe and Mn. In fourthy step, Ni and Cu are the ele-
ments most leached. For Cu it is about 50% of the bulk 
composition. SEM-EDS and XANES showed for both ele-
ments that they are commonly found as metal droplets 
within a silicate matrix, which are oxidized in a soluble 
ionic species. Other elements are most concentrated in 
the residuals: Cr, Fe, Mn and Ti may be present in silicate 
glass or in spinel oxides; Ba could likely occur as an im-
purity in feldspars.

CONCLUSION
The mineralogy, chemical composition and properties 

of the BA in five WtE plants in Northern Italy were exami-
ned. The average composition, and the changes of the 
composition with grain size follow quite similar trends in 
all the incinerators. The major and minor elements com-
positions are very similar, and are well grouped in the 
compositional variation of the incinerators worldwide. 
This may indicate that, in spite of the different type of 
input waste, the chemical output is comparable, at least 
in the residual fraction. On the other side, there are or-
ders of magnitude in the leached fraction between the 
different WtE plants, with higher differences between 
the plants of FE and FC, and the others. The difference is 
related to the mineralogical composition i.e where a gi-
ven element occurs in a more soluble phase, and affects 
also whether the ashes are beyond legislation limits. 
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The quantitative mineralogical differences (amorphous, 
carbonates) found between the WtE plants of IREN and 
HERA groups could be related to some different local 
burning temperatures, operating procedures or weathe-
ring conditions, and make an example on how the mine-
ralogy may affect the properties of the ashes. The com-
bined SEM-EDS, XRF-XANES, XRPD analyses on different 
grain size and different grains enabled to find a number 
of new mineral hosts of the PTE (Co, Zn, Ni, Cu, Pb, Cr), 
found in metallic inclusions, oxides, carbonates, and 
amorphous matrices. As a combined investigation was 
not yet previously done, we may assume that the mine-
ralogical variety which has since now been determined 
in BA, already represented by a considerable number 
of phases, is just a fraction of the actual one. As long as 
SEM-EDS is used on single grains, we observe that each 
grain shows chemically different bulk composition, and 
mineralogical assemblages. Just for an example Zn was 
found in BA in 27 mineral phases, of which 15 were con-
firmed or discovered in this work. Also, what is generally 
and simply described as an amorphous or glassy phase, 
is in fact a number of different phases, each of them in lo-
cal equilibrium with the embedded crystals. This makes 
the prediction of the leaching behaviour of the ashes a 
risky task: the leached fraction for PTE is just a very small 
fraction, between 10-3 and 10-6 of the global content of 
the element, and a slight change in mineralogy, hardly 
or not detectable by XRD, may have a profound effect on 
the leaching of the samples. The precipitation of a small 
amount of a highly soluble phase containing PTE may 
increase dramatically the leached fraction.

There are however some regular features in the com-
positional relations between the elements, which could 
be outlined by the analysis of different portions of the 
same sample, sorted by grain size. Two opposite trends 
are observed: one shown by Si and grain size, the other, 
opposite correlated to the first, is shown by Ca, Cl, S and 
the residual loss on ignition. The first trend is followed 
also by some more lithophile elements, like Zr and Rb, 
the latter likely present in feldspar or silicate glass. The 
second trend is followed by PTE elements like Cu and 
Zn, but with some exceptions: in the BA from PC Zn does 
not follow a specific trend, and in the FC plant, Cu fol-
lows the Si trend. Pb, Ni and Cr do not follow neither 
trend, with the exception of the FE plant, where Pb goes 
with S. It appears that Cu and Zn are hosted in carbonate, 
sulphate or chlorides in the different grain size, whereas 
Pb, Ni, Co and Cr may have different host minerals in the 
different compositions. As for the leaching behaviour it is 
generally observed that leaching increases as the grain 
size decreases, for Cl , Na (and K) and Cu, but other ele-
ments, like Cr and Ni follow a different trend in the WtE 
plants of TO, PC and PR, where they follow the trend of 
Cl and Na, respect to FE and FC, where they seem unre-
lated to the grain size. This again, highlights the differen-

ce between the different plants. 
For a possible recycle of the BA, the results in leaching 

tests indicate that all the grain size below 2 mm, from 
any WtE plants are beyond legal limits for some element. 
Cl and Cu are always beyond legal limits, and again we 
find a difference between WtE plants: Ba, Ni, F are above 
limits in the FE and FC plants, SO4

2- and Cr for the other 
incinerators. Ni and other elements, like Pb and Zn were 
always leached below limits, although in FE the Pb lea-
ching is close to the critical value. Therefore, to make any 
use other than as insulator fillers, some kind of treatment 
is needed. The observation that PTE decrease with incre-
asing grain size, is not always correct, and for Cu and Cl, 
in the examined grain size the leaching is so high that it 
is not expectable that simply sieving the larger portion 
will solve the issue. However, the larger grain size could 
be easier to wash, and the reactivity in the grains could 
be slower: our SEP showed that the leached fraction, no 
matter its toxicity, is higher in finer grains. The highly re-
active nature of the ashes can be used as an aggrega-
te in cement, most for highly maturated material where 
cement minerals are present. Concrete obtained using 
BA as aggregate could fix the PTE in a structure where 
leaching occurs less. By this respect an investigation on 
the performance and on the leaching of concrete, obtai-
ned using ashes of different grain size as aggregates in 
concrete, before and after washing could be promising. 
Also, in light of the observed differences in the minera-
logy of the different incinerators, we may expect diffe-
rent performances in concrete using ashes from different 
plants. Preliminary washing at some pH value should 
be useful, as our observation showed that most of the 
coarser grains do show a rim, made by smaller grains, 
and likely the more reactive part. The washing should be 
made as to disaggregate the rim portion, whose sewage 
could be subject of further recovery of metals. 
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Geochemical modeling of solid waste-binder systems in sta-
bilization/solidification applications

INTRODUCTION
Sustainable soil stewardship provides the basis for 

terrestrial ecosystems and geochemical cycles. Howe-
ver, the unprecedented urbanization in the last decades 
brought massive solid waste stockpiles worldwide, de-
trimental to soil health and the neighborhood flora and 
fauna. 

Herein, in-situ solidification/stabilization (S/S) has been 
proposed as a remediation strategy to prevent further 
pollution in the contaminated sites. But the challenges 
of substantial CO2 emission and the sensitive durability 
attributed to ordinary Portland cement (OPC), which is 
the most widely used binder in the S/S technique, place 
this strategy under scrutiny. Herein, developing alternati-
ve low-carbon and cost-effective binders is important for 
facilitating these traditional remediation technologies.

In this work, we examined the feasibility of mitigating 
or negating the use of OPC in the S/S process of pyrite 
ash and phosphogypsum, the primary hazardous solid 
wastes generated in the phosphate industry. One tra-
ditional binder (OPC) and four alternative low-carbon 
footprint binders (calcium aluminate cement (CAC), 
white-steel-slag activated blast furnace slag (GGBFS), 
alkaline-GGBFS, and OPC-GGBFS) were applied in the 
remediation process. After the physicochemical and mi-
neralogical characterization of the stabilized products, 
we constructed the geochemical modeling to reveal 
the potential mechanisms of contaminant retention and 
ensure long-term environmental availability. Finally, we 
evaluated how integrating these innovative technolo-
gies could shed light on reducing greenhouse gas emis-
sions and offer technical benefits in future field trials. 

The overall findings underscore the immobilization 
mechanisms of pollutants using different binder stra-
tegies and highlight the urgent need to bridge the ze-
ro-emission insights to sustainable S/S technologies. The 
constructed geochemical modeling, in tandem with the 
inclusion of more solid waste types and properties in the 
following models, will be pivotal in predicting the avai-
lability and efficiency of green and sustainable remedia-

tion strategies. 

WASTE CHARACTERIZATION
The waste used in this work was excavated from an 

abandoned fertilizer production facility in Italy, which 
is now used as a storage site for the solid waste gene-
rated by pyrite roasting, sulfuric acid production, and 
phosphorus fertilizer production. The contaminated soil 
was collected following a systematic sampling grid from 
the surface to 2.5 m depth covering the whole area of 
around 0.11 km2. In this work, the soil was mainly compo-
sed of black pyrite ashes. The soil sample was placed in 
a polyethylene bag and then transported to the labora-
tory. Then the sample was air-dried, ground, and passed 
through a 2 mm mesh sieve prior to the following cha-
racterization experiments.

Characterization of pyrite ash 
The SEM images (Fig. 1a, b, and c), as well as the XRD 

investigations, evidence the presence of hematite, jaro-
site, gypsum, quartz, and anglesite (Liu et al., 2023b). Be-
sides forming sparingly soluble anglesite at acidic condi-
tions, Pb was found in complex exsolution/intergrowths 
textures in amorphous Fe oxide phases (Fig. 1d and e) 
and incorporated in the Fe-K-S-Pb oxide rims in a com-
pact form along the edges of the structures (Fig. 1f and 
g). The presence of Fe-K-S-Pb oxide rims could imply Pb 
incorporation within the jarosite crystal structure. In ad-
dition, the fate of Zn was related to the formation of sul-
fur minerals, as a Zn-Fe-S assemblage was observed in 
Fig. 1i. But as a minor component, it is hard to assess the 
exact origins of this assemblage, which may represent a 
residue of the primary ore or a precipitated secondary 
phase.

To analyze the Pb distribution mechanisms in the con-
taminated soil, Raman spectroscopy was further used to 
examine the area with high Pb concentration presented 
in Fig. 1d and g. The results imply the presence of kinto-
reite and Pb incorporation into jarosite. 
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Leachability of potentially toxic elements
When using deionized water as the leachate (at pH 4.6), 

the leachability of the tested elements showed that the 
contaminated soil should be classified as hazardous wa-
ste, with all the concentrations being significantly higher 
than the limits established by Italian laws. The leaching 
of the studied trace metals (Pb, Zn, and Fe) showed a 
strong dependence on the pH values, indicating that the 
contaminated soil is susceptible to changing conditions 
of the stockpile. 

At the pH value of 1.98, the highest concentrations of 
Pb, Zn, and Fe in the leachate were reached at 1.59 × 101, 
7.49 × 101, and 2.69 × 102 μmol/L. The minimum relea-
se of Pb (0.38 μmol/L) and Zn (0.30 ×10-1 μmol/L) was 
found at the pH value of 9.04. However, with the increase 
in pH values, Pb and Zn showed an upward tendency in 
the release under alkaline conditions. The enhanced ele-
ment release at basic conditions was due to the occur-

rence of specific dissolution of minerals (e.g., the tran-
sformation of Pb/Zn bearing carbonates to hydroxides) 
and desorption reactions of elements from reactive sur-
faces (e.g., Pb/Zn may desorb from Fe-oxides surfaces 
and favor the formation of hydroxyl-complexes). By con-
trast, the release of Fe at the neutral/alkaline conditions 
fluctuated approximately from 0.32 to 3.40 μmol/L, whi-
ch was probably related to the formation of iron hydroxi-
de. Besides, the increasing leachability of SO4

2- was only 
observed under alkaline conditions, with the concentra-
tions being constant at around 104 μmol/L in the acidic 
and neutral regions.

HIGH-PERFORMANCE S/S (HPSS) TO

WASTE
Solidification/stabilization (S/S) is a mature industrial 

process for the remediation of solid waste containing ha-
zardous substances (Calgaro et al., 2021; Contessi et al., 

Figure 1 SEM micrographs of the sample. a) backscattered scanning electron (BSE) microscopy image of contaminated soil. b) BSE image showing 
the presence of anglesite. c) BSE image implies the iron oxide; d)  BSE image demonstrates the distribution of Pb. e) elemental mapping of lead, 
potassium, and iron attributing to image d. f) the magnified BSE image corrected to the green rectangle marked area in image d, indicating a Pb-in-
corporated structure. g) and h) the compacted Pb-bearing assemblages. and i) BSE image shows the Zn-Fe-sulfate assemblage.
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2020). Typically, as one of the most widely used artificial 
materials in industries (Habert et al., 2020; Bui Viet et al., 
2020), ordinary Portland cement (OPC) is extensively ap-
plied in the S/S process due to its unique properties and 
simplicity of use (Hou et al., 2023; Ouhadi et al., 2021). 
However, the substantial carbon dioxide emission du-
ring OPC production and the concerns about its unde-
sirable retention capacity for potentially toxic elements 
strain this strategy.

 To tackle this objective, we herein tailored four alter-
native binders (CAC, OPC-activated GGBFS, white-ste-
el-slag activated GGBFS, and alkaline-activated GGBFS) 
for facilitating immobilization of high Pb content pyrite 
ash, with the perspectives of enhancing Pb retention and 
mitigating anthropogenic carbon dioxide emissions. 

Given in Fig. 2 is the framework of the high-performan-
ce S/S (HPSS®) process proposed by our co-workers (Bo-
nomo et al., 2009; Contessi et al., 2020). After removing 
the large aggregates of the collected contaminants, the 
sieved sample and binder, primarily cementitious mate-
rials, are blended in a mechanical disc pelletizer with a 
predetermined amount of aqueous solution (water or 
alkaline solution). Then the pellets are cured in air or at-
mosphere-isolated conditions for subsequent real-world 
use. 

This management is deemed to effectively convert the 
solid waste to a physiochemically stable solid assembla-
ge that can long-term or permanently store contaminan-
ts in a relatively less mobile form (Chen et al., 2009).

HPSS of natural resource-derived binders 
In OPC-based pellets (OP), typical crystalline hydration 

products of OPC (ettringite, 5.5 wt%) and unhydrated 
clinker phases (Alite and Belite, 1.6 wt% in total) were 
clearly detected in its XRD pattern (Fig. 3a). Hematite 
(54.0 wt%), jarosite (2.1 wt%), and gypsum (6.7 wt%), ori-
ginating from the raw pyrite ash, were also present. The 
amorphous content, primarily composed of C-S-H gel, 
was quantified as 24.2 wt%. The absence of portlandite 
is possibly related to the carbonation with the atmosphe-
ric CO2 because approximately 4.4 wt% of calcite was 
observed (Du et al., 2019). 

XRD mineralogical analyses of the CAC-based sam-
ples (CA) show that the amount of precipitated ettringi-
te (15.1 wt%) is approximately triple of the CP samples. 
This is because the CAC binder is mainly composed of 
CaO·Al2O3 (CA), CaO·2Al2O3 (CA2), and 12CaO·7Al2O3 
(C12A7), thus producing considerable aluminum-contai-
ning hydration products, as ettringite and gibbsite (4.3 
wt%) present in CA samples. In turn, the amorphous con-
tent (10.7 wt%) is only half of the CP samples, possibly 
assigned to amorphous aluminum hydrates, instead of 
the C-S-H gel precipitation as in the CP system (Hidalgo 
et al., 2009; Li et al., 2017). 

SEM/EDS analysis of OP samples shows that the dark 
rims around the unhydrated OPC particles are C-S-H 
gel, which is the typical amorphous hydration product 
of the OPC system, as high Ca and Si weight fractions 
detected. The presence of Pb is observed in the mixtures 
of pyrite ash phases and cementitious matrices adjacent 
to the iron oxide particles and is preserved in the C-S-H. 
In CA samples, more cracks are observed throughout 
the analyzed areas, which could be attributed to ettrin-
gite dehydration due to the oven drying process during 
the sample preparation (Bizzozero et al., 2014) and the 
high vacuum condition reached in the SEM experiments 
(Contessi et al., 2020). SEM/EDS analysis of OP samples 
shows that the dark rims around the unhydrated OPC 
particles are C-S-H gel, which is the typical amorphous 
hydration product of the OPC system, as high Ca and Si 
weight fractions detected. The presence of Pb is obser-
ved in the mixtures of pyrite ash phases and cementi-
tious matrices adjacent to the iron oxide particles and is 
preserved in the C-S-H. 

In CA samples, more cracks are observed throughout 
the analyzed areas, which could be attributed to ettrin-
gite dehydration due to the oven drying process during 
the sample preparation (Bizzozero et al., 2014) and the 
high vacuum condition reached in the SEM experimen-
ts (Contessi et al., 2020). The presence of Pb in CA pel-
lets has a high correlation with the spatial distribution of 
Ca, Al, Fe, and S, inferring that Pb-bearing species are 
well-intermixed with ettringite through the adsorption 

Figure 2 HPSS® process framework.
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and/or incorporation. 

HPSS of by-products-derived binders 

The XRD results of CB pellets (Fig. 4a and b) illustra-
te that hematite is the main crystalline phase detected 
(52.0 wt%). Meanwhile, jarosite and gypsum, also origi-
nating from the pyrite ash, are observed at 4.4 and 9.2 
wt%, respectively. The binder hydration products are 
ettringite (5.1 wt%) and amorphous phases (20.1 wt%) 
that mainly consist of C-(A)-S-H gel and unreacted slags 
(Berthomier et al., 2021). Carbonates (vaterite and cal-
cite) deriving from the carbonation of calcium species 
(e.g., portlandite and gypsum) at alkaline conditions are 
quantified as 6.6 wt%. A minor proportion (0.5 wt%) of 
the crystalline Pb-bearing phase kintoreite is found, with 
the most pronounced diffraction peak being observed 
at 46.8° 2θ. 

MB samples present similar hydration products as the 
CB scenario, however, with more crystalline ettringite 
(14.7 wt%) and fewer amorphous contents (16 wt%). 
Accordingly, the sulfate contents  (gypsum 4.2 wt% and 
jarosite 5.3 wt%) are decreased. The carbonate species 
detected in CP and CB pellets are not present in the MB 
samples, indicating the low concentration of calcium in 
the pore solutions, which is not conducive to the for-
mation of portlandite and its subsequent carbonation. 
Further, although high aluminum content steel slag and 
GGBFS are aluminate-rich materials like the CAC bin-
der, the crystalline gibbsite is not observed in the XRD 
spectra of MB samples.

XRD mineralogical analyses of the AB pellets show that 
the ettringite formation is inhibited in this system (0.3 
wt%). Likewise, the phases originate from pyrite ash (he-
matite (59.0 wt%), gypsum (10.9 wt%), jarosite (5.2 wt%), 
quartz (2.3 wt%), and kintoreite (0.9 wt%)) account for 

over 75 wt% of the quantified pellets fraction, implying a 
relatively low hydration degree in AB samples. Note, the 
amorphous fraction in CB, MB, and AB samples can also 
be partially attributed to unhydrated GGBFS, which are 
amorphous (Gardner et al., 2015; Kirca et al., 2013).

Leachability of Pb and carbon emissions estima-
tion of each binder scenario

The results of ultrapure water leaching (Fig. 5) confir-
med the immobilization efficiency of Pb in the collected 
pyrite ash and applied binder scenarios, as well as the 
detected leachability of Al, Fe, and sulfates. Without the 
HPSS process, the release of Pb (1900 μg/L) from the 
pyrite ash is two orders of magnitude higher than the 
limits (10 μg/L based on D.Lgs. n. 152/2006 and 50 μg/L 
based on D.M. n. 186). In the CP pellets, the Pb leacha-
bility (180 μg/L) far exceeded the concentration limit for 
on-site reuse (10 μg/L), which confirms previous results 
showing that the OPC binder is insufficient when the Pb 
concentration is in a relatively high range (Contessi et al., 
2020). The Pb leachability of CB, CA, and MB decreased 
to 30, 20, and 57 μg/L, respectively.

In addition, Fig. 5 summarizes the carbon emissions 
and the preparation cost associated with each binder 
scenario. CP pellets show the largest carbon footprint, as 
recycling 1 tonne of pyrite ash will release 215 kg of CO2. 
Considering the CO2 saving in view of the samples in its 
use stage by reacting with atmospheric CO2  (Habert et 
al., 2020), CP carbonation can eliminate 29.7 kg CO2/t 
of the carbon footprint, which is approximately 14% of 
the precursor pelletizing process. Herein the overall cost 
for the CP pellets preparation could reach 30.8 €/t (17.8 
from the binder and water supply and 13.0 from the esti-
mated CO2 tax in E.U.). With regard to CA pellets, the 
overall cost related to the pelletization process could 

Figure 3  XRD characterization of CP and 
CA samples. (a) The detected XRD spectra 
and (b) The correlated quantification resul-
ts. C: calcite, E: ettringite, G: gypsum, H: 
hematite, I: Gibbsite, J: jarosite, K: kintorei-
te, L: gehlenite, O: alite and/or belite, Q: 
quartz, and Z: zincite. Binder in Fig. 3b in-
dicates the sum fraction of alite and belite 
in CP samples and the gehlenite fraction 
in CA samples.

Figure 4 XRD characterization of CB, MB, 
and AB samples. (a) The detected XRD 
spectra and (b) The correlated quantifica-
tion results. C: calcite, E: ettringite, G: gyp-
sum, H: hematite, J: jarosite, K: kintoreite, 
Q: quartz, and Z: zincite. Binder in Fig. 4b 
indicates the sum fraction of alite, belite, 
and gehlenite fraction.
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make this strategy unprofitable (75.5 €/t) because of the 
high price of CAC binder and its production is less car-
bon-negative, which may emit 150.5 kg CO2/t. Further, 
the inhibited carbonation in CA pellets may bring less 
CO2 tax benefit to this strategy. 

With the substitution of industrial by-products, the CO2 
benefits under CB, MB, and AB options are optimized 
accordingly. The calculated CO2 release and uptake of 
CB samples are 71.9 and 38.7 kg CO2/t, indicating that 
more than half of the CO2 emission related to binder 
production can be mitigated as a consequence of the 
sponge effect. Although the CB binder preparation cost 
(30.2 €/t) is higher than the CP pellets, the CO2 tax (2.3 
€/t) is much less than the traditional pathway. For the MB 
pellet, despite the carbonates (calcite and vaterite) are 
also not found in this sample, its associated carbon fo-
otprint is only a quarter of the CP preparation at 50.0 kg 
CO2/t. Meanwhile, because of the broad quantities and 
economics of GGBFS, the overall cost of the MB scenario 
is only 10.0 €/t. The lowest carbon footprint corresponds 
to the cases of AB pellets, with the emission estimated as 
16.9 kg CO2/t. The following carbonation takes up 15 kg 
of CO2 emissions.

GEOCHEMICAL MODELING SUMMARY
Characterizing the PTEs leaching behaviors and the 

associated mechanisms over a broad pH range is fun-
damental in tailoring the field application. However, 
relevant empirical analysis to reveal the underlying me-
chanisms responsible for the leaching behavior of con-
stituents remains poorly understood. 

Based on recent studies, the geochemical modeling 
approach could disentangle how this coupling operates, 

where insights can be gained through the use of pH-de-
pendent leaching tests in association with geochemical 
speciation modeling (Chen et al., 2021; Du et al., 2019; 
Jarošíková et al., 2018; Sun et al., 2019). The dissolution/
precipitation equilibrium of the PTEs-containing phases 
and the cementitious assemblages is assumed to be the 
primary mechanism for the leaching behavior of the PTEs. 
However, there is strong evidence that the ion exchange 
and adsorption also play a critical role in controlling the 
PTEs release, for instance, the Pb could be incorporated 
into the ettringite structure (Contessi et al., 2021) and 
adsorbed onto the surface of C-S-H/C-A-S-H gel (Chen 
et al., 2022; Liu et al., 2021). The reconstruction of these 
processes in geochemical modeling is still fragmented 
and poorly constrained (Vega-Garcia et al., 2021; Zavarin 
et al., 2022). This is because the representativeness of 
the modeling is limited by the amount of available data 
from the thermodynamic database (Holmes et al., 2022; 
Lu et al., 2022). These knowledge gaps hinder the deve-
lopment of a fundamental understanding of the controls 
on PTEs release and migration.

To contribute to filling in these gaps, we elucidated the 
roles of traditional (OPC) and alternative (CAC) binders 
in Pb retention, thus addressing the relatively low Pb 
immobilization efficiency associated with conventional 
OPC and (2) integrating the insights into the adsorption 
and ion exchange mechanisms controlling Pb mobiliza-
tion. With the thorough characterization of the partitio-
ning of chemical species, we constructed geochemical 
modeling coupled with the Parameter Estimation softwa-
re (PEST). By comparing the identified PTEs’ leaching 
behavior from experiment and simulation, we investiga-
ted and quantitatively classified the impacts from disso-
lution/precipitation, adsorption, and physical encapsula-

Figure 5 The optical microscope images and the related carbon footprint of the pellets preparation.  The carbon uptake of CA and MB pellets is 
estimated to be 0 because the carbonates are not found in their XRD patterns. The “Direct” represents the direct cost related to the pellets prepara-
tion and the “Tax” indicates the indirect cost of CO2 tax. Note that the carbon footprint and CO2 tax of MB pellets are estimated based on recycled 
steel slag (10.6 CO2/t CO2 emission, 10.0 €/t direct cost, and 0.7 €/t CO2 tax), while the bright blue column marked indicates the estimation is from 
synthetic mayenite, which is the primary component of recycled steel slag (50.0 CO2/t CO2 emission, 12.8 €/t direct cost, and 3.5 €/t CO2 tax).
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tion on Pb capture. The results of this paper demonstrate 
the feasibility of using the Portland-free pathway to im-
mobilize the PA. Further, it provides a reliable methodo-
logy to guide and test the plausibility of conceptual and 
numerical models of Pb mobilization and transport, even 
with a limited dataset, which may contribute to a more 
complete picture of PTEs release mechanisms in the sta-
bilized products and improve the trail application of S/S 
technologies.

Quantification of Pb and sulfates retention in 
OPC- and CAC-based pellets.

Fig. 6 gives the quantitative results of the Pb and sulfa-
tes-bearing species of OP and CA modelings under the 
studied pH ranges. At alkaline pH conditions (pH > 8), 
the immobilization of Pb in the OP samples mainly re-
lies on the adsorption and ion exchange capabilities of 
C-S-H and ettringite. With the decrease in pH values, the 
neutral pH conditions are no more suitable for the equi-
librium of C-S-H and ettringite (Liu et al., 2023a). 

Therefore, the adsorbed Pb is gradually released as a 
consequence of the dissolution of hydration products. 
Then the soluble Pb precipitates as cerussite or is partial-
ly immobilized by the ferrihydrite (Fe(OH)3) and hemati-
te. At acidic conditions (pH < 5), the Pb immobilization 
is attributed to the anglesite precipitation and hemati-
te adsorption. However, non-negligible amounts of Pb 
remain soluble in pore solutions, as the leaching tests 
ascertained that the Pb leachability at pH 3.3 is a thou-

sand times higher than the specified limit. 
In Fig. 6b, the Pb retention of CA samples at alkaline 

conditions is primarily assigned to the adsorption and 
ion exchange with ettringite and hematite or precipita-
tion as Pb(OH)2. At neutral pH conditions (pH 7 to 8), Pb 
leachability is dominated by hematite and ferrihydrite 
adsorption. Then Pb partially redissolves and reprecipi-
tates as cerussite and anglesite, and a portion of solu-
ble Pb remains in the pore solution in the forms of Pb2+, 
PbNO3

-, and PbSO4(aq) when the pH shifts to acid condi-
tions. From Fig. 6c and d, the sulfates variation of OP and 
CA samples demonstrate a similar trend in acidic condi-
tions (pH from 3 to 7). In these conditions, sulfate mainly 
precipitates as jarosite, anglesite, and gypsum. Whereas 
gypsum is the principal sulfate-bearing phase at pH va-
lues ranging from 7 to 9. The ettringite fraction increases 
at basic conditions, which are suitable for the stability of 
hydration products.   

In general, our developed method enables a better un-
derstanding of the PTEs immobilization roles of the main 
hydration products and inherent phases in solid waste, 
which is hardly revealed by the experimental techniques. 
In turn, understanding the extent of this role variation 
will allow a more accurate and reliable mixture design 
for the in-situ remediation industry. The implications of 
these results underscore the importance of not only pre-
dicting and clarifying the PTEs immobilization amounts 
as a function of pH values but also highlighting the es-
sential question of how the stabilized products would 

Figure 6 The simulated PTEs-bearing phases variation as a function of pH values. a) The variation of the Pb-bearing species in OP. b) The variation of 
the Pb-bearing species in CA. c) The variation of the sulfates-bearing species in OP. d) The variation of the sulfates-bearing species in CA samples.
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contribute to PTEs retention when the field conditions 
are under harsh or unsuitable conditions. For example, 
when the pH of the rainfall and groundwater changes 
with the season or anthropogenic activities, the predi-
cted concentrations of dissolved PTEs could be used to 
forecast whether secondary pollution will occur. 

 

CONCLUSIONS
In this work, in-situ S/S has been proven a promising 

technology that can treat the PTEs contaminated soil 
profitably and scalably. Using the low-carbon binders to 
partially or entirely replace the use of ordinary Portland 
cement (OPC) has been proven a high-hope strategy 
that promotes the PTEs’ remediation efficiency and brid-
ges the gap between carbon-neutral world rhetoric and 
the reality of solid waste remediation applications. The 
developed geochemical modeling has prompted the 
possibility of an in-depth investigation for in-situ reme-
diation in industrial sites by evaluating the PTEs leacha-
bility and the sponge effect of S/S products. The overall 
findings shed light on the understanding of PTEs immo-
bilization mechanisms in multiple alternative sustainable 
binders, highlighting the significance of the perspecti-
ves of carbon neutrality in the emission-intensive S/S 
applications and providing new insights into the highly 
efficient S/S of contaminated wastes. The main conclu-
sions are as follows: 
(1) The characterization results demonstrate that Pb 

and Zn are the most abundant heavy metal pollutan-
ts within the collected pyrite ash samples. With the 
XRD, SEM/EDS, and Raman investigation, anglesite 
and kintoreite have been confirmed as the primary 
Pb-bearing crystalline phases, which may be genera-
ted from the oxidation of remaining pyrite particles. 
In addition, the jarosite could be a heavy metal ho-
ster, as the Pb or Zn-incorporated jarosite was cha-
racterized along the edge of the hematite particles. 
The pH-dependent leaching tests and geochemical 
modeling reveal that the Pb and Zn leachability stron-
gly depends on the pH values of the leachates, with a 
downward trend towards the near-neutral pH region 
from 6 to 10. At acid conditions, the increased solubi-
lity of Pb is dominated by the dissolution of anglesite 
and the formation of Pb nitrate complexes, while Zn 
is controlled by Zn ions and Zn-sulfate complexes in 
the solution. In contrast, when the pH values move to 
strong alkaline conditions, the upward trend could be 
associated with the complexation of aqueous metal 
hydrates. Noteworthy, the results indicate that even 
under normal conditions (for instance, normal rain-
fall), the stockpile of pyrite ash poses a great envi-
ronmental risk and strongly threatens human health, 
which only worsens under acidic or alkaline condi-
tions. Herein, integrating profitable and sustainable 
remediation technologies in the contaminated site is 

critically essential to prevent further pollution.
(2) In the S/S applications, the use of OPC is insufficient 

for efficient Pb immobilization due to the high alkali-
ne conditions of the soil-binder system resulting from 
the dissolution of clinker phases, which may interfe-
re with Pb precipitation. Meanwhile, the substantial 
carbon footprint attributed to OPC production also 
places critical scrutiny on this scenario. Although the 
CAC binder incorporation provides a promising Pb 
immobilization efficiency, the less satisfactory ecolo-
gical benefits and the relatively high carbon footprint 
diminish the trial application of CAC. The GGBFS-in-
corporated binder tends to be a comprehensively 
sustainable and profitable strategy due to its excel-
lent compatibility with Pb and relatively low-carbon 
nature. The experimental results indicate that aside 
from the Pb incorporation in the binding matrix si-
milar to the OPC-waste system, the formation of low 
Ca/Si ratio C-(A)-S-H gel promoted the Pb retention, 
fulfilling the Pb leachability requirements for reuse 
as S/S material. Furthermore, the quantified sponge 
effect of industrial by-products incorporated pellets 
(MB and/or CB) suggests that it would promote the 
achievement of carbon neutrality. Overall, it provided 
useful guidance for improving the design and appli-
cation of cement-free pathways for sustainable solid 
waste amendment, which bridged the gap between 
carbon-neutral world rhetoric and the reality of solid 
waste remediation applications.

(3) The pH-dependent leaching tests of CP and CA sam-
ples indicate both scenarios demonstrate high re-
tention of Pb at neutral and alkaline pH conditions ( 
approximately from 7 to 11). The use of CAC binder 
effectively enhanced the Pb retention capacity of 
the stabilized product, especially in harsh acid con-
ditions, with only a quarter of Pb concentration de-
tected in CA samples (11000 μg/L) compared to CP 
samples (43000 μg/L). Experiments reveal that Pb 
incorporation in OPP samples is mainly associated 
with the presence of C-S-H, with an observed enrich-
ment in Ca and Si-rich areas along the cement parti-
cles (where C-S-H precipitation occurs), whereas the 
Pb is homogeneously distributed in the CA samples. 
Geochemical modeling reveals that C-S-H adsorp-
tion is the primary Pb immobilization mechanism of 
CP samples under alkaline conditions, with a 0.1 mol/
mol Pb retention capacity that can be reached. When 
the pH is unsuitable for C-S-H precipitation, cerussi-
te and anglesite precipitation are the main controls 
of Pb leachability, with small amounts of soluble Pb 
being adsorbed by hematite and ferrihydrite. Regar-
ding the CA samples, precipitation of Pb(OH) and 
incorporation in ettringite are the primary control 
mechanisms for Pb equilibrium in alkaline environ-
ments. The Pb host capacity of ettringite is estimated 
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to be approximately 0.1 mol/mol, which is equivalent 
to C-S-H. However, the contribution of hematite and 
ferrihydrite adsorption to Pb equilibrium is observed 
in a broader pH range compared to OPP samples. 
Likewise, the cerussite and anglesite precipitation 
shows stronger affinities for Pb immobilization in acid 
conditions. 

(4) The following works on revealing the physical profile 
would allow a more consistent description of the so-
lid waste-binder systems. In addition, we recognize 
that the reliability and accuracy of our present model 
can be improved by further efforts of data collection 
in PTEs pH-dependent leachability with different 
PTEs concentrations and different mixtures propor-
tions. Should the changes be significant, the model 
will need to be re-assessed and re-calibrated. 

REFERENCES
Berthomier, M., Lors, C., Damidot, D., De Larrard, T., 

Guérandel, C., & Bertron, A. (2021): Leaching of CEM 
III paste by demineralised or mineralised water at pH 
7 in relation with aluminium release in drinking water 
network. Cem. Concr. Res, 143, 106399.

Bizzozero, J., Gosselin, C., & Scrivener, K.L. (2014): 
Expansion mechanisms in calcium aluminate and sul-
foaluminate systems with calcium sulfate. Cem. Con-
cr. Res, 56, 190–202. 

Bonomo, L., Careghini, A., Dastoli, S., De Propris, L., Fer-
rari, G., Gabellini, M., & Saponaro, S. (2009): Feasibi-
lity studies for the treatment and reuse of contamina-
ted marine sediments. Environ. Technol, 30, 817–823. 

Calgaro, L., Contessi, S., Bonetto, A., Badetti, E., Ferrari, 
G., Artioli, G., & Marcomini, A. (2021): Calcium alu-
minate cement as an alternative to ordinary Portland 
cement for the remediation of heavy metals conta-
minated soil: mechanisms and performance. J. Soils 
Sediments. 21, 1755–1768

Chen, Q.Y., Tyrer, M., Hills, C.D., Yang, X.M., & Carey, P., 
(2009): Immobilisation of heavy metal in cement-ba-
sed solidification/stabilisation: A review. Waste Ma-
nag., 29, 390-403.

Contessi, S., Calgaro, L., Dalconi, M.C., Bonetto, A., Bel-
lotto, M. Pietro, Ferrari, G., Marcomini, A., & Artioli, G. 
(2020): Stabilization of lead contaminated soil with 
traditional and alternative binders. J. Hazard. Mater, 
382, 120990.

Du, B., Li, J., Fang, W., & Liu, J., (2019): Comparison of 
long-term stability under natural ageing between ce-
ment solidified and chelator-stabilised MSWI fly ash. 
Environ. Pollut., 250, 68–78. 

Gardner, L.J., Bernal, S.A., Walling, S.A., Corkhill, C.L., 
Provis, J.L., & Hyatt, N.C. (2015): Characterisation of 
magnesium potassium phosphate cements blended 
with fly ash and ground granulated blast furnace slag. 
Cem. Concr. Res, 74, 78–87. 

Habert, G., Miller, S.A., John, V.M., Provis, J.L., Favier, A., 
Horvath, A., & Scrivener, K.L. (2020): Environmental 
impacts and decarbonization strategies in the ce-
ment and concrete industries. Nat. Rev. Earth Environ, 
111, 559–573. 

Hidalgo, A., García Calvo, J.L., Alonso, M.C., Fernández, 
L., &  Andrade, C. (2009): Microstructure develop-
ment in mixes of calcium aluminate cement with silica 
fume or fly ash. J. Therm. Anal. Calorim, 96, 335–345. 

Hou, D., Al-Tabbaa, A., O’Connor, D., Hu, Q., Zhu, Y.G., 
Wang, L., Kirkwood, N., Ok, Y.S., Tsang, D.C.W., Bolan, 
N.S., & Rinklebe, J. (2023): Sustainable remediation 
and redevelopment of brownfield sites. Nat. Rev. Ear-
th Environ, 44, 271–286. 

Kirca, Ö., Özgür Yaman, I., & Tokyay, M. (2013): Com-
pressive strength development of calcium aluminate 
cement–GGBFS blends. Cem. Concr. Compos, 35, 
163–170. 

Li, G., Zhang, A., Song, Z., Shi, C., Wang, Y., & Zhang, J. 
(2017):  Study on the resistance to seawater corrosion 
of the cementitious systems containing ordinary Port-
land cement or/and calcium aluminate cement. Con-
str. Build. Mater, 157, 852–859. 

Liu, Y., Molinari, S., Dalconi, M.C., Valentini, L., Ricci, G., 
Carrer, C., Ferrari, G., & Artioli, G. (2023): The leaching 
behaviors of lead, zinc, and sulfate in pyrite ash con-
taminated soil: mineralogical assessments and envi-
ronmental implications. J. Environ. Chem. Eng, 11, 
109687. 

Liu, Y., Molinari, S., Dalconi, M.C., Valentini, L., Bellotto, 
M.P., Ferrari, G., Pellay, R., Rilievo, G., Vianello, F., Sal-
viulo, G., Chen, Q., & Artioli, G. (2023): Mechanistic 
insights into Pb and sulfates retention in ordinary 
Portland cement and aluminous cement: accessing 
the contributions from binders and solid waste. J. Ha-
zard. Mater., 458, 131849.

Ouhadi, V.R., Yong, R.N., & Deiranlou, M. (2021): Enhan-
cement of cement-based solidification/stabilization 
of a lead-contaminated smectite clay. J. Hazard. Ma-
ter., 403, 123969.



76

Lorenzo Magnani
Dipartimento di Scienze della Terra “Ardito Desio”, Università degli Studi di Milano, Via Mangiagalli 34, 20133, Milano, Italia

DOI:10.19276/plinius.2023.01.008

 

Lithium enrichment in anatectic pegmatites:
new insights from the thermometamorphic aureole of the 

Adamello batholith

INTRODUCTION
Lithium is the least dense alkali metal, it is electroche-

mically active, featuring the highest redox potential va-
lue of all metals, and has the highest specific heat capa-
city of any solid element. These characteristics make it 
one of the most important commodity for modern life 
and a key element for modern electric vehicle revolution 
(e.g. Swain et al., 2017). Newly mined lithium to supply 
the estimated demand will come largely from pegma-
tite and related magmatic deposits, evaporative brines, 
and a growing group of unusual deposits including both 
rocks and brines (Kesler et al., 2012). Pegmatites are 
of interest due to their wider geographic distribution, 
lesser susceptibility to supply disruptions and environ-
mental impact and they are the types of Li deposits on 
which the research effort has mostly focused on in the 
last years. Although several works addressing the gene-
sis of Li-enriched pegmatites have been published (e.g. 
Černý, 1991; Černý & Ercit, 2005; Simmons et al., 1995, 
1996, 2008, 2016, 2018), the processes that lead to the 
formation of these rocks are still not well understood. 
New research on these economically strategic resources 
is needed to expand our knowledge on the geological 
constraints that determine their formation and produce 
the metal endowment of pegmatites-hosted Li resour-
ces. The presented Ph.D. project, in particular, tries to 
provide tighter constraints on the evolution of Li-pegma-
tites by studying small Li-enriched bodies emplaced in 
the thermometamorphic aureole of the Adamello pluton 
(Northern Italy). 

MATERIALS AND METHODS
This study is based on a set of forty samples from 

low-grade metamorphosed to migmatitic rocks of the 
Verrucano Lombardo formation as well as barren and 
Li-rich pegmatites collected in the Forcel Rosso area. 
In addition, five unmetamorphosed samples of Verru-
cano Lombardo pelites were also collected. Extensive 
and detailed field mapping was carried out to identify 
small-scale lithological variations and map the distribu-

tion of pegmatitic dykes. The mineralogy and texture of 
the collected samples were characterized in fifty-five thin 
sections by optical microscopy while mineral chemical 
data were obtained by electron microprobe. The who-
le rock major elements composition of the samples was 
determined at the department of Earth Sciences of the 
University of Milan (Italy) using an iCAP ICP-MS quadru-
pole coupled with a 193 nm Ar-F excimer laser on pres-
sed powder pellets following the procedure of Peters 
and Pettke (2016). Data treatment was performed on SIL-
LS (Guillong et al., 2008). The whole rock composition of 
the zoned LCT pegmatites has not been determined di-
rectly due to its extreme textural heterogeneity and large 
crystal dimensions which have hindered the collection 
of a single representative sample. To overcome this limi-
tation the average composition of the pegmatites was 
calculated as the weighted average of the composition 
of each zone multiplied for their volumetric abundance. 
Radiogenic Sr and Nd isotopic analyses of 10 selected 
samples were performed using a Thermo Fisher Neptu-
ne Plus MC-ICP-MS at the Istituto di Geoscienze e Geori-
sorse - CNR in Pisa (Italy) in 2% HNO3 solution containing 
20-200 ng*g-1 of analyte. The in-situ B isotope composi-
tion of tourmaline crystals was measured by LA-MC-ICP-
MS technique at the Geochemistry, Geochronology and 
Isotope Geology Laboratory at the Earth Science Depart-
ment “A. Desio”, University of Milan (Italy) by coupling the 
laser system used for the trace element determination to 
a Neptune XT MC-ICP-MS (Thermo Fisher Scientific).

GEOLOGICAL SETTING
The Adamello batholith is the largest of the Tertiary 

Periadriatic plutons and was emplaced at 6-10 km dep-
th (Broderick et al., 2015) in the central Southern Alps 
during the Eocene-Oligocene. The rocks of the Ada-
mello massif show a distinct compositional similarity to 
volcanic rocks of equivalent SiO2 content from calc-alka-
line suites of continental margins (Dupuy et al., 1982). 
Variation trends of major and trace elements generally 
resemble trends generated by fractional crystallization 
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dominated by plagioclase and to a smaller degree by 
amphibole and pyroxene. Overall, the Adamello plutons 
show a sequential emplacement from the oldest units 
in the south (Re di Castello pluton, RdC, ~43 Ma) to the 
youngest in the north (Avio pluton, ~30 Ma; Del Moro et 
al., 1985; Schaltegger et al., 2019). Strontium isotope ra-
tios (87Sr/86Sr) indicate a mantle origin and tend increase 
from 0.7036 in the south to 0.7120 in the north (Del Moro 
et al, 1983; Blundy, 1989) indicating that contamination 
by radiogenic upper-crustal strontium increased with 
time, becoming most significant in the youngest, nor-
thernmost plutons. Most of the country rocks (ca. 90%) 
surrounding the Adamello batholith exhibit evidence of 
contact metamorphism within the ca. 1 km to 4 km thick 
thermal aureole (Callegari & Brack, 2002), inside which 
the studied LCT pegmatites are intruded. Two families of 
pegmatites are present: one Li-enriched related to the 
migmatites and one Li-poor intruded into the Adamello 
pluton magmatic mass.

RESULTS
P-T conditions and Role of fluids in partial melting
In the contact aureole of the collisional metaluminous 

Adamello pluton (Italy), pelites reached hornfels facies 
conditions locally undergoing partial melting, forming 
Crd-bearing and Crd-absent migmatities. This small-sca-
le migmatitic field is spatially associated with barren and 
Lithium-Cesium-Tanatalum (LCT) pegmatitic dykes of 
granitic composition, suggesting a direct link between 
low-pressure partial melting and generation of Li-en-
riched felsic melts. Phase equilibria modelling reveals 
that the Crd-bearing metapelitic migmatites produced 
around 20 vol.% melt fraction through fluid-assisted mel-
ting reactions, while the Crd-absent stromatic metatexi-
tes produced ca. 35 vol.% of melt during fluid-rich partial 
melting. No melting was expected in strictly fluid-absent 
conditions. Peak P-T metamorphic conditions were cal-
culated at 690-700°C and 300 MPa for both rock types. 
Because of the steep contact thermal gradient, the un-
derlying and older conglomerates of the Verrucano For-
mation, of which the pelitic succession is part of, as well 
as rocks of the Collio Formation experienced compa-
rably lower temperature metamorphism. Their mica-po-
or mineral compositions prevented them from melting 
and influencing the local anatectic processes. Crd-bea-
ring migmatites leucosomes are compositionally similar 
to anatectic melts obtained by phase equilibria model-
ling, connected to fluid-assisted melting and defined as 
unfractionated. The leucosomes dominated by Kfs-Bt 
cumulus mineral composition and extremely enriched in 
K2O, Sr and Ba are connected to fluid-rich melting and 
Crd-absent migmatites. 

The first documented case of anatectic LCT peg-
matites in italy

Major and trace element modelling suggests that part 
of the melt formed during fluid-present melting was ex-
tracted from the source. The composition of this evol-
ved anatectic magma is compatible with the chemical 
composition of the migmatites-hosted LCT pegmatites. 
Whole rock Sr-Nd isotopic data confirm that the Li-rich 
pegmatites of the Forcel Rosso area are indeed crustally 
derived (ca. 0.74 87Sr/86Sri and ca. -10 εNd) marks them 
as produced by direct anatexis of metapelites. The iso-
topic data characterizing the pluton-hosted pegmatites 
(0.705 87Sr/86Sri, -3 εNd)  marks them as mantle-derived 
and directly linked to the Adamello batholith, clearly 
marking the lack of direct relationship existing between 
this magmatic intrusion and pegmatites featuring Li en-
richment in its contact aureole. The data from this study 
shows that cordierite, or the absence of it, plays a key 
role in regulating the lithium transfer during partial mel-
ting in low pressure migmatites. Zircon U-Pb ages for all 
pegmatites in the area point to the same age of the Ada-
mello pluton intrusion, from 37.5 to 38.5 Ma, and trace 
elements compositions outline important differences in 
the geochemical signature between pluton-derived and 
metapelite-derived pegmaties. LCT pegmatites zircons 
are rich in Y while pluton-related pegmatites zircons are 
enriched in Th. The Ti-in-zircon geothermometer con-
firms that anatectic pegmatites crystallized at the peak 
metamorphic temperature calculated through phase 
equilibria modelling. 

Tourmaline as petrogenetic indicator:  confir-
ming the hypothesis

Once defined that Li-enriched pegmatites are ana-
tectic, tourmaline was used to study the continous evo-
lution of the metapelitic system from unmetamorphosed 
up to the conditions of pegmatite crystallization. This mi-
neral is the main boron carrier among the rock forming 
minerals and it’s obiquitous in the studied rocks. Stu-
dying the major element composition and boron isoto-
pic signature several changes and trends are identified 
highlighting how this mineral evolves through the me-
tamorphic history of metapelites, revealing a seemingly 
more complex picture compared to what is reported in 
the published literature data. Also, the data show how 
this mineral records variations during pegmatites crystal-
lization processes making it valuable in the interpreta-
tion of their complex internal evolution processes. 

IMPLICATIONS AND CONCLUSIONS
This Ph.D. project proved that Li-enriched pegmatites 

may be anatectic and originate through fluid-present 
melting of metapelites, even in the thermometamorphic 
aureole of plutons. This work identifies the mineral cor-
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dierite as the main regulator of lithium liberation during 
low-pressure anatexis of suitably Al-rich pelitic rocks. 
The results highlight that in-source and en-route melt 
fractionation play an extremely important role each time 
magma is extracted from its source and that this pro-
cess is the one ultimately responsible for the formation 
of Li-enriched melts. Pegmatitic zircons, although com-
plex, can be used as tracers in order to help define the 
origin of pegmatitic dykes, particularly in cases in which 
these bodies are too old for Sr isotopic determination. 
The studied area shows that small scale variations in the 
pre-anatectic abundance and presence of aqueous flu-
ids influences melt production and melt composition of 
different migmatitic areas. Finally, the metamorphic and 
magmatic history of the studied tourmaline crystals hi-
ghlights how this mineral may record almost every bo-
ron-involving reaction and help unravel the complex hi-
story of migmatites, pegmatites and Tur-bearing plutons.
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Crystal chemistry and physical-chemical behaviour of RE-
E-bearing phosphates and arsenates

The case study of Mt. Cervandone

INTRODUCTION

Rare Earth Elements
Rare Earth Elements (REE) correspond to the lantha-

noid group, Sc and Y, which are recognized as indispu-
tably fundamental materials for several economic sec-
tors, mostly connected with high-tech industry and the 
so-called “green” energy. Within the last few decades, 
their market has experienced a strong increase. The ap-
plications of REE are bound to several modern technolo-
gies, like, but not limited to, permanent magnets, battery 
alloys, catalysts for petroleum and automotive sectors, 
glass additives, polishing and phosphors in monitors 
(e.g., Blengini et al., 2020).

Rare Earth Elements are conventionally split into two 
major groups, the Light REE (LREE) and Heavy REE 
(HREE), based on their atomic radii and electronic con-
figuration of the 4f electron shell: LREE  comprising the 
Ce-Gd group, while the HREE includes the Tb-Lu series; 
in addition, Y was included as one of the HREE, being its 
atomic radius intermediate between those of Ho and Er, 
while Sc is not included in any of the two groups, althou-
gh it is worth to mention that the smaller ionic radius of 
Sc makes it to behave as one of the HREE.

Mt. Cervandone
The present study focuses on several mineral samples 

from hydrothermal quartz fissures outcropping at the Mt 
Cervandone (Lepontine Alps), in Piemonte, Italy. From 
the geographical point of view, the area of interest is in 
the Verbano-Cusio-Ossola province, within the natural 
park “Parco dell’Alpe Veglia e dell’Alpe Devero. From the 
geological perspective, the Cervandone area is located 
within the Penninic domain of the Central Alps and, more 
specifically, within the Lower Penninic units.

The Mt. Cervandone is one of the most renowned REE 
deposits of the Alps, known among both collectors and 
scientists for its unusual and changing nature of the REE- 
and As-bearing mineralogical species. Unfortunately, 
despite the huge number of studies focused on the Mt. 
Cervandone area, most of them relate to the mineralogy 

of unusual specimens and very little efforts have been 
dedicated to unveil its geological features. Indeed, there 
are only few studies (Guastoni et al., 2006; Guastoni et 
al., 2013) concerning the REE-source in Mt. Cervandone. 
It is known that the origin of REE-minerals is connected 
to the NYF pegmatites: within the pegmatites, the RE-
E-bearing minerals are rather abundant, and the pegma-
tites likely represent the pristine REE source (Graeser & 
Roggiani 1976) with allanite-(Ce) representing the most 
likely source mineral (Alessandro Guastoni, personal 
communication). On the other side, within the quartz fis-
sures, the occurrence of REE-bearing minerals is rather 
sporadic (Guastoni et al., 2006). 

Allanites can undergo a complete dissolution, leaving 
centimetric allanite-shaped voids, often filled by mona-
zite-(Ce) and synchyste-(Ce) (Alessandro Guastoni, per-
sonal communication). The decomposition of allanites 
leads to a REE enrichment in the hydrothermal fluids, 
which determined the crystallization of REE-minerals wi-
thin the quartz fissures.

ATO4 minerals 

Among the several REE-minerals belonging to the al-
pine-fissures of the Cervandone complex, in the context 
of the present project, two arsenates [chernovite-(Y) and 
gasparite-(Ce)] and two phosphates [xenotime-(Y) and 
monazite-(Ce)] have been selected. All of them belong 
to the so-called ATO4 group. The expression ATO4  is a 
general term used in the literature to define ternary, inor-
ganic compounds, usually oxides. Within ATO4, A and T 
represent two cations, not necessarily different, that can 
combine with oxygen (and seldom with other anions) in 
several structural topologies, including, but not limited 
to, scheelite, zircon, monazite, fergusonite, barite, quartz, 
cristobalite, wolframite and rutile topologies (Fukunga & 
Yamaoka, 1979). 

In the current project, the charge and rather large size 
assumed by the A-cation (i.e., REE3+, in this particular 
case) also restrict the chemical composition (and charge) 
of the possible T-site, which is limited to As, P, V, Cr and 
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Si. Thus, within the ATO4 minerals object of the present 
study, A stands for REE, Ca, U and Th, whereas T stands 
for tetrahedrally-coordinated cations (As, P, V, as well as 
minor Si and Cr). Concerning the structural topologies, 
almost exclusive attention is dedicated to the zircon and 
monazite structures, shown by the four minerals object of 
this work: chernovite-(Y) [nominally YAsO4], xenotime-(Y) 
[nominally YPO4], gasparite-(Ce) [nominally CeAsO4] and 
monazite-(Ce) [nominally CePO4]. Chernovite-(Y) and xe-
notime-(Y) are characterized by a zircon-type structure; 
monazite-(Ce) and gasparite-(Ce) share the same mona-
zite-type topology. The crystal structure of these mine-
rals has been the object of a large number of studies and 
reviews (e.g., Clavier et al., 2011; Finch & Hanchar, 2003).

The zircon-type topology is characterized by a highly 
symmetric tetragonal I-centered lattice (space group I41/
amd). The tetragonal zircon-type is made by the infini-
te chains, developed along [001]. These chain units are 
the result of the connection along the polyhedral edges, 
between the eightfold coordinated A-site dodecahe-
dron (AO8 or REEO8) and the TO4 tetrahedra (Fig.  1). The 
AO8 polyhedron displays two independent A-O atomic 
distances, whereas the TO4 is an undistorted polyhedron 
defined by a single T-O bond distance. Each chain is in 
contact with 4 others in the (001) plane, by means of the 
connecting edges along a AO8 units and the four sur-
roundings. Due to the high symmetry space group (I41/
amd) the zircon structure shows only three independent 
atomic coordinates. 

The so-called monazite-type crystal structure crystalli-
zes in the P21/n space group. The monazite-type structu-
re is characterized by the REE site in ninefold coordina-
tion. As the zircon-type, the monazite-type structure is 
characterized by infinite chains running along the [001] 
direction (c-axis), composed by the alternation of the RE-
E-coordination polyhedra and the T-hosting tetrahedra 

(Fig.  1). The REE-polyhedron coordination environment 
is made by nine symmetrical independent oxygen atoms 
(REEO9) and it can be described as an equatorial pen-
tagon (sharing vertices with five TO4 tetrahedra of five 
adjacent chains in correspondence of the O1b, O2b, O2c, 
O3b and O4b oxygen atoms), interpenetrated by a te-
trahedron (made by the O1a, O2a, O3a and O4a oxygen 
atoms, see Fig.  2, which is in contact, along the [001] 
direction, with two subsequent TO4 tetrahedra, leading 
to the formation of the infinite chain units. According to 
the notation reported in Fig.  2, the REE-O2a bond length 
is sharply longer than the other REE-O bonds, contribu-
ting to a significant distortion of the REEO9 polyhedron 
(Clavier et al. 2011). 

MATERIALS AND METHODS
Fourteen rock specimens, pertaining to different Alpi-

ne quartz-bearing fissures, have been selected from the 
personal collection of the Italian collector Enzo Sarto-
ri, all sampled from the Mt. Cervandone area between 
2000 and 2020. They were first observed under a stere-
omicroscope, with the aim to identify their mineralogical 
assemblage, which was later confirmed by single-crystal 
X-ray diffraction and spectroscopic analysis. Fifteen RE-
E-bearing phosphate and arsenate crystals have been 
selected and extracted from the fourteen rock speci-
mens under study (see Pagliaro et al., 2022a for the 
details), and then characterized by means of electron 
probe microanalysis in wavelength dispersion mode 
(EPMA-WDS), single-crystal X-ray diffraction, Raman 
spectroscopy and non-ambient X-ray diffraction studies.

Non-ambient characterization

In situ high-pressure single-crystal synchrotron X-ray 
diffraction experiments have been conducted at two 
different synchrotron beamlines: the P02.2 extreme 
condition beamline at Desy Petra III facilities (Hamburg, 
Germany) and the ID15b beamline at the European Syn-
chrotron Radiation Facility, ESRF (Grenoble, France). The 
single crystal XRD experiments under pressure intere-
sted all the four minerals under investigation and they 
have been performed using a diamond anvil cell (DAC), 
as a device to increase the pressure applied on the sam-
ples.

The high-temperature single-crystal XRD experimen-
ts have been performed at the Institute of Mineralogy 
and Petrology of the University of Innsbruck. The data 
collection has been conducted using a Stoe IPDS II dif-
fractometer system with a Heatstream HT device, which 
provides a continuous hot N2 flux and the diffraction pat-
tern has been collected using an image plate detector. 

Two combined, isothermal HP–HT single-crystal X-ray 
diffraction ramps have been collected on both chernovi-
te-(Y) and monazite-(Ce). Resistive heated DAC has been 

Figure 1 Crystal structure of a) zircon- and b) monazite-type mine-
rals, showing the architecture of the chain-unit and REE-coordination 
polyhedron
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used as devices to increase both temperature and pres-
sure. 

RESULTS AND DISCUSSION

Crystal chemistry characterization

Chemical composition

Thorium is the most variable element among all the 
points of analysis for both zircon- and monazite-type 
minerals. The enrichment of Th within the REETO4 com-
pounds is controlled by two potential substitution me-
chanisms:  

(Th, U)4+ + Ca2+ = 2REE3+

(Th, U)4+ + Si4+ = REE3+ + (P, As)5+

respectively known as cheralite and thorite substitution 
mechanisms. In Fig.  2, all the data are reported in a P/
(P+As+Si) vs. Y diagram, which clearly allows to distin-
guish between the four minerals under investigation, 
arranged in four distinct quadrants. The Y-poor side of 
the diagram contains the chemical data from the mo-
nazite-(Ce) and gasparite-(Ce) crystals, respectively en-
riched in P and As. Data from chernovite-(Y) and xeno-
time-(Y) lie on the Y-enriched side of the diagram and 
are characterized by a highly variable P and As fraction, 
resulting in an almost complete solid solution along the 
join chernovite-(Y)−xenotime-(Y). On the other side, the 
composition of gasparite-(Ce) and monazite-(Ce) cry-

stals is closer to the ideal endmembers, and only a par-
tial solution is observed. 

The A-site of the chernovite-(Y)–xenotime-(Y) series is 
characterized by a relatively constant composition, whe-
re Y is always the dominant cation (ranging from a maxi-
mum of 0.78 a.p.f.u. to a minimum of 0.46 a.p.f.u.), fol-
lowed, on average, by Dy, Er, Gd, Yb and Ho. When the 
Y content is lower than ~0.6 a.p.f.u., Th or LREE become 
relevant A-site occupying cations.

The REE pattern for all the samples under investigation 
is reported in Fig.  3, normalized to the REE concentra-
tion of the Carbonaceous Chondrite C1. As mentioned 
above, the tetragonal structure of chernovite-(Y) and xe-
notime-(Y) has a strong preference for Y and, in general, 
the smaller HREE: this pattern is reflected by the positi-
ve slope reported in Fig.  3. Conversely, in the gaspari-
te-(Ce)–monazite-(Ce) series, the LREE enrichment is re-
sponsible for the negative slope in Fig.  3. It is worthwhile 
to point out that the relatively high Gd content, shown by 
the three monazites under investigation, has been alre-
ady described in alpine-fissures minerals related to the 
circulation of hydrothermal fluids, as in the case of Mt. 
Cervandone. 

Figure 2 a) P/(P+As+Si) vs. Y diagram and b) Si vs. Th+U (in apfu) for all 
the samples under investigation

Figure 3 Average composition of REE (normalized to the CN-1 chondri-
te, after Wasson and Kallemeyn (1988)) of all the samples of the gaspa-
rite-(Ce)–monazite-(Ce) series a) and of the chernovite-(Y)–xenotime-(Y) 
series b). The grey belt in b) represents the range of the lanthanides 
composition for all the points of analysis of the chernovite-(Y)-xenoti-
me-(Y) series. For sample Ch11 in b) are reported four distinct chemical 
compositions, due to its strong chemical zonation (see Pagliaro et al. 
2022a for further details)
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Although the trivalent cations are always dominant wi-
thin the A-site of the tetragonal series, some data poin-
ts from the samples Ch6, Ch10, Ch11, Ch13 and Ch16 
show a relatively large amount of Th. The thorite substi-
tution mechanism likely occurs in the chernovite-(Y)–xe-
notime-(Y) series under investigation, as suggested by 
the strong positive linear correlation between Si and the 
Th+U fraction (Fig. 2). For a better representation of the

 crystal-chemistry of the mineral samples of this study, 
the (tetragonal) 2-component system chernovite-(Y)–xe-
notime-(Y) could be replaced by a 3-component solid 
solution between the endmembers chernovite-(Y), xe-
notime-(Y) and ThSiO4. The most Th-enriched analyses 
on the chernovite-(Y)-xenotime-(Y) edge belong to Ch13 
and Ch16, which are also characterized by a highly alte-
red, likely metamitict texture and variable composition. 
In these cases, the major chemical variations concern 
a strong Th-enrichment, reflected by a ThSiO4 up to 15 
mol%. Moreover, these samples are also characterized 
by a larger fraction of CaO (up to 1.93 wt%, in Ch16, vs. 
an average 0.1(3) wt% for the other chernovite-(Y) sam-
ples), suggesting the occurrence of the cheralite substi-
tution mechanism as well. 

All the gasparite-(Ce) and monazite-(Ce) samples show 
a rather similar composition of the ninefold-coordinated 
A-site and the main differences concern in particular 
the abundance of Y and Ca. A relatively high amount of 
Y (Y2O3 on average, 0.7(2) wt%) is shown by the three 
monazite-(Ce) samples investigated, whereas this ele-
ment is almost absent in the two gasparite-(Ce) samples 
(Y2O3 < 0.13 wt%). Unlike monazite-(Ce), gasparite-(Ce) 
shows a higher content and more uniform distribution 
of Ca (CaO 1.8(2) wt%, vs 1.1(4) wt% for monazite-(Ce). 
Also, in the gasparite-(Ce)–monazite-(Ce) series, Th has 
been found as the most variable element and, in addi-
tion, gasparite-(Ce) incorporates the highest fraction of 
Si among the investigated REE minerals. In this case, a 
further charge-compensating mechanism should be in-
volved, to fully explain the anomalous amount of Ca and 
Si, not compensated by Th+U. The presence of mono-
valent anions, such as OH-, F- or Cl-, in place of O2-, may 
compensate for the presence of Si and Ca, according to 
the following equation: 

2(OH, F, Cl)- + Ca2+ + Si4+ = 2O2- + REE3+ + (P, As)5+

According to this equation, if just OH- is taken into ac-
count, the corresponding amount of H2O necessary to 
compensate the charge defect is, on average, ~0.45 wt% 
for both Gasp3 and Gasp4. The occurrence of some hy-
droxyl is corroborated by the Raman spectra, showing 
some peaks in the so-called hydroxyl region (Pagliaro et 
al. 2022b).

Instead, for all the samples of monazite-(Ce), the com-
bination of cheralite and thorite substitution fully sati-
sfies the pattern shown in Fig.  2. 

Crystal structural characterization

The atomic structural models refined for all the sam-
ples under study are reported in Fig.  4. It has been de-
monstrated that the chemical composition of the T-site 
exerts strong control over all the other structural features 
in zircon-type minerals. Indeed, a correlation between 
the P (and As) content and the unit-cell volume has been 
clearly determined. In addition, a correlation among the 
volumes of (P, As)-tetrahedra (directly related to the che-
mical composition of the T-site) and the A-site polyhe-
dra is also shown by the synthetic REETO4 compounds, 
which structural models are reported in the International 
Crystal Structure Database. A comparative analysis of 
the structural parameters of synthetic REE-bearing pho-
sphates has been carried out. Given the same elemental 
composition of the REE-bearing A-site, the volume of 
its coordination polyhedron is different in phosphates 
and arsenates, being always lower in phosphates, poin-
ting out the dominant role played by the TO4 structural 
units (VTO4~2.4 Å3 for AsO4 and ~1.8 Å3 for PO4) in con-
trolling most of the structural parameters of the REETO4 

compounds. Therefore, the REE-bearing A-site of the 
zircon-type structure behaves somehow passively, while 
the T-site exerts a strong active control over the crystal 
structure interatomic interactions.

Figure 4 a) Volume of the TO4 tetrahedron vs. volume of the (REE)-bea-
ring A-polyhedron for the samples pertaining to the chernovite-(Y)–xe-
notime-(Y) series. b) Volume of the TO4 tetrahedron vs. unit-cell volume 
for all the samples investigated
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Similar behaviour to that described above for the 
(tetragonal) chernovite-(Y)-xenotime-(Y) series is also 
shown by the (monoclinic) gasparite-(Ce) and mona-
zite-(Ce). However, in this case, the distribution of the 
chemical compositions in two clusters close to the ideal 
end members prevents a robust extrapolation along the 
whole series (Fig.  4).

High-pressure behaviour

From the in situ XRD data the unit cell volumes throu-
gh pressure have been determined and the bulk moduli 
calculated for the four minerals under investigation (see 
Table 1). The bulk moduli have been modelled by Birch 
Murnaghan equations of state.

Zircon-type minerals under compression

Both chernovite-(Y) and xenotime-(Y) undergo a phase 
transition. In detail, chernovite-(Y) undergoes an irrevers-
ible phase transition at about 11 GPa, to a scheelite-type 
structure, while xenotime-(Y) undergoes a reversible 
zircon-to-monazite phase transition at about 17 GPa. In 
the case of the xenotime-(Y), for the high-pressure poly-
morph (hereafter xenotime-II) it was possible to refine 
the unit cell volume and crystal structure model through 
pressure. Conversely, to previous studies, the bulk mod-
ulus of xenotime-II refined in the present study is sig-
nificantly lower and substantially of the same order of 
magnitude of that of the ambient-pressure xenotime-(Y). 
Such a result is in disagreement with the literature data 
available on the high-pressure polymorph of YPO4, 
which was reported to be significantly more compress-
ible compared to its ambient-conditions polymorph 
(Lacomba-Perales et al. 2010; Zhang et al. 2009). On the 
other hand, it is worth mentioning that the current proj-
ect relies on a larger amount of experimental data and, 
therefore, the modelled bulk modulus obtained in this 
study is believed to be more accurate.

As shown in Table 1, chernovite-(Y) is more compress-
ible compared to xenotime-(Y), without any significant 
difference in the A-site composition (since the investigat-
ed samples are the Ch10 and Xen14, see Fig.  3). In addi-
tion, as already discussed above, the chemical composi-
tion of the T-site exerts a strong control on the structural 
features of ATO4 minerals, especially on the A-site poly-
hedral volume and bond distances, whereas the crystal 
chemistry of the the A-site apparently has a milder role. 

Whether the T-site is mostly occupied by As or P affects 
the size of the A-site polyhedron: larger when the larger 
As prevails in the T-site, smaller when the smaller P is 
the prevailing tetrahedral cation. Consequently, the Y-O 
bond distances in chernovite-(Y) are longer, compared 
to the same structural parameters in xenotime-(Y). The 
experimental data of this study suggest that the larger 
A-site of arsenates is more compressible with respect to 
the smaller REE-hosting polyhedron of phosphates, at 
a similar chemical composition in terms of Y and HREE. 
Therefore, the observed different compressibility among 
chernovite-(Y) and xenotime-(Y) can be mainly ascribed 
to the different chemical composition of the T-site cat-
ions and its influence on the overall crystal structure.

The A-site coordination environment absorbs most of 
the compression, while the T-site behaves as a rather rig-
id unit (KTO4

>300 GPa). The AsO4 tetrahedron, indeed, is 
more compressible than the PO4 one and this concurs 
with the higher compressibility of arsenates with respect 
to phosphates. 

Monazite-type minerals under compression

First of all, the compressional behaviour of the inve-
stigated minerals suggests that, in general, the studied 
monazite-type compounds are more compressible com-
pared to the zircon-type ones. On the other side, as poin-
ted out by Li et al. (2009), this conclusion may be biased 
by the role played by the ionic radius of the A-site. If, 
on one side, the bulk modulus decreases across the Ln 
series from the smaller Lu to the larger La for any group 
of compounds (i.e., phosphates or arsenates), a discon-
tinuity associated with a stiffening (i.e., an increase in the 
bulk modulus value) occurs when the structure topolo-
gy changes from the zircon- to monazite-type. Therefo-
re, the lower bulk moduli shown by gasparite-(Ce) and 
monazite-(Ce), when compared to chernovite-(Y) and 
xenotime-(Y) respectively, can be mainly ascribed to the 
significant difference in the ionic radius of their A-sites, 
rather than to the structure topology. 

Most of the conclusions already discussed for the 
zircon-type topology can be extended to the monazi-
te-type. Indeed, the dominant role played by the chemi-
cal composition of the T-site over all the other structu-
ral features can explain the different compressibilities 
shown by monazite-(Ce) and gasparite-(Ce). Moreover, 
due to the low symmetry of the structure, monazite-type 
compounds show a strong angular deformation, which 
significantly concurs to the overall compression of the 
crystal structure. The details are discussed in Pagliaro et 
al. (2022b).

In addition, for both monazite-(Ce) and gasparite-(Ce) 
a significant change in compressional behaviour has 
been observed at about 18 GPa and 15 GPa, respecti-
vely. Such a behaviour has been described previously by 
Huang et al. (2010) and Errandonea et al. (2018), althou-
gh it was considered biased by non-hydrostatic condi-

Sample KP0,T0
 (GPa) βV (GPa-1) K’ V0 (Å3)

Ch10 136(2) 0.0074(1) 3.9(4) 309.96(3)

Xen14 148(4) 0.0068(2) 3.9(5) 289.5(2)

Gasp3 108.3(1.0) 0.00923(8) 4.2(2) 320.59(3)

Mon14 121(3) 0.0083(2) - 299.3(4)

Table 1 Refined bulk moduli, compressibilities, first derivative bulk mo-
dulus (K’=4 fixed for the BM2-EoS) and unit-cell volumes for all the ATO4 
minerals.
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tion of the P-transmitting fluid during the high-pressure 
experiments. In the current work, a detailed structural 
analysis enlightened a correlation between such a chan-
ge in compressional behaviour and the shortening of a 
“tenth” REE-O interatomic distance out from the “classi-
cal” ninefold coordinational sphere of the REE atom at 
ambient conditions. Therefore, such a change in com-
pressional behaviour is likely to be influenced by a re-
arrangement of the crystal structure due to the increase 
in the coordination number of the REEOx polyhedron 
from nine to ten. For monazite-type compounds, such a 
behaviour has never been described in literature before 
and it could represent a link between the monazite-type 
structure, characterized by a ninefold coordination of the 
A atom and the post-barite-type (P212121 space group, 
Ruiz-Fuertes et al. 2016), one of the high-pressure poly-
moph of monazite, which is characterized by an eleven-
fold A-site.

High-temperature behaviour

The thermal behaviour of chernovite-(Y), xenotime-(Y) 
and monazite-(Ce) has been modelled using a Hol-
land-Powell equation of a state, a polynomial and a li-
near fits. For gasparite-(Ce), due to the small size of the 
crystals available, no high-temperature experiment has 
been carried out. The corresponding results are repor-
ted in Table 2.

In the first place, in all the cases, similar behaviour of 
the A-site polyhedron and of the T-site tetrahedron can 
be observed: in all three minerals, the thermal expan-
sion of the REE-polyhedron is larger compared to the 
bulk unit-cell, while the T-site tetrahedron is largely less 
expandable. Secondly, the behaviour under heating of 
the monazite- and zircon-type structures is significantly 
different. Monazite-(Ce) is significantly more expansible 
compared to the zircon-type minerals studied in the pre-
sent study. 

It is also reasonable to state that the phosphates are 
more expansible than the zircon-type arsenates studied 
in the present work. On the other hand, the lack of the 
HT ramp on gasparite-(Ce) does not allow a complete 
comparison among the zircon- and monazite-type phos-
phates and arsenates, although Li et al. (2009) corrob-
orate that monazite-type REEAsO4 are less expansible 
compared to REEPO4. Following the discussion carried 
out in the previous section, the expansive behaviour of 

arsenates and phosphates may be correlated indirectly 
with the role played by the TO4 units. 

The structure is affected by a chemical deformation, 
driven by the composition of the T-site atom: indeed, in 
the ATO4 arsenates, the volume of the REE coordination 
polyhedron is larger compared to that of the isostructur-
al phosphates. As reported by Zhang et al. (2008) and 
Li et al. (2009), the calculated bond distances thermal 
expansion of ATO4 compounds is larger with decreas-
ing bond length. In this light, the different behaviour of 
phosphates and arsenates is bound to the different A-O 
bond lengths, in turn, controlled by the chemical com-
position of the T-site, following the model previously de-
scribed. 

Combined high-temperature and high-pressure 
behaviour

Eventually, for chernovite-(Y) and monazite-(Ce), the 
P-V-T equation of state has been fitted to the HP (at ambi-
ent-T), HT (at ambient-P) and combined HT–HP data, by 
using a 2nd order Birch-Murnaghan EoS and a modified 
Holland-Powell EoS and refining a constant (dK/dT)P. The 
corresponding refined room-T αV and K are rather close 
to the thermos-elastic parameters based on individual 
HP- and HT-ramps of monazite-(Ce) and chernovite-(Y).
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Unveiling the thermo-structural setting of
collisional orogens

Example from the Variscan chain in Sardinia

INTRODUCTION
The geodynamic evolution of collisional orogens has 

been classically described using an orogenic wedge 
model, in which different rock packages experience dif-
ferent finite tectono-metamorphic histories (e.g., Jaquet 
et al., 2018). The hinterland-foreland transition zone is 
characterized by the progressive transition from tectonic 
units occurring in the metamorphic core of the belt to 
the ones deformed at shallower crustal levels and ste-
adily included in the orogenic wedge (Thigpen et al., 
2010, 2017). 

Different features control the thermo-structural archi-
tecture and variation across orogenic wedges, such as 
the efficiency of erosion, the temperature/deformation 
ratio within nappes and the presence of ductile tectonic 
contacts (Jamieson et al., 2002). 

Despite the relevance of this topic and the widespre-
ad distribution within orogenic wedges, relatively few 
methods are available for low-grade metapelites (Frey, 
1987; Frey & Robinson, 1999). Thus, the unravelling of 
the thermo-structural architecture of this sector of the 
belt is hampered by the presence of strongly deformed 
large-scale nappes made by apparently homogeneous 
low-grade metasedimentary rocks lacking index minerals 
useful for pressure and temperature (P-T) estimations. In 
addition, the presence of strong overprinting belonging 
to the post-nappe stacking deformation that modifies 
the original attitude of pre- and syn-nappe stacking ele-
ments complicates the untangling of this area. 

The Variscan belt in Sardinia represents a continental 
crustal section, exposing a quite continuous metamor-
phic field gradient from greenschist- to granulite-facies 
rocks (Carmignani et al., 1994; Cruciani et al., 2015 
for a review). This work aimed to reconstruct the ther-
mo-structural architecture of the low-grade Internal and 
External Nappe Zone exposed in the hinterland-foreland 
transition zone in Sardinia and of the ductile boundary 
in between (i.e., the Barbagia Thrust). In order to explo-
re these topics, an approach with a broad perspective 
was chosen, combining fieldwork with different scales 

of structural analysis, and quantitative temperature con-
straints by RSCM, coupled with kinematics of the flow 
and finite strain estimations. 

GEOLOGICAL SETTING
The Sardinian Variscan belt comprises: (i) the Exter-

nal Zone, (ii) the Axial Zone, and (iii) the Nappe Zone 
(Fig.  1a; Carmignani et al., 1994). The latter has been 
divided into External (central to southern Sardinia) and 
Internal (northern to central Sardinia) Nappe Zone. The 
boundary between them is marked by a regional-sca-
le, top-to-the S-SW thrust-sense ductile to brittle she-
ar zone, the Barbagia Thrust (BT; Fig. 1a,b,c; Carosi & 
Malfatti, 1995; Montomoli et al., 2018; Petroccia et al., 
2022a,b). The Internal Nappe Zone (Fig.  1a) includes 
the Low-Grade Metamorphic Complex (LGMC), which 
reached low- to upper-greenschist-facies metamorphic 
conditions, and the Medium-Grade Metamorphic Com-
plex (MGMC), which reached amphibolite-facies condi-
tions (Franceschelli et al., 1989; Carosi et al., 2020, 2022; 
see Cruciani et al., 2015 for a review). In the External 
Nappe Zone, all units are characterized by syn-tectonic 
regional greenschist-facies metamorphism (Carosi et 
al., 1991, 2004, 2010; Franceschelli et al., 1992; Petroc-
cia et al., 2022a,b,c), except for the deepest Monte Gri-
ghini Unit, which reached amphibolite-facies conditions 
(Musumeci, 1992; Cruciani et al., 2016). The investiga-
ted area comprehends both the Barbagia Unit (BU) and 
the Meana Sardo Unit (MSU), belonging to the Internal 
and External nappes, and the northernmost sector of 
the Low-Grade Metamorphic Complex, belonging to the 
Internal Nappe Zone, close to Lula and Bitti towns (Fig.  
1b,c).

METHODOLOGY

Vorticity and finite strain analysis

The non-coaxiality of the flow in shear zones is defined 
by the Wk number (Xypolias, 2010), which several vorti-
city analysis techniques can estimate. Pure and simple 
shear components may be described through the di-
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mensionless Wm. The mean kinematic vorticity number 
(Wm) could be assumed to be equal to Wk because it re-
presents the average value over the deformation inter-

val during which the structure or fabric formed (Xypolias, 
2010). Pure and simple shear is associated with Wk = 0 
and Wk = 1, respectively. 

Figure 1 a) Geographic position and tectonic sketch map of the Sardinia island (modified from Carmignani et al., 1994; Petroccia et al., 2022c). 
Location of Figure 1b is highlighted by a black rectangle; b) Schematic geological map of the investigated area showing Tmax distribution and 
the trace of the cross-sections presented in Figure 1c. The location of the areas investigated by Petroccia et al., 2022a is displayed by the blue 
rectangles; c) Data plotted on the geological cross sections compiled after Carmignani et al. (1994), and the 1:50.000 geological maps of Jerzu 
and Muravera (CARG project). Symbols for Tmax refer to samples projected on the cross-section topography.
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In the present work, the C’ shear band method (Kurz 
& Northrup, 2008; Gillam et al., 2013) and two diffe-
rent porphyroclasts-based methods, the porphyroclast 
aspect ratio method (PAR; Passchier, 1987; Wallis et al., 
1993) and the rigid grain net method (RGN; Jessup et 
al., 2007), have been applied to evaluate the percentage 
of pure and simple shear of the BT.  The nominal error 
for vorticity analysis is ± 0.1 (Tikoff & Fossen, 1995). A 
comparison of different possible systematic error sour-
ces indicates that for medium to low vorticity numbers 
(Wm < 0.8), the vorticity data minimum systematic error is 
± 0.2 (Iacopini et al., 2011). 

Finite strain analyses were performed using the cen-
tre-to-centre method (Fry, 1979) by the EllipseFit 3.8.0 
software (Vollmer, 2015). Samples were cut and polished 
perpendicular to the foliation and both parallel and per-
pendicular to the mineral lineation (XZ and  YZ sections 
of finite strain ellipsoid). This method is based on the re-
distribution of the centres of the strain markers caused 
by deformation and is independent from their shape. 
Data have been plotted on the Flinn diagram.

Raman Spectroscopy on Carbonaceous Material 
(RSCM) geothermometer

The peak temperature was derived using Raman 
Spectroscopy on Carbonaceous Material (RSCM) geo-
thermometer. This method is based on the progressive 
transformation of Carbonaceous Material (CM) during 
the temperature increase, and it is not affected by the 
retrograde history (i.e., the Tmax; Beyssac et al., 2002). 
The Raman spectrum of perfect graphite is made by a 
single G band and other two bands D1 and D2. The in-
tensity of the D1 band is used to evaluate the degree of 
disorder in the CM. Beyssac et al. (2002) established a 
correlation between the temperature and Raman param-
eters of the CM called R2. The RSCM geothermometer 
has an absolute precision of ± 50°C due to uncertain-
ties of the petrological data used for the calibration. The 
relative uncertainties on temperature are ± 10-15°C if 
the guidelines and recommendations of Beyssac et al. 
(2002, 2004) and Lündsorf et al. (2014, 2017) are fol-
lowed. Raman microspectroscopy has been performed 
with the Horiba Jobin Yvon LabRam HRVIS Raman Sys-
tem at the Centro “G. Scansetti”, Dipartimento di Scien-
ze della Terra, Università degli Studi di Torino. Before 
each measurement session, the spectrometer was cali-
brated using the 520.5 cm−1 peak (r band) of a silicon 
standard. Spectra were acquired by a beam spot of ap-
proximately one μm diameter with a green Nd 532.06 
nm laser source at 80 mW, corresponding to 2-4 mW at 
the sample surface, with a 100x magnification. For each 
sample, a minimum of 10 spectra was recorded, except 
for samples containing very little CM amount. The peak 
position, band area, and bandwidth (FWHM) were de-
termined using the computer program PeakFit 4.0, fol-

lowing the fitting procedure described by Beyssac et al. 
(2002). The fitting itself followed the Voigt area, and the 
algorithm combined Gaussian and Lorentzian profiles. 
Because obtained spectra were acquired using a green 
Nd 532.06 nm laser, the RSCM temperature estimates 
discussed in the following sections were derived from 
the Aoya et al. (2010) calibration, which was established 
based on the same laser wavelength.

STRUCTURAL AND RSCM RESULTS

Internal and External nappes

Detailed mapping, coupled with multi-scale structural 
observations, allowed the definition of a polyphase evo-
lution (see Petroccia et al., 2022a,b for further explana-
tion and the mapped area), consisting of three ductile 
deformation phases developed under a contractional 
tectonic regime (D1-D2-D3) and the fourth one under 
extensional conditions (D4). The prominent deforma-
tion phase (D2) is responsible for the development of 
the main foliation (S2). It becomes more mylonitic mov-
ing toward the BT and displays several kinematic indi-
cators with a main top-to-the S-SW sense of shear. The 
S2 foliation is marked by greenschist-facies mineral as-
semblage. D1 and D2 structural elements are widely de-
formed by weakly asymmetric to upright F3 folds. Folds 
with sub-horizontal axial planes (F4), developed during 
the orogenic extensional phase (D4), are recognizable.

In the northernmost investigated sector of the Internal 
Nappe Zone (Fig.  2), the derived Tmax within the Lula and 
Bitti villages agree with those obtained with thermody-
namic modelling estimations (~450-470°C) on nearby 
samples by Costamagna et al. (2012), highlighting the 
reliability of the obtained RSCM results. The presence of 
garnet, plagioclase, biotite and white mica in the north-
ernmost rocks is in agreement with the obtained Tmax of 
~500-520°C and P-T data from Franceschelli et al. (1989). 

The central Nappe Zone, where the BU juxtaposed 
onto the MSU crops out, is characterized by a more 
complex thermal architecture driven by regional scale 
antiform and synform (see Fig.  1a and Fig.  2). The BU 
displays a general Tmax of ~470-440°C whereas the MSU 
has Tmax of ~440-380°C (Fig.  2). Previous investigations 
do not document a thermal difference between the BU 
and MSU (Franceschelli et al., 1992; Carosi et al., 2010; 
Montomoli et al., 2018). However, the Tmax coverage 
highlights a systematic difference of ~10-20°C between 
them within the Gennargentu Antiform and ~30-70°C in 
the southernmost sector (Fig.  1b, c and Fig.  2). The Tmax 
shifting between the MSU and the BU is higher in the 
southernmost sector (~30-70°C) than within the Gen-
nargentu Antiform (~10-20°C). The post-nappe stacking 
folded structure is also highlighted by the presence of 
the BT with the same structural and kinematic features 
and high Tmax in the two limbs of the Barbagia Synform 
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(see Petroccia et al., 2022a). 

Barbagia Thrust

Detailed meso- and microstructural analyses have 
been performed in two different sectors of the BT in the 
Sardinian Variscan belt (Fig.  1b). This region has under-
gone a polyphase evolution consisting of four ductile 
deformation phases (see the previous chapter and Pe-
troccia et al., 2022a,b). The main structures of the study 
area are caused by the D2 deformation phase. This phase 
is linked to the syn-nappe stacking and exhumation of 
the BU (Carosi et al., 2004; Montomoli et al., 2018). An 
increase in shear deformation along with the progressi-
ve transposition of previous D1 structures approaching 
the BT has been highlighted, as shown in Fig.  3a,b. The 
S2 foliation, parallel to the boundaries of the shear zone, 
and the F2 fold axes, perpendicular to the L2 object linea-
tion, are coeval with the overthrust of the Internal Nappe 
Zone onto the External Nappe Zone (Carosi et al., 2004). 
The syn-kinematic mineral assemblage (chlorite + white 
mica) along the S2 mylonitic foliation is indicative of gre-
enschist-facies metamorphic conditions. This is, in agre-
ement with the main dynamic recrystallization mechani-
sm of quartz, indicative of temperature between 400 and 
450°C (BLG II and local SGR; Stipp et al., 2002). Kinema-
tic indicators, both at the meso- and microscale, reveal a 
top-to-the-S-SW sense of shear. This also agrees with the 
S-SW F2 fold vergence detailed by previous authors (Ca-
rosi, 2004; Carosi et al., 2004; Montomoli et al., 2018). 
The whole architecture of the Nappe Zone is affected by 
regional-scale F3 folds (D3). The D3 phase is characterized 
by pressure solution, indicating an upper structural level 
deformation. Also, the presence of the BT mylonitic zone 
in the different sectors of the Barbagia Synform, with the 
same structural and kinematic features, indicates that F3 
folding deformed this tectonic contact. Similar structu-
ral results and the same shear sense were obtained from 
both zones, confirming the post-nappe stacking folded 
structure (i.e., Barbagia Synform; Fig.  1b,c). Subsequent 
post-collision extensional tectonics was characterized by 
the development of open folds (F4).

Montomoli et al. (2018) performed both illite and chlo-
rite crystallinity measurements on samples transecting 
the BT but found no systematic changes in those para-
meters across the structural profile. Tmax across the BT 
on both strongly and weakly deformed samples have 
been measured from two different structural sectors of 
the same shear zone (Fig.  1b). An increase in tempera-
ture moving from the structurally higher parts of the BU, 
or from the structurally lower parts of the MSU, toward 
the BT core has been highlighted. The detected Tmax shi-
ft between non-mylonitic and mylonitic rocks is in the 
range of ~50-70°C (Fig.  3c). Tmax for non-mylonitic rocks 
range from ~420 to ~450°C, in agreement with the do-
cumented metamorphic mineral assemblage and recry-

Figure 2 Tmax contour map and isotherms of the investigated area from 
Petroccia et al., 2022c. See Figure 1c for the symbology of RSCM data. 
The trace of the simplified tectonic cross-section shown in Figure 5a has 
been displayed in purple.



90

PLINIUS  49 | 2023

stallization mechanism of quartz. In comparison, myloni-
tes return higher Tmax, ranging from ~470 to ~500°C (Fig.  
3c, d). 

Several factors could cause this rise in temperature 
towards the core of shear zones: (i) graphite precipita-
tion from a hydrothermal fluid; (ii) detrital graphite; (iii) 
strain reorganization of graphite; and (iv) shear heating. 
The Tmax reported here shows a persistent and systema-
tic increase in Tmax with increasing strain intensity pro-

gressively moving into the BT high strain shear zone. All 
characteristics point to shear heating phenomena (see 
Petroccia et al., 2022a for a complete discussion).

The kinematic vorticity data obtained through the C’ 
shear bands method (Kurz & Northrup, 2008), PAR, and 
the RGN method (Jessup et al., 2007) have allowed 
quantification of the flow regime as a non-coaxial flow. 
The obtained data highlight that the simple shear com-
ponent increases progressively towards the centre of the 

Figure 3 a, b) Structural variation going toward the Barbagia Thrust in both units: a) variation from mylonites (on the left) to ultramylonites (on the 
right) in metavolcanic rocks belonging to the MSU; b) progressive variation of the foliation from spaced cleavage to a continuous cleavage moving 
toward the BT in metasedimentary rocks; c) Representative Raman spectra for CM from MSU samples AP19-25 and AP19-37, respectively outside 
and inside the mylonitic zone. Note that the Tmax is higher in the mylonite; d) Distribution of Tmax compared with the sample structural distance 
with respect to the BT; e) Distribution of estimated vorticity kinematic number against the structural distance from the BT
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BT, from both MSU and BU rocks (Fig.  3e). A variation 
of simple shear from ~33% up to ~77% has been reco-
gnized. Mylonites and less deformed rocks record a flow 
regime dominated by pure shear, whereas ultramyloni-
tes in the center of the shear zone record an increasing 
amount of simple shear (Fig.  3e). This is associated with 
a change in the finite strain ellipsoid from close to the 
plane strain up to prolate conditions. A higher Rxz va-
lue is inferred from ultramylonitic samples only within 
the core of the shear zone. This implies that the core of 
the BT accommodated a higher amount of strain compa-
red to the shear zone peripheries (Fossen & Cavalcante, 
2017). Higher Wk values within the centre of the BT, and 
a prolate strain ellipsoid are associated with higher Tmax, 
whereas lower Wk values, far from the BT core, and plane 
strain conditions are associated with samples showing 
lower Tmax (Fig.  3d, e).

The progressive increase in temperature towards the 
BT, coupled with the increase of simple shear, could in-
dicate a syn-shearing temperature imprint (Petroccia et 
al., 2022a). This broad correlation between Tmax and the 
deformation gradient could imply that the flow path was 
combined with by a progressive localization of deforma-
tion in the core of the shear zone, due to thermal weake-
ning, during the ductile deformation. 

DISCUSSION AND CONCLUSION
A polyphase deformation history regarded as the re-

sult of pre-, syn- to post-nappe stacking evolution de-
veloped under contractional (D1 to D3) and extensional 
conditions (D4), has been recognized. Also, RSCM data 
provide quantitative Tmax constraints at the belt scale with 
a relative uncertainty of less than 10-15°C. This highli-
ghts a complex thermal orogenic wedge architecture 
previously unrecognized (Petroccia et al., 2022a,c). De-
forming the primary bedding S0, far from the main tec-
tonic contacts, the D1 event is well-recognizable, both at 
micro- and mesoscale, in the hinge of the D2 folds and in 
S2 microlithons (Fig.  4). This event has been associated 
with the burial and the pre-nappe stacking during the 
early collisional stage and the orogenic wedge growth 
(Carmignani et al., 1994; Carosi et al., 2004; Conti et 
al., 1999, 2001; Montomoli et al., 2018). The D2 defor-
mation phase at the belt scale is linked to the syn-colli-
sional exhumation associated with the Barbagia Thrust 
(BT) shear activity (Montomoli et al., 2018 and references 
therein). The D2 is associated with both folding and she-
aring with a top-to-S-SW vergence and sense of shear, 
respectively (Fig.  4). The presence of the BT mylonitic 
zone in the different sectors of the Barbagia Synform, 
with the same structural and kinematic features and 
the same Tmax distribution, emphasizes the presence of 
regional-scale antiforms and synforms, driving the pre-
sent-day thermo-structural architecture of the belt (Fig.  
5a,b). All these results are in agreement with the model 

of Carmignani et al. (1994) and Conti et al. (1999), which 
highlighted the presence of large-scale structures acqui-
red in a contractional setting during the late deforma-
tion stage of crustal thickening and not during the late 
orogenic extension. Subsequent post-collision and post-
nappe-stacking or transpression were characterized by 

Figure 4 Synoptic reconstruction of the field and microstructural investi-
gations of the deformation history of the BU and MSU.
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the development of open folds with sub-horizontal axial 
plane and axes (D4; Fig.  4). 

Obtained results support a scenario of (Fig.  5a,b): (i) 
early collision and Tmax acquisition, different between In-
ternal and External nappes (D1; Fig.  5a); (ii) syn-collisio-
nal exhumation of the Internal Nappe Zone associated 
with shear heating along thrust-sense structures (i.e., the 
BT; Fig.  5b) (D2); (iii) subsequent regional-scale folding 
during the latest stage of collision, that drove the pre-
sent-day Tmax architecture (D3; Fig.  5a). A late extensional 
stage (D4), with the development of collapse folds with 
associated brittle/ductile to brittle structures, marks the 
end of the orogenic cycle.
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Biogeochemical processes affecting Volatile Organic Com-
pounds (VOCs) in interstitial soil gases from 

geogenic sources and municipal waste landfills

INTRODUCTION
Non-methane volatile organic compounds (hereafter 

VOCs) are synthetically and naturally sourced organic 
compounds, having an initial boiling point less than or 
equal to 250°C measured at a standard pressure of 101.3 
kPa, as defined by the Directive 2004/42/CE. Owing to 
their high volatility, VOCs are inevitably emitted into the 
atmosphere. Atmospheric VOCs are generated mostly 
by (i) biogenic and, secondarily, by (ii) geogenic, and (iii) 
anthropogenic processes. The contribution of geogenic 
VOCs is mostly related to volcanic/hydrothermal degas-
sing and surficial seepages from deep oil and natural 
gas deposits. Among the anthropogenic sources, muni-
cipal waste (MW) landfills represent a major concern gi-
ven the projected increase of MW generation in the next 
future (Chen et al., 2020). Geogenic and landfill gases 
comprise different cocktails of VOCs including alkane, 
alkene, aromatic, cyclic, terpene, halogenated and O-, 
Cl-, N- and S-substituted compounds (Tassi et al., 2009, 
2015a). Most of these VOCs have severe impacts on the 
environment, air quality and human health (Gallego et 
al., 2012; Nair et al., 2019).

Emerging evidence has shown that soils may be 
powerful drivers for the global VOC cycle by acting as 
a sink or source (Insam and Seewald, 2010; Peñuelas et 
al., 2014). Soil VOC uptake occurs through mutual inte-
ractions between (i) abiotic factors, depending on physi-
cochemical soil characteristics, and (ii) biological proces-
ses driven by microbes that use VOCs as a carbon source 
(Tang et al., 2019). Whilst the rapid uprising of hypoge-
nic gases (i.e., geogenic and landfill gas) is presumed 
to best preserve their chemical composition up to the 
surface (Tassi et al., 2015b), the slow-moving through 
the soil is expected to exacerbate VOC compositional 
changes due to the long-lasting stay of the hypogenic 
gases at physicochemical conditions markedly different 
from those of their genetic environments. However, how 
these hypogenic VOCs respond to biogeochemical soil 
processes and whether soil acts as a sink for these VOCs 
is poorly understood so far. 

According to these considerations, this study, based 
on fieldwork and laboratory experiments, aims to inve-
stigate biodegradation mechanisms regulating the fates 
of VOCs in soils affected by inputs of extra-atmospheric 
gases from natural and anthropic systems. Fieldwork was 
carried out to find out whether soil processes affecting 
VOCs depend on (i) the hypogenic gas composition and 
soil chemical-physical conditions, (ii) the residence time 
of uprising gases within the soil, and (iii) O2 availability. 
Laboratory experiments were devoted to deeply investi-
gating VOCs in MW landfill systems. 

FIELDWORK

Study areas

The effects of the biogeochemical processes affecting 
hypogenic gas composition within the soil were exami-
ned by selecting six different study areas in Italy, encom-
passing different geological settings and a representa-
tive MW landfill, as follows: (i) an active volcanic system 
i.e, La Fossa Crater (LFC) associated with a high enthalpy 
hydrothermal system i.e., Baia di Levante (BdL) in Vul-
cano Island (the Aeolian Archipelago, southern Italy), 
which is affected by large CO2-dominated degassing; 
(ii) two medium-to-high enthalpy hydrothermal systems 
i.e., Solfatara di Nepi (SdN) and Caldara di Manziana 
(CdM) belonging to the Sabatini Volcanic District (central 
Italy), which is characterised by CO2-dominated diffuse 
emissions; (iii) a CH4-seepage at Terre Calde di Medolla 
(TCM), pertaining to the CH4-rich sedimentary basin of 
Po plain (northern Italy); an MW landfill, i.e., Belvedere 
Inc. landfill (LL) sited in Peccioli (Central Italy), characte-
rised by landfill gas (dominated by CO2 and CH4) leaka-
ges.

Materials and methods
Fieldwork was based on the measurement of different 

geochemical parameters from a total of about 200 sam-
pling sites properly selected to cover, as much as possi-
ble, the spatial variabilities of the study areas, as follows: 
(i) (CO2+CH4) i.e., soil CO2 and CH4 fluxes that were 
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conveniently used as a proxy for the residence time of 
gases within the soil; (ii) isotope (13C/12C in CO2 and CH4 
i.e., δ13C-CO2 and δ13C-CH4, respectively) and chemical 
compositions of inorganic volatiles and VOCs from (1) 
interstitial soil gases collected at two selected depths 
(overall in the interval depth from 60 cm depth to the ef-
fective emission into the atmosphere) along vertical soil 
profiles in which shallow depths were expected to be 
more oxidising than the deeper depths, and (2) gas ven-
ts (e.g., fumaroles, bubbling pools, dry vents) and landfill 
gas from a recovery well as representatives of the source 
gas composition of the study areas. About 500 soil gas 
samples were analysed and more than 20,000 data were 
produced. Gas analyses were conducted at the Labora-
tory of Fluid Geochemistry of the Department of Earth 
Sciences of Florence (University of Florence).

Results and discussion

Source gas composition

The different sources of gases from the investiga-
ted systems were clearly distinguished by correlating 
the total concentration of VOCs (∑VOCs) with the CH4/
(C2H6+C3H8) ratio (Fig. 1), which is commonly used for 
discerning the genetic pathways of light hydrocarbons, 
since biogenic gases have typically ratios >1,000, whilst 
values <100 are generally ascribed to thermogenesis 
(Whiticar, 1999). The ∑VOCs values decreased at increa-
sing temperatures of the associated system, confirming 
that temperature favours the reactivity of VOCs (Capac-
cioni et al., 1995). On the other hand, the generation of 
hydrocarbons at LL and TCM is exacerbated by the large 
abundance of organic matter expected in their genetic 
environments (Randazzo et al., 2020; Sherwood Lollar 
et al., 2002). The CH4/(C2H6+C3H8) ratios were consistent 
with the biogenic origin, with the sole exception of CdM 
that falls in an intermediate interval between biogenesis 

and thermogenesis (Fig. 1). Actually, a biogenic origin is 
plausible only for the cold LL and TCM systems. In fact, 
the relatively high temperature characterising the ter-
rains of volcanic/hydrothermal systems hinders microbic 
activities (Colwell et al., 1997). Accordingly, the apparent 
biogenic signature of volcanic and hydrothermal gases 
is to be ascribed to secondary processes, such as the 
dehydrogenation of light alkanes that is favoured un-
der hydrothermal and volcanic conditions (Fiebig et al., 
2013). 

The chemical VOC composition of source gases signi-
ficantly differed among the investigated systems (Fig.  2), 
reflecting differences in the environmental conditions of 
the pertaining reservoir, mostly the quality and quanti-
ty of degrading organic matter, temperature, and redox 
state.

Controls on hypogenic CO2 and CH4 in soil

Overall, most soil gases, except for those of LFC, got 
depleted in CH4 with respect to CO2 compared to the 
expected theoretical mixing line between air and the 
corresponding source gases. This clearly reflects the 
CH4-to-CO2 oxidation by methanotrophic bacteria mo-
stly occurring within the soil, where O2 is available (Le 
Mer & Roger, 2001). Differently, LFC gas samples got re-
latively enriched in CH4 compared to their source gas, 
suggesting that the feeding gas at LFC soil was a mixture 
between gases from the volcanic source and a low-tem-
perature CH4-enriched endmember.

It is commonly accepted that high (CO2+CH4) values 
limit soil processes, decreasing their residence time wi-
thin the soil, whilst low (CO2+CH4) values favour chemi-
cal changes in the hypogenic gas composition (Randaz-
zo et al., 2020). Actually, the CO2/CH4 ratios of interstitial 
gases were not (or only roughly) related to (CO2+CH4) 
values, suggesting a weak dependence of CH4-to-CO2 
oxidation processes on the (CO2+CH4) values. This 
may have been related to spatial soil inhomogeneities, 
including physicochemical-biological characteristics, lo-
cal permeability barriers, and waterlogging.

Neither δ13C-CO2 nor δ13C-CH4 trends were observed 
in the soil. This is to be ascribed to multiple, interdepen-
dent, local, isotope fractionation processes occurring 
in soil, including: (i) the CH4-to-CO2 oxidation; (ii) auto-
trophic and heterotrophic respiration; (iii) rate, extent, 
and pattern of organic matter degradation processes; 
(iv) mixing with air or shallow-sourced gases; (v) carbon 
isotope exchanges at high temperature. 

Soil biogeochemical mechanisms affecting hypo-
genic-sourced VOCs

Biogeochemical processes occurring within the soil 
affected to different extents the various types of hypoge-
nic VOCs whose composition significantly changed du-
ring their transfer through the soil (Fig. 2). Biochemical 
degradation pathways within the soils from different stu-

Figure 1 CH4/(C2H6+C3H8) ratio vs total concentration of VOCs (∑VOCs, 
expressed as ppbv) of gas vents from La Fossa Crater (LFCgas), Baia di 
Levante (BdLgas), Solfatara di Nepi (SdNgas), Caldara di Manziana (Cd-
Mgas), Terre Calde di Medolla (TCMgas), and landfill gas from Legoli 
landfill (LLgas).
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dy areas showed important similarities and interesting 
differences. 

The aerobic biodegradation of alkanes is well docu-
mented to proceed through the production of O-substi-
tuted compounds (Rojo, 2009). Consistently, most soil 
gases were enriched in O-substituted compounds (∑OXY, 
including aldehydes, esters, ketones, and alcohols) and 
depleted in alkanes (∑ALKA) respect to the correspond-
ing gas source (Fig. 3). The excess in alkanes exhibited 
by some SdN and CdM soil gases was interpreted as 
due to mixing with low-temperature shallow gases. Also, 
lines of evidence have reported that branched alkanes 
are harder to degrade than n-alkanes (Brzeszcz & Kaszy-
cki, 2018). The depletion of long-chain alkanes (∑ALK-
AC5-C7-C8) on the short-chain ones (∑ALKAC2-C3-C4) in 
soil with respect to the source gas was clearly observed 
for SdN and CdM soil gases, with no noticeable differ-
ence from deep to shallow soil gases, and LL soil gases, 
which showed a strong depletion of long-chain alkanes 
only at the shallowest depth (Fig.  4). This suggests that at 
SdN and CdM the large depth of the gas source (located 
at about 3,000 km depth) implied the most long-chain 
alkane depletion occurred before they reached the soil, 
whereas at LL, the proximity of the gas source (few me-
ters) preserved long-chain alkanes almost up to the sur-
face. The occurrence of long-chain alkanes in soil gases 
from LFC and BdL and not in their source gases (Fig. 4) 

suggests that they were effectively cracked at relatively 
high temperature (Capaccioni et al., 1995), implying mix-
ing with low-temperature shallow gases. A further source 
of long-chain alkanes has to be also invoked for TCM 
(Fig. 4). The relatively low reactivity of hexane compared 
to the long-chain alkanes provided by the C6-structure 
was confirmed (Randazzo et al., 2020). 

Our data also showed strong correlations between the 
total contents of alkanes and those of both cyclics and 
alkenes in soil gases that may support a similar reactivity 
of aliphatic hydrocarbons (Watkinson & Morgan, 1990). 
Nevertheless, a relative enrichment of alkanes on alke-
nes in soil gases from BdL and LFC compared to their 
source gases was seen, presumably caused by the hy-
drogenation of alkenes during the gas uprising triggered 
by temperature drop (Seewald, 2001). Similarly, we also 
observed a relative enrichment of alkanes on cyclics in 
soil gases from SdN, CdM, and LL that may suggest that 
cyclics are generally less stable than alkanes. 

Cogent evidence has stated that aromatics can un-
dergo biogeochemical degradation in soil (Díaz et al., 
2013; Weelink et al., 2010). In particular, alkylated ben-
zenes are considered relatively more reactive than ben-
zene (Weelink et al., 2010). Consistently, soil gases from 
LFC, SdN, CdM, and LL were relatively enriched in ben-
zene with respect to the source gases and the Benze-
ne/∑Alkyl-benzenes ratios rose upwards along the ver-

Figure 2 Bar charts representing the mean and standard deviation of the organic group concentrations (expressed as % ∑VOCs) detected in shal-
low (diagonal line texture) and deep (filled column) soil gas samples. Circle symbols indicate the relative abundance of the organic groups in the 
source gases. Legend: ALKA = alkanes; ALKE = alkenes; ARO = aromatics; CYC = cyclics; HAL = halogenated compounds; O-s = O-substituted 
compounds; PHE = phenol; FUR = furans; S-s = S-substituted compounds; TER = terpenes; N-s = N-substituted compound i.e., benzothiazole



98

PLINIUS  49 | 2023

tical profiles in LL and CdM (Fig.  5). The opposite trend 
observed for BdL (Fig.  5) supports mixing with low-tem-
perature shallow gases. Differently, no variation in the 
composition of aromatics was found in TCM (Fig. 5): pre-
sumably the low temperature characterising the overall 
geogenic system and the lack of aromatic degrader mi-
crobes caused by the low amounts of aromatics (Fig.  2) 

preserved alkylated-benzenes. Despite the relatively low 
reactivity of benzene, its degradation has been reported 
under both anaerobic and, to a higher extent, aerobic 
conditions, proceeding through the formation of phenol 
as an intermediate metabolite (Jindrová et al., 2002). We 
observed a relative enrichment of phenol on benzene 
only at SdN and CdM (from deep to shallow soil gases) 

Figure 3 Binary diagrams of the ratios of alkanes (∑ALKA) on O-substituted compounds (∑OXY) in soil gases. The ∑ALKA/∑OXY ratios of the source 
gases are also reported (bold lines). Solid and open symbols represent deep and shallow soil gas samples, respectively.

Figure 4 Binary diagrams of the ratios of short-chain alkanes (∑ALKAC2-C3-C4) on long-chain alkanes (∑ALKAC5-C7-C8) in soil gases. The ∑ALKAC2-
C3-C4/∑ALKAC5-C7-C8 ratios of the source gases are also reported (bold lines). Solid and open symbols represent deep and shallow soil gas sam-
ples, respectively. The ∑ALKAC2-C3-C4/∑ALKAC5-C7-C8 ratios of the source gases from La Fossa Crater and Baia di Levante were not computed due 
to the lack of long-chain alkanes
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and at BdL, LFC, and TCM where most soil gases were 
enriched in phenol with respect to benzene compared 
to the source gases. It likely reflected the development 
of phenol-degrading bacteria at variable depth.

Among S-substituted compounds, dimethylsulfoxide 
and dimethylsulfide were found in every investigated 
system except at TCM (Fig. 2), being their origin relat-
ed either to high S fugacity (as occurred in volcanic/
hydrothermal systems) or to degrading organic matter 
enriched in S (as occurred in MW landfill). The relative 
enrichment of dimethylsulfoxide on dimethylsulfide ob-
served in the shallow soil gases with respect to deep soil 
gases and source gases confirmed the high reactivity of 
dimethylsulfide under oxidising conditions (Schäfer et 
al., 2010). Thiophenes were instead found only in volca-
nic/hydrothermal systems since their genetic environ-
ment is strictly related to reducing conditions, relatively 
high fS, and high temperature (Tassi et al., 2010). Given 
their strong similarity with the chemical structure of aro-
matics, cometabolic degradation of thiophenes with ar-
omatics as a primary substrate has been reported (Joule, 
2014). Actually, our data showed a relative depletion of 
thiophenes on alkylated aromatic compounds, suggest-
ing that thiophenes were relatively more reactive.

Furans are typical high-temperature O-bearing organic 
compounds (Tassi et al., 2010) and were only detected 
at LFC and BdL (Fig.  2). Our data showed that furan is 
relatively less reactive than its methylated counterparts, 
which may support the lower stability of alkylated com-
pounds with respect to the non-alkylated ones. 

Terpenes occurred in relatively high amounts in LL soil 

gases (Fig. 2) where they originate from the degradation 
of organic waste or direct volatilisation from detergents 
and air fresheners (Randazzo et al., 2020). Among these 
terpenes, we observed a relative increase of the concen-
tration of α-pinene with respect to that, as a sum, of limo-
nene and camphene upwards from the landfill gas to the 
shallowest gas samples, indicating a certain recalcitran-
ce of α-pinene under oxidising conditions compared to 
its homologies.

No insight was observed into the degradation of nei-
ther halogenated nor N-substituted (benzothiazole) 
compounds. 

Concluding remarks

Soil processes caused strong modifications to the 
compositional features of hypogenic gases affecting 
preferentially selected VOCs. The rates and types of the-
se processes were different among the investigated sy-
stems, indicating a certain control of the soil conditions 
(e.g., microbial populations, organic matter and moistu-
re contents, texture, structure, pH) and hypogenic gas 
composition. 

The (CO2+CH4) values measured at the surface were 
not a reliable proxy for the residence time of the gas wi-
thin the soil due to soil inhomogeneities.

O2 availability appears to be a major control for the 
biogeochemical processes of selected VOCs, such as 
alkanes and dimethylsulfide.

Figure 5 Binary diagrams of the ratios of benzene on alkylated benzenes (∑Alkyl-benzenes) in soil gases. The Benzene/∑Alkyl-benzenes ratios of the 
source gases are also reported (bold lines). Solid and open symbols represent deep and shallow soil gas samples, respectively
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LABORATORY EXPERIMENTS

Generation of VOCs from the anaerobic degra-
dation of green waste

This experiment was focused on characterising the 
composition of VOCs originating from the anaerobic di-
gestion (AD) of green waste (GW), as a representative 
category of the organic fraction of MW, with the scopes 
of (i) identifying the source processes and (ii) assessing 
its potential impacts if released into the atmosphere.

The experiment consisted of an AD reaction line, la-
sting about 50 days, at mesophilic conditions. The dige-
ster was filled with a mixture of GW with inoculum. GW 
consisted of municipal and domestic vegetal wastes, 
whilst the inoculum was an anaerobic sludge originating 
from municipal wastewater treatments. A total of 8 gases 
were periodically collected from the digester headspace. 
Semiquantitative VOC (C4+) analyses distinguished up 
to 29 different species in the GW biogases that were 
largely dominated by the high odorous terpenes in 
concentration, followed by alkanes and alkenes. These 
compounds are commonly synthesized by plants (Ran-
dazzo et al., 2022). Aromatic, halogenated, and S- and 
O-substituted compounds were found in lower amounts. 
Aromatics are also contained in vegetal tissues, such as 
lignin but they, together with halogenated compounds 
may be also assimilated by plants from contaminated air 
and soils (Randazzo et al., 2022). Finally, S- and O- substi-
tuted compounds are normally released by the degrada-
tion of fresh waste and decomposition of organic waste 
containing sulfur (Randazzo et al., 2022). 

These results showed that GW, if disposed of in MW 
landfill, may potentially contribute to the overall odor-
ous charge of MW biogas, releasing large quantities of 
terpenes.

Lab-scale prototype for simulating landfill cover soil
The second experiment was devoted to investigating 

the biochemical mechanisms by which landfill cover soils 
mitigate the complex variety of VOCs commonly per-
taining to the landfill gas under controlled conditions. 
An experimental apparatus was properly designed and 
constructed to reliably simulate MW landfill systems. The 
apparatus consisted of a 20 L tank (digester), where the 
anaerobic digestion of selected waste categories (food 

waste was selected as a representative category of the 
organic fraction of MW) occurred, connected to a vertical 
pipe (H = 60 cm, d = 15 cm) packed with vegetal soil (soil 
column). The generated biogas naturally flew from the 
digester into the soil column through pressure and con-
centration gradients. The experiment lasted for 23 days. 
Gases from the digester headspace and at regular inter-
vals along the soil column were periodically collected 
and analysed in terms of: (i) main components i.e., CH4, 
CO2, H2, N2, O2, and Ar; (ii) VOCs; (iii) δ13C-CO2 and δ13C-
CH4. Overall, the concentration of biogas-related com-
ponents (CH4, CO2, H2, and VOCs) in the digester head-
space and the soil column, sharply increasing in the first 
part of the AD, was relatively high until day 17 and then 
decreased. This decrease was associated with a drop in 
the N2/O2 ratios, indicating that air entered the digester 
i.e., biogas pressure was no longer capable of effectively 
counteracting air permeation along the cover soil. Along 
the soil column, the concentration of the biogas-related 
components relatively decreased upwards, mainly due 
to the air dilution effect. In the soil column, CO2 and CH4 
always showed a 13C-enrichment compared to the cor-
responding source gases, according to the preference 
of microorganisms to metabolise the lightest isotope 
(Randazzo et al., 2020). We observed an increase of both 
O-substituted compounds and short-chain alkanes (C2-
C3) on alkanes and long-chain alkanes (C3+), respectively, 
towards the top of the soil column, confirming the re-
lative degradation of alkanes under aerobic conditions 
and the preferential degradation of long-chain alkanes 
compared to the short-chain ones. Consistently with the 
relative recalcitrance of benzene, a relative enrichment 
of benzene compared to alkylated-benzenes upwards 
the soil column was observed. 

These results, consistent with the fieldwork observa-
tions, indicates that degradation processes occurring 
in landfill cover soils are highly selective for VOC com-
pounds. 

 CONCLUSIONS
Soil processes caused strong modifications to the 

VOC compositional features of hypogenic gases during 
their uprising towards the atmosphere, especially pas-

VOCs relatively MORE

 affected by soil processes

VOCs relatively LESS affected 

by soil processes

VOCs as BY-PRODUCTS of 

VOC degradation pathways

Long-chain alkanes Short-chain alkanes
O-Substituted compounds 

(aldehydes, esters, ketones, and 

alcohols)

Alkenes Hexane

Cyclics Benzene

Alkylated-benzenes Phenol

Dimethylsulfide Dimethylsulfoxide Phenol

Thiophenes Furan

Methylated-furans α-pinene

Limonene, Camphene

Table 1 VOC species and groups clas-
sified on the basis of their behaviour in 
soil
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sing within the soil where the physical-chemical condi-
tions strongly differ respect to those dominating at the 
gas source. As shown in Table 1, the most reactive VOC 
species and organic groups in soil were recognised. 
Generally, long-chain and high-molecular weight mole-
cules of alkane, alkene, cyclic, aromatic, and furan com-
pounds were found to be relatively more affected by soil 
degradation processes. On the other hand, short-chain, 
low-molecular weight, and O-containing molecules were 
found to be recalcitrant to degradation processes with 
respect to their respective homologies (Table 1). Mole-
cules characterised by six carbon atoms were among the 
less reactive compounds, confirming the relatively high 
chemical stability of the C6 molecular structure. O-substi-
tuted organic compounds (i.e., aldehydes, esters, keto-
nes, alcohols, and phenol), may be considered as tracers 
of the ongoing degradation of the VOCs, being them 
metabolites of hydrocarbon biodegradation pathways 
(Table 1).

Further investigation based on multidisciplinary ap-
proaches, involving microbiological, ecological, and pe-
dological analysis, could provide new insights into the 
dependence of VOC degradation processes on soil mi-
crobial communities and micro-heterogeneities.
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Ceramic production in the Ager Calenus from 
the 3rd century BCE to early Imperial period

INTRODUCTION AND AIM
The ancient city of Cales (modern Calvi Risorta) is lo-

cated in the northern sector of the Campania region of 
Italy. Thanks to its geographical position Cales had an 
important strategic function for the Roman control of the 
Ager Falernus, the Campus Stellatis and the Ager Cam-
panus  (Pedroni, 1993; Ruffo, 2010), also known as Cam-
pania Felix thanks to the fertile soil of the Volturnum river 
that runs through the plain. 

The territory of Cales is considered one of the most 
important production centers of fine-grained pottery, 
oriented towards the export of tableware. Cales was par-
ticularly renowned for its production and distribution of 
black glazed ware, a type of fine pottery first made in 
Greece in the 5th century BCE (Pedroni & Soricelli, 1996), 
and later in the western Mediterranean from the end of 
the 4th century BCE to the middle of the 1st century BCE. 
Following the foundation of the Roman colony in the port 
of Volturnum in 194 BCE (Pedroni, 2001), it is presumed 
to be connected with the long-distance export of Cale-
nian ceramics. For centuries the black glazed pottery has 
been considered the hallmark of Calenian production, in 
particular thanks to the availability of raw materials close 
to the city (De Bonis et al., 2013). As a matter of fact, in 
such an important manufacturing center of ceramics, it 
is not surprising that the workshops also produced com-
mon ware, documented over a wide time span from the 
3rd century BCE to the 2nd-3rd century CE. The collected 
data allow us to shed new light on the production acti-
vities of the Calenian workshops and document their 
remarkable continuity over time. The end of the pro-
duction of black glazed pottery in the early imperial pe-
riod does not determine the end of production activities. 
On the contrary, there is an adjustment to new market 
demands with the manufacture of Sigillata pottery and 
a vast production of common ware. The continuity and 
liveliness of production testify to the role of an important 
craft center that Cales continued to play in the height of 
the imperial period, when the different senatorial fami-
lies, linked to the imperial court, continued to boost the 

local economy, fitting into a market logic that managed 
to survive the strong economic changes that occurred 
during this period. The production of most of these im-
portant ceramic classes, fine-grained pottery in particu-
lar, took advantage of the presence of large outcrops of 
clay next to the city of Cales (De Bonis et al., 2013), which 
represented important sources of raw materials.

 The study aims to define the local production of fine 
and coarse-grained pottery from the 3rd century BCE 
to the 2nd century CE through a minero-petrographic 
characterization of 125 samples. The samples include 
black glazed pottery, Terra sigillata, fine common ware, 
common cookware, internal red slip ware, thin-walled 
pottery imitation, and objects related to the production 
process. The study benefits from the comparison of im-
portant production indicators, such as wastes of black 
glazed pottery and common cookware, along with spa-
cers and supports, these represent significant materials 
for defining with certainty the compositional features of 
local potteries. The study also aims to expand previous 
knowledge on these important ceramic classes, through 
comparison with other fine ceramics found in the same 
context. Indeed, for the first time, three isotopic syste-
matics were used to perform provenance studies, Sr-Nd 
and Pb respectively. This pioneering approach allowed 
us to understand the existing relationships between raw 
material and finished products. In the light of this, some 
Campanian clay raw materials Ca-rich and Ca-poor, well 
known in the literature, were selected and compared to 
the ceramics under study. This approach highlights the 
importance of combining geochemical data to identify 
sources of raw materials and gave us back encouraging 
results that strengthening the previously experimental 
study, providing further confirmation of the validity of 
the method.

GEOLOGICAL SETTING
Cales is located on the northern edge of the Campa-

nian plain, right between the Roccamonfina volcano and 
the Trebulani mountains belonging to the carbonate pla-
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tform succession that forms the Matese, Maggiore, and 
Camposauro mountain ridges (Fig.  1a; Bonardi et al., 
2009). Just north of Cales, extensive clay deposits crop 
out on the Trebulani muntains slopes. These clay sedi-
ments belong to the Pietraroja foredeep succession of 
the Middle-Upper Tortonian (Fig.  1a) and were utilized 
until recently to make bricks (Guarino et al., 2011). 

Just west of Cales there is the Roccamonfina volcano, 
which is a stratovolcano characterized by pyroclastic 
rocks and lavas erupted during three periods of activity 
that led to the formation of an apical central caldera and 
sector collapses (Rouchon et al., 2008). The pre-caldera 
stage is characterized by ultrapotassic leucite-bearing 
rocks with geochemical characteristics akin to those of 
the Roman volcanic province (Peccerillo, 2017). Products 
following the major sector collapse (ca. 400 ka) are mo-
stly shoshonitic rocks erupted from cinder cones and do-
mes located within the caldera and on the pre-caldera 
outer flanks of the volcano (Conticelli et al., 2009).

In a vast territory around Cales, volcanic deposits also 
belong to the two high-magnitude eruptions of the Phle-
graean fields, which mostly produced trachytes ascribed 
to the potassium series (KS) of shoshonitic affinity (Conti-
celli et al., 2004). The most intense and older eruption is 
that of the Campanian Ignimbrite, which occurred ca. 40 
ka before the present (Giaccio et al., 2017). This eruption 
emplaced huge pyroclastic flows that reached the terri-
tory of Cales and a large part of the inner Campania re-
gion. The second eruption is that of the Neapolitan Yel-
low Tuff (ca. 15 ka; Galli et al., 2017) which is represented 
in the area of Cales only by incoherent deposits.

MATERIAL AND METHODS
The study has focused on 125 samples of different 

ceramic classes (Fig.  1b,c) discovered during the exca-
vations carried out at the so-called Arx of Cales by the 
Soprintendenza in 2007. The wide variety of selected 
material can be divided into two major groups based on 
inclusions grain size: fine (Fig.  1b) and coarse-grained 
pottery (Fig.  1c). 

On all samples a minero-petrographic characterization 
via a multi-analytical approach was carried out. 

The color of the ceramic bodies was evaluated visually 
using the Munsell Soil Colour Chart. Hardness was as-
sessed using the Williams hardness test (Williams, 1990).

Polarized light microscopy (PLM) in thin section was 
used to investigate the textural and petrographic featu-
res of ceramic pastes with an OPTIKA V-600 POL micro-
scope and a ZEISS Axiocam 105 color camera (ZEN 2.3 
Lite software) for capturing the images.

The mineralogical composition was determined via 
X-ray powder diffraction (XRPD) on random powder 

samples with a PANalytical X’Pert PRO 3040/60 PW dif-
fractometer (CuKα generator operating at 40 kV, 40 mA,  
at a scanning interval from 4 to 50° 2θ, step interval of 
0.017°2θ, a step counting time 66 s).

Microstructural observations of fresh fracture surfaces 
were conducted using a Zeiss Merlin VP Compact FE-
SEM (Field Emission Scanning Electron Microscopy).

Quantitative Microchemical Analyses were performed 
on Polished thin sections of the ceramic bodies, coated 
with carbon, using FESEM equipped with an energy-di-
spersive X-ray spectrometer (EDS) and Oxford Instru-
ments Microanalysis Unit (X Max 50 EDS detector). Data 
were processed with the INCA Xstream pulse processor. 
Mineral standards and the precision/accuracy of the EDS 
analyses were described in previous publications (Rispo-
li et al., 2019).

The chemical composition of the samples was analy-
zed using XRF (X-ray fluorescence) on pressed powder 
pellets. An AXIOS PANalytical Instrument was used for 
this analysis. The concentration of 10 major oxides (SiO2, 
TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5 in 
wt%) and 10 trace elements (Rb, Sr, Y, Zr, Nb, Ba, Cr, Ni, 
Sc, V in ppm) were determined. The analytical uncertain-
ty for major elements was 1–2%, and for trace elements 
was 5–10% (Cucciniello et al., 2017).

The routine analytical techniques described above 
were completed implementing a new geochemical ap-
proach using TIMS (Thermal Ionization Mass Spectrome-
try) and MC-ICP-MS (Multi Collector - Inductively Cou-
pled Plasma - Mass Spectrometer), which includes for 
the first time three isotopic systematics: Sr, Nd and Pb. 
This method provided stronger feedback both in terms 
of provenance and clay-temper processing.

RESULTS AND DISCUSSION

 Fine-grained pottery

Thin section analyses showed that almost all the sam-
ples had an optically inactive matrix; in some cases a 
diffuse birefringence was visible in the matrix due to se-
condary calcite.

From a textural point of view, the 79 ceramic samples 
analyzed are extremely fine. The size of the inclusions is 
generally less than 200 µm and the type of phases pre-
sent is consistent in all samples. The presence of feld-
spars, extremely abundant calcite, very small quartz cry-
stals, sporadic mica, lithic fragments of both sedimentary 
(carbonatic fragments) and volcanic nature (fragments of 
trachyte >200 µm, and sometimes even fossil fragments) 
were recognized (Fig.  1d). 

Mineralogical analysis shows that quartz is the most 
abundant phase in all the samples analyzed, along with 

(◄ previous page)  Figure 1 a) geological sketch map of the investigated area; b) macroscopic fragments of fine-grained pottery; c) macroscopic 
fragments of coarse-grained pottery; d) Thin-sections of fine-grained pottery; e) thin-sections of coarse-grained pottery. crossed polars; NII=paral-
lel polars
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Figure 2 a) Backscattered electron images of polished surfaces. Abbreviation according to Whitney & Evans, 2010: cal = calcite; mll = melilite; cpx 
= clinopyroxene. b) XRF binary diagrams with major oxides (wt%) and trace elements (ppm) for fine- and coarse-grained pottery, compared with 
Ca-rich and Ca-poor clay raw material from the Campania region
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frequent feldspar, calcite, and traces of mica. Neofromed 
pyroxene and gehlenite (Fig.  2a) were detected in all 
samples. These Ca-silicates formed over firing at speci-
fic temperatures are used to estimate the EFTs (Equiva-
lent Firing Temperatures). These ranges from 850 and 
1050°C, with some exceptions. In particular, sample 
35.44 has lower firing temperatures (< 850) due to the 
presence of phyllosilicates and the absence of newly for-
med Ca-silicates. 

The chemical analisis shows that all the samples are 
characterized by a calcareous composition of the ce-
ramic body along with a very homogeneous chemical 
composition (Fig.  2b). The production indicator (16.36) 
is in line with the chemical composition of the other sam-
ples analyzed. In the chemical binary diagrams the cera-
mic samples were also compared to some Ca-rich clay 
raw materials from the deposits most likely exploited in 
the past in the surroundings of Cales (data from De Bo-
nis et al., 2013). From this comparison, the 79 samples 
of fine-grained pottery show a greater affinity with the 
Mio-Pliocene marine clay sediments of the Apennine 
chain sector, among which the local clay samples (CVR) 
also fall.

The efficiency of Pb isotopes for determining different 
sources of raw materials was already tested by several 
authors (e.g., Carter et al.,2011; Makarona et al., 2014; 
Renson et al., 2013), by comparing different geological 
materials (from bedrocks to their weathered products) to 
pottery sherds. The results show a good geochemical af-
finity with the Mio-Pliocene basin clays of the Apennine 
chain sector.

For Sr and Nd isotope ratios the local clay (CVR) and 
a volcanic temper from the area were considered for 
comparison. All the ceramic samples of glazed pottery, 
Terra sigillata, fine common ware and the production 
indicators (wasters of black glazed pottery and spacers) 
are very close to the local clay raw material. This is an 
interesting point, in fact the considered ceramic classes 
are fine-grained and the use of sporadic volcanic temper 
does not induce any meaningful changes in the isoto-
pic signature as already demonstrated in experimental 
study by De Bonis et al. (2018). In the same way, the iso-
topes ratio of the production indicators follow the same 
behavior of the ceramics. The isotopic fingerprint allows 
us to define with great approximation the validity of the 
method as a support of the usual analytical routine used 
for the archaeometric characterization and the definition 
of the origin of the possible sources of supply of raw ma-
terial used for these artifacts. 

Coarse-grained pottery
Samples belonging to the investigated classes show 

very homogeneous macroscopic and petrographic fea-
tures. The arrangement of aplastic inclusions is characte-
rized by a bimodal distribution, where a fine (generally 
< 50 μm) and a coarse (generally > 200 μm) fraction are 

recognizable (Fig.  1e). The coarse fraction is mainly for-
med of feldspar, clinopyroxene, prevailing volcanic lithi-
cs, juvenile fragments represented by pumices and glass 
shards, with a composition consistent with products of 
the Roccamonfina volcano and other Plio-Quaternary 
volcanic complexes (i.e., Phlegraean fields) of the Tyr-
rhenian border. The fine fraction mainly contains quartz 
and mica. This led us to hypothesize that a coarse volca-
nic-bearing temper was added to a clay body containing 
a tiny siliciclastic natural skeleton to improve the physical 
properties of the ceramic body, especially for cookwares 
that had to stand thermal shocks during their use (De 
Bonis et al., 2014 and reference therein) 

The chemical composition of the investigated samples 
shows a narrow variability among samples of common 
cookware, internal red slip ware, thin-walled pottery 
imitation, and wastes of common cookware, thus rea-
sonably suggesting that the same raw material was em-
ployed for their manufacture. On the contrary, the high 
concentration of calcium oxides in the supports and the 
dolium suggests that a different clay raw material was 
employed. 

To establish their local origin, the pottery samples 
were compared with raw materials Ca-poor and Ca-rich 
(Fig.  2b; data from De Bonis et al., 2013). Taking into 
account all the results of this comparison, the Ca-poor 
wares represented by common cookware, internal red 
slip ware, thin-walled pottery imitation show a greater af-
finity with the alluvial clays from the Volturnum river plain 
in the locality of Piana di Monte Verna (PMV2). This con-
firms the use of alluvial raw materials from the Volturnun 
river plain, as already verified in the production of Alife 
(Grifa et al., 2015), an ancient town not so far from Cales. 
On the other hand, samples of supports and the dolium 
have a Ca-rich character and show a greater affinity with 
the alluvial clays from the Volturnum river plain from Pia-
na di Monte Verna (PMV1) and Pontelatone (PLT2). This 
result highlights that alluvial clays from the surrounding 
area (i.e., Volturnum river plain) could represent the raw 
material used for coarse-grained ceramic objects.

These sources also differ from those used for the fine 
ware production at Cales (3rd and the 1st century BCE), 
for which the local marine clay from the Calvi Risorta 
outcrop was preferred (Guarino et al., 2011), likely for 
its better technological performances (natural refined 
material and sintering attitude) for manufacturing fine 
pottery (De Bonis et al., 2013). The difference between 
the considered alluvial and marine clays is provided by 
the presence of planktonic foraminifers in marine clays, 
which also occur in fine ware (Verde et al., 2023).

As already shown for the fine-grained pottery, in order 
to define the origin of ancient ceramics, the determina-
tion of Sr, Nd and Pb isotopes ratio was applied. 

As far as the Pb isotope ratios are concerned, they con-
firm the geochemical affinity with the alluvial clays from 
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the Volturnum river plain from Piana di Monte Verna 
(PMV1-2) and Pontelatone (PLT2).

For Sr-Nd isotopes we taken into account as compari-
son materials the Alluvial clays from the Volturnum river 
plain in the locality of Piana di Monte Verna (PMV1-2) 
and a local volcanic temper (DUG1). The results are very 
encouraging because, as already observed for fine-grai-
ned pottery, valuable information on the origin of the raw 
material was obtained. In fact, the analyzed pottery have 
a composition that indicates the use of Ca-rich PMV1, 
PLT2) and Ca-poor (PMV2) from the Volturno floodplain. 
In addition, the influence of the volcanic inclusions on 
the isotopic fingerprint is well detectable and can be 
used to predict the temper-clay ratio. 

CONCLUSION
The archaeometric characterization of the fine-grained 

pottery revealed a remarkable homogeneity within the 
different ceramic classes, including black glazed pottery, 
Terra sigillata, fine common wares, and production indi-
cators. The production indicators, such as spacers and 
welded pieces of black glazed pottery, played a signifi-
cant role in identifying local ceramic production due to 
their historical importance.

The petrographic analysis showed an extreme com-
positional homogeneity of all the finds belonging to the 
different ceramic classes along with same mineralogical 
assemblage. 

The chemical analysis indicates that all samples are 
characterized by high concentrations of CaO which is 
compatible with the use of a local clay raw material from 
the Apennine chain sector. This conclusion was further 
supported by geochemical analysis using three different 
isotopic systems: Sr, Nd, and Pb. These isotopic analyses 
helped distinguish different ceramic productions and 
identify the specific sources of the raw materials. The 
isotopic “fingerprint” of the fine-grained pottery aligned 
closely with the clay raw material used, indicating a ne-
gligible manipulation of the starting clay.

From a technological point of view, the samples exhibit 
an extreme variability of the EFTs (from 750 to 1050°C). 
The presence of hematite suggested that an oxidizing 
atmosphere predominated during firing, with a brief re-
ducing phase potentially employed for blackening the 
coating of the black glazed pottery.

As far as the coarse-grained pottery is concerned, the 
set of techniques used for the archaeometric characteri-
zation showed the compositional homogeneity between 
the common cookware, internal red slip ware, thin-wal-
led pottery imitation, including the production indica-
tors. The latter are represented by wastes of common 
cookware that provided a great contribution to the defi-
nition of a local production of coarse pottery. 

The chemical analysis highlights that common cookwa-
res, internal red slip ware, thin-walled pottery imitation 

and wastes of common cookware are characterized by 
Ca-poor character, compatible with the use of an Allu-
vial clay raw material from the Volturnum river plain with 
similar features with the alluvial clay of Piana di Monte 
Verna (PMV2). On the other hand, the supports and the 
dolium are characterized by Ca-rich character, compati-
ble with the use of an Alluvial clay raw material from the 
Volturnum river plain with similar features with the allu-
vial clay of Piana di Monte Verna but collected in a level 
with higher CaO values (PMV1) and Pontelatone (PLT2). 
These affinities were closely confirmed by isotopic analy-
sis of Sr, Nd and Pb isotopes. 

As observed for fine-grained pottery, the use of three 
different isotope systems is a valuable tool for investiga-
ting the provenance of ceramics, even when considering 
and expecting the addition of temper to reduce plasti-
city, in particular for the coarse-grained pottery pro-
duction. In this regard, the method allowed us not only 
to discriminate the origin of the raw material, but also to 
be able to define its mix design (temper-clay ratio). 

This pioneering approach is not intended to replace 
traditional methods for characterizing archaeological ce-
ramics, but rather to provide more support to the normal 
analytical routine used for provenance studies. 

From a technological point of view, the samples of 
coarse-grained pottery fired at temperatures varying 
from 750 to 950°C in a prevailing oxidizing atmosphere. 
Production indicators clearly show higher temperatures 
than those of other investigated ceramic classes, occa-
sionally exceeding 1000°C.
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North African amphorae from Cumae
Mineralogical-petrografic analysis for the provenance of North African amphorae from 

Cumae (South-Italy)

INTRODUCTION
The target of this work is a selected sample of African 

amphorae found in the Forum of Cumae, which were 
examined in order to define their precise areas of origin. 

This work is a preliminary analysis that aims to define 
the trade that the ancient city of Cumae had with North 
Africa. The samples were analyzed with a mineralogi-
cal-petrographic method, as well as a previous archae-
ological study. 

The regions involved in amphoras production are 
Zeugitania and Byzacena, located in the south-central 
Tunisia, Tripolitania, located between southern Tuni-
sia and western Libya, and Mauretania Caesarensis, 
located between Marocco and Algeria (Fig. 1a). These 
regions were also known for the production of other 
items, including cooking and fine ware (Bonifay, 2004).  
With the aim of defining the precise areas of production, 
nineteen samples of amphorae were selected from the 
most common types at the Cumae site, dated from the 
2nd to the 6th centuries CE. 

In this period, the trade with the North African regions 
became more intense and frequent, because of the cri-
sis in the local trade, which led to a change in the tra-
ding system: from the provinces to Rome. North African 
amphorae are known to have carried liquid goods, such 
as high-quality oil, garum and fish sauces, with the oc-
casional association of wine, which is restricted to a few 
defined types: Dressel 30 and Africana III (Di Giovanni, 
2010; Rizzo, 2018). 

From the 3rd century CE onward, the trade from North 
Africa became more and more dense, to the stage of al-
most total control of the markets. Due in part to the fact 
that the North African peoples experienced no internal 
crises, as had been the case in western regions, and due 
to their enduring prosperity given by agriculture based 
on settler families living in villages (Rizzo, 2014).

The Forum of Cumae

This area, located in the lower part of the city, is the 
center of political and commercial activities. It has been 

investigated with archaeological survey and excavations 
since 1994, with the Kyme project, that involves the So-
printendenza Archeologica di Napoli e Caserta, the Uni-
versity of Naples Federico II, the University of Naples 
“L’Orientale” and the Centre Jean Berard (Capaldi, 2021). 

The Forum area (Fig.  1b) in the roman period was 
surrounded by a double-order portico, with Doric order 
columns at the bottom and Ionic order columns at the 
top. It was decorated with stone theatrical masks on the 
eastern side and with stacks of weapons on the western 
side (Capaldi, 2016). Behind the arcade of the portico, 
there were places used for commerce and craft activities, 
known as tabernae (Gasparri, 2008, 2009). The forum 
was dominated by the main temple on a high podium, 
the Capitolium, from the Flavian era, located on the we-
stern side and dedicated to the Capitoline triad (Gaspar-
ri, 2008). Another major temple is the one incorporated 
in the building known as the “Masseria del Gigante,” bu-
ilt in the classic porticus triplex pattern, it is devoted to 
Divus Vespasianus (Gasparri, 2008, 2009). 

Geological setting

North Africa is an area affected by a long history of 
transformations, both geopolitical and geological. Geo-
logically, Africa is divided into two zones separated by 
the Southern Atlassic Front: the first is the mountainous 
zone bearing the imprint of Alpine tectonics, consisting 
of Cenozoic sedimentary tectonics; the second is the 
Saharan region, consisting of a Precambrian basement 
with a Phanerozoic sedimentary cover (Capelli-Bonifay, 
2014; Gallala et al., 2009). 

Sedimentary rocks are dominant in North Africa (espe-
cially in the Tunisian area), but they are not the only fe-
atures of the entire area: metamorphic rocks are wide-
spread on the coast of Algeria (Baghdad et al., 2017), 
and in Libya volcanic rocks are present, albeit in smaller 
percentages. Some areas of North Africa then show simi-
lar lithology, having a similar geologic history, as well as 
can find even driven similarities with deposits scattered 
throughout the Mediterranean (an example is north-cen-



112

PLINIUS  49 | 2023PLINIUS  49 | 2023

tral Sicily).

THE ARCHAEOLOGICAL MATERIALS AND 
ANALITICHAL METHODS 

The materials examined are the result of an archaeo-
logical type sampling. The nineteen amphora samples 
were selected as representative among the African am-
phorae found at the Cumae site in the excavation cam-
paigns between 1994 and 2018. Seven types of ampho-
ras were selected (Fig. 1c).

North African amphorae consistently turn out to be the 
most attested type at Cumae, in line with the trade situ-
ation.

The Macroscopic analysis of the ceramic body was 
performed with a precision lense (30X) to determine a 
visual comparison between the colours (compared with 
the Munsell Soil Colour Chart) and the hardness (Cuomo 
di Caprio, 2007). 

The archaeometric investigation was performed via 
mineralogical-petrographic techniques.

Polarized light microscopy (PLM) in thin section was 
used to investigate the textural and petrographic fea-
tures of ceramic pastes with an OPTIKA V-600 POL mi-
croscope and a ZEISS Axiocam 105 color camera (ZEN 
2.3 Lite software) for capturing the images (Terry-Chil-
ingar, 1995; Quinn, 2013).

X-ray Powder Diffraction (XRPD) was used to deter-
mine the bulk mineralogical composition of samples on 
random powders. A diffractometer PANalytical X’Pert 
PRO 3040/60 PW, equipped with a CuKα generator op-
erating at 40 kV, 40 mA, was used for measuring the sam-
ples at a scanning interval from 4-70° 2θ (step interval of 
0.020° 2θ, a step counting time 120 s, with RTMS X’Cel-
erator detector). The mineral standards used are report-
ed in Guarino et al. (2019) and Franciosi et al. (2019); 
precision and accuracy of EDS analyses are reported in 
Rispoli et al. (2019).

X-ray fluorescence spectrometry (XRF), performed with 
an AXIOS PANalytical Instrument (Malvern Panalytical 
Ltd., Marvel, UK), on pressed powder pellets was used to 
analyze the bulk chemical composition of the samples, 
expressed by the concentration of 10 major oxides (SiO2, 
TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5 in 
wt%) and 10 trace elements (Rb, Sr, Y, Zr, Nb, Ba, Cr, Ni, 
Sc, V in ppm). The analytical uncertainty was of 1–2 % 
for the major elements and 5–10 % for trace elements 
(Cucciniello et al., 2017). The standards employed are 
described in Guarino et al. (2021). 

RESULTS AND DISCUSSION 
The colors of the pastes vary from bright red tending 

to dark orange (Munsell 10R3/10 and Munsell 10R4/10), 
to dark orange-yellowish (Munsell 2.5YR5/10 and Mun-
sell 10YR7/8). A group of amphorae with two-tone paste, 

bright red and gray, stands out (Munsell 10R4/10 and 
Munsell 10R3/2). 

The pastes are mostly coarse, with quartz inclusions 
visible even with only a precision lens. Samples with fin-
er textured pastes are also present, which do not show 
large enough inclusions to be easily observed at the 
lense. 

Polarized light microscopy (PLM) highlights two differ-
ent groups (Fig.  1.d) of samples and some outliers ac-
cording to their petrographic composition, which shows 
affinity with the geological features of the supposed area 
of production. The first group presents a coarse paste, 
with mostly inactive matrix, composed of not very well 
sorted inclusions of quartz, both rounded and angular, 
of large size, followed by inclusions of calcite, probably 
microfossils not always identifiable, and sporadic pyrox-
ene; the second group shows a finer paste, with matrix 
maintaining traces of optical activity, and well sorted in-
clusions of smaller quartz (even 200 μm); absent almost 
entirely are calcite and microfossils. Four outlier samples 
are also identified, for their unique characteristics.

X-ray powder diffraction (XRPD) revealed, consistent 
with petrographic analyses, quartz as the most abundant 
mineralogical phase in all samples. Great homogeneity 
with thin section observations is also found for calcite: 
for samples showing abundant calcite in diffractograms, 
the presence of microcrystalline calcite inclusions and 
microfossils is equally visible in thin section. Slight dif-
fuse presence of feldspar was also identified, found in 
thin section (with sporadic feldspar crystals). Pyroxene, 
found in thin section, was also found in mineralogical 
analysis, except for seven samples, which show in dif-
fractograms this mineralogical phase, not visible in thin 
section. Therefore, pyroxene in these specimens is iden-
tified as a neoformed mineralogical phase. 

XRPD also shows in most samples other neoformed 
phases represented by hematite and gehlenite. Residual 
clay minerals represented by illite/mica was also detect-
ed in most of the samples.

The X-ray fluorescence (XRF) chemical analysis shows 
high average values in SiO2, Al2O3, Fe2O3, and lower val-
ues in MgO, K2O, Na2O. The majority of samples also 
have high concentrations of CaO (> 6 wt%); only three 
samples are low in CaO (with a CaO concentration of ≤5 
wt%). 

Thanks to the color of the ceramic body and the min-
eralogical-petrographic characteristics provided by ar-
chaeometric analysis, it was possible to identify the fir-
ing atmosphere and relative temperatures, based on the 
presence or absence of particular mineralogical phases. 
Therefore, the temperature is estimated to range from 
a minimum of 800°C to a maximum of 950°C (Maritan 
et al., 2006; Cultrone et al., 2001; Nodari et al., 2007.). 
With mostly oxidant firing atmosphere, only three sam-
ples show characteristics of a reducing atmosphere at 
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Figure 1  a) Main production areas of African amphorae; b) Chart of the Forum of Cumae; c) Seven archaeological types of the amphorae exami-
ned; d) Thin-section photographs
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the beginning of the firing process and oxidizing at the 
end (Molera et al., 1998; Maritan et al., 2006). 

CONCLUSIONS 
The study of the technological characteristics showed 

the wide use of the oxidizing atmosphere during firing 
in the kiln; a fact derived from the paste color, betwe-
en red and orange, of the majority of the samples. Only 
three samples (AA101, AA107 and AA108) deviate from 
this by presenting a two-tone paste: with sandwich colo-
ring, with dark gray core and outer sections in red (black 
core). This highlights a particular firing atmosphere: star-
ted with reducing process and ended with oxidizing at-
mosphere (Molera et al., 1998; Maritan et al., 2006;  De 
Bonis et al., 2017). 

The estimation of firing temperatures was possible 
through the joint analysis of petrographic, mineralogi-
cal and chemical results. These analysis showed a predi-
lection for high firing temperatures and high CaO clays. 
The estimated temperatures were between 850°C and 
950°C (for AA102, AA107, AA108, AA111) and between 
900°C and 1050°C (for AA101, AA103, AA104, AA110, 
AA112, AA115 and AA116). Only samples AA100, 
AA106, AA117 and AA118 show lower temperatures 
(Cultrone et al., 2001; De Bonis et al., 2014).

As for the low CaO samples, AA113 and AA114 show 
high firing temperatures (between 900°C and 1000°C), 
while AA105 shows lower temperatures (between 700°C 
and 750°C).

The study concerning the provenance of the samples 
was carried out by comparison with previous literature, 
either by considering the mineralogical-petrographic 
studies of Capelli and Bonifay (Capelli-Bonifay, 2016; 
Capelli-Bonifay et al., 2016), or by attempting a compari-
son with local clays through data found in specific publi-
cations on the study of North African sediments. 

It was possible to define the provenance of the sam-
ples examined from four defined areas of North Africa: 
the Mauretania Caesarensis (present-day Algeria), Zeu-
gitania (north-central Tunisia), Byzacena (south-central 
Tunisia) and Tripolitania (between southern Tunisia and 
Libya).

The types examined in the nineteen samples analyzed 
demonstrated a provenance of amphorae consistent 
with the archaeological literature; delineating a presen-
ce at the site of Cumae of African amphorae not only 
from Byzacena (thus from the producing area gravitating 
around the port of Hadrumentum), but also from Zeugi-
tania (Africana I, Africana II, Africana III, and Ostia XXIII), 
Tripolitania (Tripolitana III and Dressel 2-4 North African), 
and the Algerian coast (Keay Ib). 
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Here are all the submissions of the SIMP members to the photo contest held 
to decide the image that is being featured on the cover of this issue. 

A commission of experts has appointed 
“Sfalerite su Sulvanite” by Matteo Chinellato 

as the winner of the contest.

Here onward, the photos are displayed according to the submission order

P in a glance

#1 Sossio Fabio Graziano

Sea-llimanite
(mare di sillimanite)

#2 Fabiola Caso

La scienza una clessidra,
i giovani la sabbia

#4 Francesco Maria Lo Forte

From magma mixing
to faulting

#3 Antonio Langone
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Piromorfite
Fiore di Piombo
 della Valsassina

#5 Fabrizio Vergani

Zoned olivine 
in Surtsey tuff

#6 Giovanna Montesano

Micashist Trio

#7 Lorenzo Dulcetta

Geodi di quarzo nelle
Miniere Etrusche

#8 Luca Tinagli
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 1°

Tramonto da un
mondo lontanissimo

# Manfredo Capriolo

Universo di Vetro

#10 Martina Cristina Caggiani

Sfalerite con 
Sulvanite

#11 Matteo Chinellato

This is where 
Ocean Petrology starts...

#12 Valentin Basch
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Interlocking Planes

#13 Sara Nerone

Lava Lovers

#15 Alessandra Cinquegrani

You spin me round

#14 Sara Nerone
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Sossio Fabio Graziano (Università di Napoli Federico II) - P in a glance - Nella sagoma di una cella elementare cubi-
ca, il corpo centrale è rappresentato da un cristallo di calcite, fotografato con ottica macro. L’elemento definisce la 
P di Plinius insieme al bordo, nel cui spessore sono rappresentate due immagini inerenti le tematiche della SIMP: 
una microfoto di sezione sottile ottenuta al microscopio polarizzatore e una pavimentazione a mosaico rinvenuta 
in una domus pompeiana. Immagine di : Sossio Fabio Graziano e Claudia Di Benedetto.

Fabiola Caso (Università di Milano) - Sea-llimanite (mare di sillimanite) - Non è sempre facile comprendere le 
microstrutture delle migmatiti. A volte infatti, ci si perde in mare di sillimanite. Cristalli prismatici di sillimanite che 
marcano la foliazione principale all’interno di gneiss migmatitici dell’Unità della Valpelline (Dent-Blache Nappe). 
Foto in XPL (polarizzatori incrociati).

Antonio Langone (Università di Pavia) - From magma mixing to faulting
Francesco Maria Lo Forte (Università degli Studi di Palermo) - La scienza una clessidra, i giovani la sabbia - Zona-

tura a clessidra in clinopirosseno (diopside), rinvenuto in una lava basanitica ricca in alcali dell’ultima eruzione del 
vulcano Pico do Fogo, Capo Verde. La zonatura è stata generata dall’arrivo di nuovo magma in camera magmatica.

Fabrizio Vergani (Università di Milano Bicocca) - Piromorfite - fiore di piombo della Valsassina - Immagine di alcu-
ni cristalli di piromorfite verde (dimensione massima 2 mm), ottenuta a partire da 30 foto processate con il metodo 
del focus stacking. Le foto originali sono state acquisite mediante l’utilizzo di uno stereo-microscopio.  Il campione 
proviene da una vecchia miniera di solfuri della Valsassina (LC); il sito in oggetto è stato descritto in Vergani et al. 
(2021) “I minerali del sito di Ombrega e della miniera Corno (Introbio, LC)” RMI, 45, 4, 274-287. La vecchia ricerca 
mineraria di Ombrega, che ha interessato una serie di sottili filoncelli a galena e sfalerite in ganga baritica, è carat-
terizzata dalla presenza di splendidi campioni di piromorfite, annoverabili fra i migliori della Lombardia. Lo studio 
della paragenesi secondaria dei filoni a solfuri della Valsassina ha portato alla scoperta, da parte dell’autore di 
questa foto, di numerosi minerali di nuova segnalazione per la Lombardia e di alcune fasi di assoluta rarità quali la 
brindleyite della miniera Faidallo (quarto ritrovamento mondiale). 

Giovanna Montesano (Dipartimento di Scienze della Terra, dell’Ambiente e delle Risorse (DiSTAR), Università degli 
studi di Napoli Federico II) - Zoned olivine in Surtsey tuff  - This euhedral zoned olivine, with a fresh core and an 
altered rim, is in a basaltic tuff sample from Surtsey, a very young volcanic island located at the SW of Iceland, the 
type locality for the Surtseyan volcanism, grew up in 1963. The olivine, of about 2 mm length,  is inside an altered 
pyroclast. 

Lorenzo Dulcetta (Universitá di Cagliari) - Micaschist trio - The picture groups three types of micaschists recently 
studied and mapped in the Variscan basement of Corsica. Starting from the upper-left corner and moving in a 
clockwise sense, the three rocks show an increase in grain size of garnet consistent with the increase in the meta-
morphic grade recognized in the metamorphic complex; the first picture shows small, spessartine-rich garnets, the 
second shows larger Mn-rich almandines with biotite, plagioclase and white mica, while the last one has cm-sized 
almandines with chloritoid and rutile inclusions, associated with matrix staurolite, white mica, chlorite and ilmenite.

Luca Tinagli - Geodi di quarzo nelle miniere etrusche - La foto mostra una geode di quarzo con geminazioni e 
patine di ossidi/idrossidi di Fe formatesi all’interno dello skarn a hedenbergite-ilvaite. La foto è stata scattata a -95 
m nel salone di coltivazione di una miniera di epoca etrusco-romano sfruttata per l’estrazione di solfuri di Pb-Cu 
associati allo skarn. Grazie alla verticalità e alle piccole dimensioni del giacimento questi antichi siti estrattivi si 
sono conservati intatti fino ad oggi, rappresentando un unicum nel panorama italiano, consentendo lo studio delle 
mineralizzazioni nelle aree periferiche del giacimento a skarn a Fe-Cu-Zn-Pb(-Ag) della miniera Temperino-Lanzi 
(Campiglia Marittima, LI) ma anche degli aspetti archeo-minerari dello sfruttamento.

Manfredo Capriolo (University of Birmingham) - Tramonto da un mondo lontanissimo - Sunset on Mauna Loa 
shield volcano and Mauna Kea volcanic craters, Big Island (Hawaii, US).

Maria Cristina Caggiani (Università di Catania) - Universo di vetro - Frammento di vetro Romano ritrovato a Pompei 
e conservato presso il Museo Archeologico Nazionale di Napoli, inglobato in resina, lucidato e osservato al micro-
scopio ottico in riflessione presso l’Università degli Studi di Bari “Aldo Moro”. Si nota il distacco cromatico fra le 
differenti bacchette usate nella tecnica del vetro cosiddetto “a nastro”. 

Matteo  Chinellato (Gruppo Mineralogico Lombardo - Rivista Mineralogica Italiana) - Sfalerite con Sulvanite - Epi-
tassia da 0,77 mm di micro-cristalli scuri di sulvanite su cristali gialli di sfalerite. Località: Colonnata, Bacino estrat-
tivo di Colonnata, Carrara, Alpi Apuane, Massa-Carrara, Toscana, Italia. Collezione privata foto Matteo Chinellato.

Valentin Basch (CNR-Istituto di Geoscienze e Georisorse Pavia) - This is where ocean petrology starts... - Cam-
pionamento del fondale oceanico nel Mar delle Filippine (Shikoku Basin) - A bordo del sottomarino Shinkai 6500: 
Yasuhiko Ohara, Valentin Basch.

Sara Nerone (Università di Torino) - Interlocking planes - Interlocked planes of oscillatory chemical zoning in kyani-
te under cold-cathode cathodoluminescence.

Sara Nerone (Università di Torino) - You spin me round - Snowball garnets spinning in a matrix made of white mica 
and quartz under cross-polarized light.

Alessandra Cinquegrani (Università degli Studi di Palermo) - Lava lovers - Piega reomorfica in ignimbrite Tufo Ver-
de di Pantelleria.
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