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ABSTRACT

The Montefiascone Volcanic Complex belongs to the Vulsini Mts. volcanic district, one of the several leucite-
bearing ultrapotassic Pleistocene volcanoes of the Roman Province (Central Italy). It is characterized by abun-
dant pyroclastic successions and minor lava flows emplaced during a caldera formation phase occurred ~0.3-0.2
Ma. The volcanic products span from leucite-basanites and leucite-tephrites to rarer leucitites and melilitites,
occasionally associated with very rare kalsilite melilitolite ejecta. Here we report for the first time the presence of
primary kalsilite in two lava flows in Forcinella and Feltricci localities, identifying a kamafugitic component
among the Montefiascone volcanics.

Detailed petrographic, SEM and EPMA studies on ten samples from the two localities revealed, in addition to
kalsilite, variable amounts of clinopyroxene, melilite, leucite and nepheline plus rarer olivine coupled with
carbonate-bearing segregation pockets in the groundmass. Geochemical and isotopic data confirm the exotic
nature of the analysed rocks, showing ultrabasic/basic (SiOy = 42.15-45.94 wt%) and ultrapotassic (K;O =
6.17-8.48 wt%; KyO/Na,0 = 5.3-8.7) compositions, as well as strongly radiogenic 3"sr/%sr
(0.71038-0.711068), poorly radiogenic '**Nd/!*/Nd (0.512057.512091) and uniform middle radiogenic
206pt, /204p, (18.76-18.78). Boron isotopes (8''B ranges from 7.36 to 8.82%o0) almost overlaps the typical MORB-
OIB range values.

These geochemical features recall those of the nearby kamafugite rocks from the Intra-Apennine Province.
Major oxide and trace element modelling support fractionation links among the Italian kamafugite types. The
overall geochemical and isotopic signatures speak for a common strongly subduction-metasomatized and
orthopyroxene-free lithospheric mantle source. As already proposed for some nearby kamafugite centres in
central Italy, limestone assimilation during magma ascent is a viable option to explain the mineralogical and
whole-rock composition of Montefiascone lavas (i.e., the presence of carbonate plagues in the lava groundmass).
This is particularly relevant considering the thick sedimentary sequence pierced by the limited volume of the
upwelling magma. On the other hand, many other key features (such as the general lack of crustal xenoliths, the
overall incompatible element fractionation and the radiogenic Sr isotopic ratios) clearly require also derivation
from subduction-modified mantle sources.

1. Introduction

30-40 wt%) mildly alkaline potassic rocks (e.g., Melluso et al., 2008;
Velasquez Ruiz et al., 2022; Innocenzi et al., 2024) or in moderately

Kalsilite (KAlSiO4), as part of the nepheline group, is a very rare SiOp-undersaturated, moderately ultrabasic (SiO; ~ 40-48 wt%)
mineral mostly found in volcanic rocks, with rarer occurrences in strongly ultrapotassic compositions (Lustrino et al., 2020). Kalsilite
plutonic terms (e.g., Bea et al., 2014; Deer et al., 2013). Kalsilite may crystallizes in melts with high K;0/SiO; ratios, with limited constraints
occur both in strongly SiO-undersaturated, strongly ultrabasic (Si05 ~ on the absolute amounts of KoO and SiO,. The presence of primary
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kalsilite in igneous rocks is such a distinctive feature that IUGS used this
mineral to identify a specific rock group (i.e., kalsilite-bearing volcanic
rocks, also known as kamafugites; Le Maitre, 2002).

We emphasize the importance of kalsilite primary origin, considering
that KAISiO4 can be also found as kaliophilite polymorph (e.g., in the
potassic and ultrapotassic products of the Somma-Vesuvius and the
Roman Volcanic Province; Cellai et al., 1992; Di Battistini et al., 2001;
Peccerillo et al., 2010; Lustrino et al., 2020; Mugnaioli et al., 2020) and
as perthite-like intergrowths associated to nepheline, due to exsolution
from K-rich nepheline (Deer et al., 2013; Franco and De Gennaro, 1988;
Sahama, 1962).

To date, kalsilite-bearing volcanic rocks have been reported only in
three areas worldwide, i.e., SW Uganda (Toro-Ankole), Central Italy
(San Venanzo and Cupaello) and SE Brazil (Alto Paranaiba and Goias
Alkaline Provinces; Stoppa and Cundari, 1996; Brod et al., 2005;
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Lustrino et al., 2020; Innocenzi et al., 2023, 2024; Velasquez Ruiz et al.,
2022). In the present study, we report the first occurrence of kalsilite
also in the melilitite-bearing lavas from the Montefiascone volcanic
complex (Vulsini Mts.), where it was previously reported in crystalline
ejecta only (i.e., kalsilite melilitolite; Di Battistini et al., 2001). A
detailed study on Montefiascone kamafugites, also comparing them with
the other Italian kalsilite-bearing rocks, may be crucial in achieving a
better knowledge of these rare lithologies, as well as their mantle
sources and petrogenesis.

1.1. Worldwide occurrences of the kalsilite-bearing volcanic rocks

Holmes (1950) was the first to point out the importance of kalsilite in
volcanic rocks, identifying three variants in the Toro Ankole lavas
(Western branch of the East Africa Rift - WEAR; Innocenzi et al., 2024).
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Fig. 1. a) Simplified sketch map of the central Italy area with the main volcanic provinces, from north to south: Intra-Apennine Province (IAP), Roman Province,
Ernici-Roccamonfina, Campania Province and the Mt. Vulture volcano. Modified after Lustrino et al. (2020). b) Geological map of the Vulsini Volcanic District
showing the main volcanic complexes, caldera structures and emission centres. Modified after Palladino et al. (2010) and Marra et al. (2020). 1 = Forcinella lava; 2

= Feltricci lava. Deep fault structures are from Di Filippo et al. (1999).
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These three rock types, named Katungite (kalsilite leucite melilitite),
Mafurite (leucite melilite kalsilitite) and Ugandite (melilite kalsilite
leucitite), were later grouped under the acronym KaMafUgite (Le Mai-
tre, 2002; Sahama, 1974). Clinopyroxene, olivine and phlogopite are
common minerals in all the three variants.

Few decades later, primary kalsilite was also identified in volcanic
rocks from the Intra-Apennine Province (IAP, Central Italy; Gallo et al.,
1984; Lustrino et al., 2020), in the Alto Paranaiba Igneous Province
(APIP; Sgarbi and Valenca, 1993; Velasquez Ruiz et al., 2022) and, more
recently, in the Goids Alkaline Province (GAP; Brazil; Brod et al., 2005).

IAP is a Pleistocene volcanic province consisting of small eruptive
vents found along the central Apennine Chain (Melluso et al., 2003;
Peccerillo, 2017; Lustrino et al., 2019, 2020; Fig. 1). IAP is relevant in
petrology because it comprises the other two terms (venanzite — kalsilite
phlogopite olivine leucite melilitite — and coppaelite — kalsilite phlogo-
pite melilitite) belonging to the kalsilite-bearing volcanic rock group
identified by IUGS (Le Maitre, 2002; Woolley et al., 1996). IAP products
span from strongly ultrabasic to intermediate compositions and from
ultrapotassic to nearly alkali-free terms. The whole-rock and modal
composition of IAP rocks is variable, not always reflecting primary
magmatic compositions. Indeed, in several cases (e.g., Polino, Cupaello
and San Venanzo), the assimilation of crustal carbonates during the
ascent of SiOz-poor magmas, has been considered to have strongly
modified the composition of the original mantle melts (e.g., Gallo et al.,
1984; Lustrino et al., 2019, 2020, 2022b; Peccerillo, 1998, 2017).
Further, other IAP products (e.g., Colle Fabbri and Ricetto) have been
interpreted as the result of carbonate and marl melting, later solidified
as wollastonite- and melilite-bearing paralavas (Melluso et al., 2003).

2. Geological background

The Vulsini Mts. volcanic district (~0.6-0.1 Ma; Nicoletti et al.,
1981; Nappi et al., 1995; Marra et al., 2020) is located in the western
margin of the Central Apennine (Latium region), in the northernmost
part of the Quaternary Roman Province (Fig. 1a; Conticelli et al., 2010;
Peccerillo, 2017; Branca et al., 2023), covering an area of ~2200 km?.
The volcanic rocks cover Mesozoic to Neogene sedimentary units, folded
and thrust during a mid-late Miocene compressive tectonic phase and
later affected by Messinian to Plio-Pleistocene extensional tectonics
(Barchi et al., 2001; Nappi et al., 2019). Such extensional phase, related
to the Tyrrhenian See opening (Acocella et al., 2012; Acocella and
Funiciello, 2006; Peccerillo, 2017), led to the formation of NW-SE-
oriented horst and graben structures, later filled by sedimentary de-
posits of marine to continental environments (Nappi et al., 2019).

The Vulsini Mts. volcanic district includes more than a hundred
emission centres (Palladino et al., 2010) grouped into five main volcanic
complexes: Bolsena-Orvieto, Latera, Montefiascone, Paleovulsini and
Southern Vulsini (Fig. 1b), almost entirely characterized by explosive
activities (Strombolian, Plinian, and phreatomagmatic types). This
eruptive style, locally associated with small-scale lava flows, is associ-
ated to the development of several caldera structures, among which the
polygenic Bolsena caldera (~0.6-0.2 Ma; Nappi et al., 1991, 1995;
Funiciello et al., 2012) is the largest, with a diameter of ~19 km. The
two other most relevant structures are the Latera-Vepe caldera
(~0.26-0.16 Ma; Turbeville, 1992; Nappi et al., 1995; Palladino and
Simei, 2005; Palladino et al., 2014) and the Montefiascone caldera
(~0.29-0.23 Ma; Fig. 1b; Nappi et al., 1995; Brocchini et al., 2000;
Palladino and Simei, 2002; Palladino et al., 2010, 2014; Acocella et al.,
2012; Peccerillo, 2017).

The Montefiascone polygenetic caldera is ~3 km in diameter, cen-
tred on the top of a collapsed central edifice (Marini and Nappi, 1986;
Palladino et al., 2010, 2014). The pre-caldera volcanic activity in this
area mainly produced leucitite lava flows in the southern part (e.g.,
Commenda lava), followed by a first ignimbrite eruption (Montefiascone
basal ignimbrite; Palladino et al., 2010), corresponding to the main
phase of the caldera formation. This stage was succeeded by a first
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hydromagmatic phase and many other caldera-forming eruptions,
leading to new structural collapses (e.g., Marini and Nappi, 1986). The
‘lavadrop ignimbrite’ was emplaced probably during the second caldera-
forming event. Later, two hydromagmatic phases took place (Marini and
Nappi, 1986). The hydromagmatic activity produced pyroclastic (such
as the Ciuccara products; Nappi et al., 2019) and Strombolian deposits,
coupled with small lava flows, in the peri-caldera and circum-caldera
areas (Marini and Nappi, 1986; Palladino et al., 2010). The last
magmatic phases led to the emplacement of tephrite, basanite and
melilitite lava flows (Nappi et al., 2019). The total volume of products
estimated for the Montefiascone Volcanic complex is ~10 km® (Acocella
et al., 2012).

The sedimentary substratum of the Montefiascone caldera, such as
the entire Vulsini Mts. district, is characterized by a ~ 5-6 km thick
sequence of marls, sandstones and limestones, deposited during Meso-
zoic, Paleogene and Neogene (e.g., Buonasorte et al., 1987; Di Battistini
et al., 2001). In particular, a borehole drilled in the Montefiascone area
revealed underneath the Plio-Pleistocene post-collisional sequence, the
presence of Ligurian units, mostly consisting of calcareous and marly-
calcareous flysch, overlapping the Tuscan series deposits, as bio-
calcarenite, biocalcirudite, limestone and sandstone (Cretaceous to
Oligocene; Buonasorte et al., 1987).

The volcanic products from the Vulsini Mts. district span a large
compositional range (Supplementary material 1). Most of the Bolsena-
Orvieto, Latera, Paleovulsini and Southern Vulsini volcanic complex
products have trachytic, phonotephritic and phonolitic compositions,
with Bolsena-Orvieto complex including leucite tephrites, and rarer
shoshonites and latites, while Latera products reach trachybasaltic
compositions (e.g., Civetta et al., 1984; Conticelli et al., 1987; Peccerillo,
2017; Varekamp and Kalamarides, 1989). All the Vulsini Mts. products
belong to the so-called Potassic Series (KS, also known as Saturated
Series, from trachybasalts up to trachytes) and to the High Potassium
Series (HKS, with compositions ranging from leucitites to phonolites),
widely distributed within the entire Roman Comagmatic Region (Pec-
cerillo, 2017). Vulsini Mts. volcanic rocks are enriched in incompatible
trace elements and are characterized by strongly radiogenic Sr ratios,
coupled with unradiogenic Nd and middle radiogenic Pb compositions
(e.g., Civetta et al., 1984; Conticelli et al., 2002; Conticelli and Pecce-
rillo, 1992; Peccerillo, 2017; Rogers et al., 1985).

Montefiascone volcanic rocks mainly consist of leucite basanites,
leucite tephrites and leucitites (Coltorti et al., 1991; Di Battistini et al.,
1998, 2001; Nappi et al., 1998; Peccerillo, 2017). Kalsilite melilitolite
ejecta have been also rarely found (Di Battistini et al., 2001). Small and
thin (<3 m thick) melilite-bearing lava flows have been reported in two
localities known as Forcinella (cropping out near the south-eastern shore
of the Bolsena Lake) and the Feltricci (along the Feltricci stream; Fig. 1b;
Di Battistini et al., 2001). Radiometric dating for these two occurrences
is still lacking, but stratigraphic and field data indicate that they have
been likely emplaced in the 292-227 kyr interval, covering the Mon-
tefiascone basal ignimbrite (292 ka) and overlain by the Orto Piatto lava
(~227 ka; Di Battistini et al., 2001; Nappi et al., 2019). The Feltricci lava
is probably coeval with the Fastello Group rocks (<247 kyr), as reported
in the CARG 1:50000 Sheet 345 “Viterbo”.

3. Sampling and analytical methods

Ten lava rocks samples have been collected from the two outcrops
(sampling sites are reported in Supplementary material 1). Unfortu-
nately, both Feltricci and Forcinella outcrops are not entirely accessible,
as they are found along a streamline. In addition, the widespread
vegetation cover, coupled with several anthropic structures, prevented
the attainment of a detailed macro-scale investigation of the two lava
flows. For more details about the field data, we refer to the Viterbo and
Tuscania sheets of the 1:50.000 Italian geological map (CARG project).

Polished thin sections for all the ten collected samples from the
Forcinella e Feltricci lava flows were prepared in the laboratories of the
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Dipartimento di Scienze della Terra of the Sapienza University.
Following polarized light microscopy observations on the thin sections,
SEM-EDS and EPMA investigations were carried out on the most
representative samples. Qualitative mineral chemical and microstruc-
tural analyses have been carried out using a Scanning Electron Micro-
scopy (FEI Quanta 400 instrument, with EDAX Genesis microanalysis
system and with a 25-30 kV accelerating voltage) at the Dipartimento di
Scienze della Terra of Sapienza University. Quantitative chemical ana-
lyses on the main mineral phases and glasses were carried out at the
Istituto di Geologia Ambientale e Geoingegneria (CNR), Sapienza Uni-
versity, with a CAMECA SX 50 EPMA, with a full wavelength-dispersive
mode, a 15 kV accelerating voltage, 15 nA beam current, beam diameter
ranging from 1 to 10 pm, 20 s time of counting peak and 10 s time for
background. Quantitative chemical analyses on the mineral phases and
glass were also carried out at the Macquarie GeoAnalytical Laboratories
(MQGA) of Macquarie University (Sydney, Australia) by means of a SEM
Zeiss EVO MA15, operating at 20 kV and a working distance of 12 mm.
Mineralogical mapping of the samples has been processed with a FEI--
Field Emission Scanning Electron Microscope (MQGA). The instrument
works at 15 kV, using a beam current 11 nA, a spot size 15 pm and a
working distance 10 mm.

On five of the most representative and unaltered samples, whole-
rock major oxide and trace element chemical analyses were performed
by inductively coupled plasma-atomic emission spectroscopy (ICP-AES
through lithium metaborate/tetraborate fusion) and ICP-mass spec-
trometry (ICP-MS), at Activation Laboratories Inc. (Ontario, Canada)
according to the Code 4Litho code package. The mass loss on ignition
(reported as LOI) was determined by standard gravimetric methods and
the CO3 by infrared spectroscopy. Details on the precision and accuracy
of the analyses are reported at https://actlabs.com/.

Three representative samples were selected for radiogenic (Sr, Nd,
Pb) and stable isotope (B) investigation using a ThermoFisher Neptune
Plus MC-ICP-MS, at the Istituto di Geoscienze e Georisorse (IGG-CNR) of
Pisa. For radiogenic isotopes, analyses were carried out on powdered
whole-rock samples after digestion via concentrated HF + HNO3 and
sample purification through conventional cation-ion exchange chro-
matography. For B analyses, powdered whole rocks samples were fused
in Pt—Ir crucibles after adding KyCO3 as fluxing agent and B was
extracted after adding ultrapure water and passing the solution through
anion and cation exchange columns. Full detailed description of
methods, errors and analyses of reference materials can be found in
Innocenzi et al. (2021, 2024) and Agostini et al. (2021, 2022).

4. Results

In the next paragraphs, the main petrographic, mineral chemical,
geochemical and isotopic features are reported. Further information and
diagrams can be found in the Supplementary material 1 and 2.

4.1. Petrography

Samples MF3, MFF4 and MFF6 (Forcinella lava flow) are porphyritic
and weakly scoriaceous lavas, with a hypo-holocrystalline groundmass
(Fig. 2a-b). Vesicles (2 to 15 vol%) are commonly irregular in shape,
mostly less than ~2 mm in size, and occasionally partially to totally
filled by zeolites (e.g., sample MFF6). Phenocrysts (<3 mm in size)
define a Porphyricity Index (P.L, i.e., the area occupied by the pheno-
crysts over the total area of the thin section, excluding voids) in the
~10-15 vol% range. They are mostly anhedral to euhedral clinopyr-
oxene and subhedral to euhedral leucite, whose occasional fractures are
filled by either calcite or zeolites. Colourless to light green or light
yellow clinopyroxene phenocrysts exhibit a corroded and irregular
habit. They are often surrounded by melilite (samples MF3 and MFF6) or
by a fine-grained, optically unresolvable reaction corona (samples MF3
and MFF4; Fig. 2c-d). Sample MFF4 is richer in poikilitic leucite phe-
nocrysts (40-50 vol%) with inclusions of subhedral clinopyroxene. The
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groundmass is made up of anhedral to euhedral laths of light green to
yellow clinopyroxene, zoned melilite (up to 10-15 vol%) either fresh (in
samples MFF6 and MF3) or altered (in sample MFF4), euhedral leucite,
intergranular phlogopite, anhedral nepheline and kalsilite, rare euhe-
dral apatite and subhedral opaques (Fig. 2a-b). Kalsilite is a relatively
abundant phase in sample MF3 (~5-8 vol%; Fig. 3), while lower modal
amounts are observed in other samples. Rare, partially zeolitized, glass
is found in samples MFF4 and MMF6. Samples MF3 and MFF6 contain
carbonate plagues (<1 mm in size), including green and corroded cli-
nopyroxene and nepheline (Fig. 2e-f).

Samples from the Feltricci lava flow (samples MF4, MFF7, MFF9,
MFF10, MFF11, MFF12 and MFF13) range from subaphyric to weakly
porphyritic (MFF7 P.I. = 8-10 vol%) to porphyritic and glomer-
oporphyritic (MF4, MFF9, MFF10, MFF11, MFF12 and MFF13; P.I. =
10-15 vol%). They span from weakly vesicular (MFF12 and MFF13; 5%
vesicles) to highly vesicular samples (MFF9 and MFF10; 15-25 vol%
vesicles). Vesicles are empty and variably shaped (sub-rounded or
irregular to almost isooriented and elongated) and with a size ranging
from ~2 to ~8 mm. The main difference with respect to the Forcinelle
lava samples is the higher modal abundance of olivine (up to 10 vol%),
found as subhedral to euhedral phase as phenocrysts and/or groundmass
microliths. In both cases, olivine is partially iddingsitised. Other and
more abundant phenocrysts (<2 mm) are light green to colourless,
subhedral to euhedral clinopyroxene. Rare, zoned clinopyroxene phe-
nocrysts with a green rim and colourless core are also found. The
hypocrystalline to holocrystalline groundmass is fine-grained and
partially altered. It consists of euhedral twinned leucite, euhedral
olivine, euhedral to subhedral, light green to light yellow clinopyroxene,
rare anhedral phlogopite, nepheline and/or kalsilite, anhedral and
poikilitic melilite, found as fresh phase, also showing peg structures, or
altered yellowish patches (much more abundant in sample MF4 than in
the others), anhedral to euhedral apatite and subhedral to euhedral
opaques. Rare intergranular yellow volcanic glass may also be present.
In sample MFF12, primary carbonate plagues, hosting clinopyroxene
and leucite microphenocrysts, can also be observed (Fig. 2g-h).

4.2. Mineral chemistry

Mineral and glass chemical analyses have been carried out on five of
the most representative and freshest samples (samples MF3 and MFF4
from the Forcinella lava, samples MF4, MFF12 and MFF13 from the
Feltricci lava). All the data and classification diagrams are reported in
the Supplementary material 2 (Mineral and glass chemistry).

Olivine is a common phase in the Feltricci lava flow (samples MF4,
MFF12 and MFF13) occurring either as phenocryst or in the ground-
mass, whereas in sample MF3 (Forcinella lava flow) only one micro-
phenocryst has been found. Olivine phenocrysts and microphenocrysts
from the Feltricci samples show higher Fo (0.84-0.89) and slightly lower
CaO (0.71-1.31 wt%) than groundmass phases (Fo = 0.56-0.86; CaO =
0.93-1.56 wt%). On the other hand, the olivine microphenocrysts from
Forcinella sample MF3 have lower Fo (~0.78-0.80) and similar CaO
(1.08-1.54 wt%) abundances. NiO content for olivine in sample MF3
(0.01-0.05 wt%) shows slightly lower values with respect to the Feltricci
lava (0.08-0.14 wt% for phenocryst and 0.09-0.24 wt% for the
groundmass). The key feature of this mineral is the significantly high
content of CaO, which is higher than the values of the other Roman
Province plagio-leucitites (0.31-0.55 wt%; Ammannati et al., 2016), but
comparable with San Venanzo (IAP) kamafugite (1.71 wt%; Lustrino
et al., 2020).

Clinopyroxene is a ubiquitous phase in both lava flows, with all the
analyses falling in the diopside field but showing a relevant Ca-excess
(phenocrysts cores Ensp 47Fs3.5sWo49 54 and rim Engs.46Fso.4Wos1 57,
groundmass Ensg 45Fs3 11Wos2_57). All the clinopyroxenes show a vari-
able Si deficiency in the tetrahedral sites, which is generally compen-
sated by the presence of VAl Clinopyroxene compositions for the
Feltricci lava (MF4 and MFF12) show a quite continuous trend with a
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Fig. 2. Photomicrographs of Forcinella and Feltricci samples (on the left plane polarized light and on the right crossed polarized light). a-b) sample MF4 (Feltricci
lava flow): groundmass of the porphyritic lava, with altered and fresh melilite, leucite, clinopyroxene and opaques microphenocrysts and microliths. c-d) sample
MFF6 (Forcinella lava flow): euhedral microphenocryst of melilite and leucite. e-f) samples MF3 (Forcinella lava flow): carbonate plague in the groundmass of a
melilite- and kalsilite-bearing lava including subhedral clinopyroxene and nepheline. g-h) samples MFF12 (Feltricci lava flow): groundmass carbonate plague of a
melilite- and kalsilite-bearing lava, containing subhedral to euhedral clinopyroxene, nepheline and leucite. Carb = carbonate, Cpx = clinopyroxene, Lc = leucite, Mel
= melilite, Neph = nepheline, Op = opaque phases.
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Fig. 3. SEM microphotograph of the groundmass of sample MF3 (Forcinella
lava), highlighting the various mineral phases. Carb = carbonate, Cpx = cli-
nopyroxene, Lc = leucite, Neph = nepheline, Ks = kalsilite, Op = opa-
que phases.

general decrease in Si and Mg and an increase of Al, Ti, Fe and Na from
phenocryst cores to phenocryst rims and the groundmass microliths.
However, compared to the Feltricci clinopyroxenes, those from For-
cinella (samples MF3 and MFF4) show a higher Si deficiency, lower Mg
contents, higher Fe, Na and Ti (Supplementary material 2). Clinopyr-
oxene occurring in the carbonate plagues shows compositions compa-
rable to groundmass clinopyroxene, with high Na and Ti. Chromium
contents are generally low (Cro03 < 0.13 wt%), except from some
phenocrysts in Forcinella sample MF4 (up to 0.58 wt%).

Melilite is a common phase in Forcinella lava flow, while it has only
been found in some of the samples from Feltricci (MF4, MFF10, MFF12
and MFF13). All the analysed crystals are enriched in the dkermanite
component [CapMgSiz07 = 52.1-63.9%], soda melilite [CaNa(Al, Fe3t,
Ti)Sio07 = 18.1-25.8%] and iron dkermanite [Caz(Fe2+, Mn)Si0; =
8.3-16.7%]. Lower components are the Na ferrimelilite [CaNa-
Fe3*Siy0; < 4.1%] and iron gehlenite [CasFe>t(AlSiO;) <4.6%)] end-
members. SrO and CryO3 contents are always low (<1.05 wt% and <
0.04 wt%, respectively). Only minimum amounts of Al,O3 are required
to fill the tetrahedral site (VAI < 0.091 apfu).

Leucite is ubiquitous both as euhedral phenocrysts and as micro-
phenocrysts. The K# value [100*K/(K + Na)], varies between 98 and
100, close to almost pure potassic compositions, with BaO reaching
values up to 0.65 wt%.

Kalsilite occurs as a groundmass phase only, modally abundant in
sample MF3, but <5-8% in MF4 and MFF4 samples (e.g., Fig. 3). SEM
analyses highlighted the occurrence of kalsilite also in other Feltricci
lavas (as MFF7, MFF9, and MFF12). Kalsilite samples MF3 (Forcinella),
MF4 and MFF12 (Feltricci) show similar compositional ranges, with
values of Kal comprised between 85.6 and 92.7 [Kal = 100*Ks/(Ks + Ne
+ Sil), where Ks = K, Ne = Na and Sil = Si-(2*Ca + Na + K)]. Kalsilite
from Forcinella sample MFF4 shows lower Kal values (77.1), due to the
slightly lower K20 (23.9 wt%) and higher NayO (2.3 wt%) with respect
to kalsilite crystals from samples MF3 (NayO = 0.6-0.7 wt%), MF4
(Nay0 = 0.4 wt%) and MFF12 (NaxO = 0.9-0.15 wt%).

Nepheline is a common groundmass phase characterized by a Ne
[100*Ne/(Ks + Ne + Sil)] ranging from 54.7 (Feltricci sample MFF13) to
72.8 (Feltricci sample MFF12). This mineral is enriched in potassium,
with K50 ranging from 8.0 to 9.5 wt% and Na# value [100*Na/(Na +
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K)] ranging from 59.4 to 69.9. BaO is negligible (<0.05 wt%).

Phlogopite occurs in the groundmass of both lava flows as inter-
granular phase with high Mg# [Mg/(Mg + Fe?")] values ranging from
0.8 to 0.9 and low SiOz (<37.7 wt%). The Si deficiency (Si =
2.701-2.831 apfu, on the basis of 22 anions) allows VAl (1.156-1.299
apfu) and occasionally also Fe3t (0.013 apfu) to enter the tetrahedral
site. BaO and F content are always high (5.4-9.3 wt% and 5.9-6.6 wt%,
respectively). TiOs increases from 1.25 to 1.57 wt% in the Feltricci
samples to 2.21 wt% in the Forcinella samples, whereas FeO has the
opposite trend (4.90-5.80 wt% in Forcinella samples and 6.65-7.10 wt
% in Feltricci samples).

Carbonates are found in some segregation plagues occurring in the
groundmass and hosting silicate minerals (Fig. 5). The carbonate shows
no BaO (<0.01 wt%) and SrO ranging from <0.01 wt% (Forcinella
sample MF3) to 1.20-1.89 wt% (Feltricci sample MFF12), coupled with
nearly pure calcite composition (FeO = 0.04-0.14 wt%; MgO =
0.04-0.88 wt%).

Spinels are found in all samples as subhedral to euhedral groundmass
phases. All spinels belong to the magnetite-ulvospinel series (FeOgyr =
69.9-82.6 Wt%; Fe>* = 1.041-1.428 apfu; Fe’™ = 0.885-1.227 apfu,
based on 4 oxygens and 3 cations). The spinel analysed in Forcinella
samples have higher ulvospinel component (Usp = 0.30-0.39)
compared with those from the Feltricci samples (Usp = 0.14-0.24).

4.3. Whole-rock geochemistry

The composition of the five most representative samples (MF3 and
MFF6 from Forcinella lava flow, plus samples MF4, MF10 and MF12
from Feltricci lava flow) are reported in Table 1, whereas a comparison
of the new data with literature samples and several diagrams are re-
ported in the Supplementary material 1. On the TAS diagram (Fig. 4),
Forcinella lavas fall in the foidite field, with 42.1-42.6 wt% SiO5 and
NazO + K20 in the 9.6-10.1 wt% range. On the other hand, Feltricci
lavas fall in the basanite/tephrite field (SiOy = 45.6-45.9 wt% and
6.9-7.8 wt% total alkali, with CIPW normative olivine <10% for MF4,
and > 10% for MFF10 and MFF12). Despite this, Feltricci rocks cannot
be classified as real basanites/tephrites as they lack plagioclase. All the
samples are characterized by high Al;03, CaO and K30, with very low
TiO4 and NayO (Table 1). Forcinella lava is characterized by lower Mg#
(0.54-0.55) than Feltricci lava (0.67-69; calculated with Fe;O3/XFe
ratio = 0.15). The new samples plot within the literature field for
Montefiascone products, showing an ultrapotassic affinity, being char-
acterized by MgO and KO > 3 wt%, coupled with K;0/NayO > 2
(5.30-6.79 for Forcinella lava and 5.30-8.72 for Feltricci lava; Foley
et al., 1987; Supplementary material 1).

Harker diagrams of some major oxides (Al;03, FeoO3, CaO and K30)
vs. MgO (Fig. 5), exhibit a rough alignment of the Montefiascone lavas
from this study with the general trend described by IAP products, from
San Venanzo to Cupaello and Oricola (see also Supplementary material
1). The Feltricci and Forcinella lavas only partially overlap the bulk of
the Montefiascone literature samples, showing more similarities with
IAP products (Fig. 5 and Supplementary material 1).

Samples from Forcinella lava are variably enriched in incompatible
trace elements such as LILE and REE, with strong depletion of HFSE
(Supplementary material 1). Feltricci lavas show lower incompatible
trace element contents compared to the Forcinella rocks. Again, a strong
similarity between the samples from this study and literature samples
from Alban Hills and IAP rocks (only San Venanzo and Cupaello)
emerges (Fig. 5 and Supplementary material 1). Most of the incompat-
ible trace elements (e.g., Ba and LREE) are slightly less enriched in the
Montefiascone samples than in the Alban Hills and IAP (especially
Cupaello volcano; Fig. 5).

The incompatible element abundances normalised to the primitive
mantle estimate (Fig. 6a) evidence a spiky pattern showing marked
negative anomalies at Ba, Nb, P and Ti, coupled with peaks for Th, U and
Pb. CI chondrite-normalised (Fig. 6b) REE patterns are LREE enriched
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Table 1
Whole rock compositions for major and trace elements of volcanic products from
Montefiascone Volcanic Complex.

Forcinella lava Feltricci lava

Sample MF3 MFF6 MF4 MFF10 MFF12
SiO, 42.63 42.15 45.94 45.93 45.56
TiO, 0.90 0.86 0.77 0.78 0.77
Al,O3 14.19 14.53 12.71 13.16 12.76
Fe203(cotal) 8.99 8.70 8.68 8.76 8.69
MnO 0.16 0.15 0.15 0.15 0.15
MgO 4.76 4.40 7.59 8.03 8.28
CaO 15.09 14.88 13.98 14.43 14.85
NayO 1.60 1.23 1.04 0.71 1.24
K0 8.48 8.35 6.17 6.19 6.57
P,0s 0.72 0.70 0.42 0.45 0.43
LO.L 2.22 3.55 1.64 1.82 0.90
Total 99.74 99.50 99.08 100.40 100.20
Mg# 0.55 0.54 0.67 0.68 0.69
Rb 583 636 481 404 398
Sr 2423 2492 820 962 1281
Ba 1703 1697 1178 1242 1165
Cs 48.4 45.8 34.7 29.9 29.3
Sc 14 12 29 30 30

\4 280 272 262 270 254
Cr 20 230 210 220
Co 29 28 38 35 35
Ni 50 50 120 110 110
Cu 100 100 130 120 120
Zn 80 80 60 70 70

Y 40 38 30 33 32

Zr 397 386 238 268 265
Nb 20 19 11 10 10

Hf 5.8 6.5 6.8 6.2 6.1
Ta 0.9 0.8 0.5 0.4 0.4
La 164 162 96.5 91.3 87.9
Ce 337 329 196 187 184
Pr 39 38.1 23.5 22.8 22.4
Nd 152 144 92.7 89.8 87.3
Sm 26.5 25.2 18.1 17 16.7
Eu 4.93 4.67 3.42 3.16 3.17
Gd 15.8 15.1 11.6 11.5 11.5
Tb 2 2 1.5 1.5 1.4
Dy 9.3 8.7 7.4 6.8 6.8
Ho 1.4 1.4 1.2 1.1 1.1
Er 3.4 3.3 2.8 2.5 2.5
Tm 0.43 0.41 0.35 0.34 0.35
Yb 2.6 2.4 21 2.2 2.0
Lu 0.37 0.38 0.34 0.31 0.3
Pb 77 69 43 51 28
Th 69.4 66.4 33.5 34.5 33.6
U 16 15.8 6.6 7.1 8.2
Ga 18 17 15 16 15

(La = 400-700 x chondrite) and exhibit significant LREE/HREE frac-
tionation, with (La/Lu)y ratios ranging from 30.4 to 47.5, coupled with
slight negative Eu anomalies (Eu/Eu* = 0.69-0.73). The two Mon-
tefiascone lava flows show extremely similar patterns, but Forcinella
samples are more REE enriched than those from the Feltricci lava.

4.4. Isotope geochemistry (Sr-Nd-Pb-B)

Radiogenic (Sr-Nd-Pb) and stable (B) isotopic ratios have been ana-
lysed on the three most representative samples (i.e., MF3, MF4 and
MFF6; data on Table 2 and Supplementary material 1). Considering the
young age of the samples (<286 ka; Brocchini et al., 2000), and the low
Rb/Sr, Nd/Sm, U/Pb and Th/Pb ratios, no age correction was per-
formed. Strontium isotopes ratios are extremely radiogenic, always
much higher than the BSE (Bulk Silicate Earth) 8 Sr/%0Sr values, ranging
between 0.71039 and 0.71042 for Forcinella lava and 0.71068 for Fel-
tricci lava (Fig. 7a-b). In a similar way, the 143Nd/1*4Nd ratios are much
lower than the ChUR (Chondritic Uniform Reservoir), pointing to an
enriched component, ranging between 0.512057 (Feltricci lava) and
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Fig. 4. TAS diagram (Le Maitre, 2002) showing the compositions of Forcinella
and Feltricci samples from this study compared with data from literature for the
Roman Province (i.e., Vico, Vulsini Mts. and Sabatini Mts.), Montefiascone
Volcanic Complex, Alban Hills and IAP. All details and references are reported
in the Supplementary material 1.

0.512074-0.512091 (Forcinella lava; Fig. 7a-b). Values for Sr and Nd
isotopic ratios completely overlap the literature fields of Montefiascone
and IAP (in particular San Venanzo) volcanic rocks. Lead isotopic ratios
for the Montefiascone lavas are radiogenic, with 2°Pb/2%*Pb ranging
between 18.76 and 18.78, 2°7Pb/?%4Pb = 15.68 and 2°®Pb/?%Pb be-
tween 38.98 and 39.02 (Fig. 7d-e). The 2°°Pb/2°Pb and 2°8pb/2%pPb
ratios of the new samples overlap the scarce literature data of Mon-
tefiascone rocks (18.73-18.78 and 38.94-39.01, respectively) but are
more radiogenic than the literature 207pp, /204ph ratios (15.65-15.66).
Also in this case, the Forcinella and Feltricci Pb isotopes share more
similarities with IAP rocks. As concerns mantle end-member composi-
tions, the Forcinella and Feltricci samples plot outside the DMM-HIMU-
EMI-EMII quadrilateral in terms of Sr—Nd isotopic compositions,
whereas the same samples plot very close to the EMII end-member, far
away from EMI, DMM and HIMU compositions (e.g., Lustrino and
Anderson, 2015).

The 5'!'B shows negative values varying between —7.36 and —
8.82%o. These values roughly match with the DMM range (—6 to-8%o)
and fall within the OIB range (—5 to —10%o; Agostini et al., 2021 and
references therein). Being the boron isotopic systematic not yet widely
applied to volcanics rocks worldwide, only a few data for central Italy
are available in literature: some whole rock data analysed with the same
method of data presented here (Innocenzi et al., 2023, Fig. 7f) and some
other laser ablation analyses via SIMS on melt inclusions (Luciani et al.,
2023). The data presented in this study overlap with the whole-rock
values from IAP (from —7.54 to —8.80%o; Innocenzi et al., 2023; Inno-
cenzi, 2024), but are strongly different from the melt inclusions 5!'B of
Vulsini Mts. (from —10.6 to —21.1%o), IAP (from —24.5 to —29.2%o.) and
Alban Hills (from —8.5 to —18.3%o) reported by Luciani et al. (2023).

5. Discussion

The Quaternary alkaline potassic and ultrapotassic magmatism from
central Italy has always grabbed the attention of Earth scientists,
because of its extreme composition and the complex geodynamic set-
tings in which such magmatic activity developed (e.g., Lustrino et al.,
2022a). The kalsilite- and melilite-bearing lavas from the Montefiascone
Volcanic Complex analysed in this study, represent ultrapotassic rocks,
sharing several mineralogical and geochemical features with the Alban
Hills potassic and ultrapotassic products (see Fig. 5 and Supplementary
material 1), but also with the rarer kamafugitic volcanic rocks of the IAP.
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(Maiolica formation) (Lustrino et al., 2022) and an early Miocene pre-flysch marl (Lustrino et al., 2020).

Therefore, this study can contribute to achieve a better understanding of
these peculiar compositions and their petrogenesis, as well as to define
their relationship with the other central Italy Quaternary volcanic
districts.

5.1. Petrographic and mineral chemical constraints

The mineral paragenesis is slightly variable between the two inves-
tigated lava flows but also within the single flows. Kalsilite is a
groundmass component in both outcrops, but its modal abundance
varies from <2% (sample MF4) to ~5-8% (samples MF3). Nevertheless,
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Fig. 6. a) Primitive mantle-normalised incompatible element diagrams for lava
samples from Montefiascone Volcanic Complex. Primitive mantle values from
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composition is from King et al. (2020). Literature field described by Vulsini Mts.
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Supplementary Material 1. GloSS composition from Plank (2014) and Upper
continental crust average from Rudnick and Gao (2014).

some of the Feltricci samples (e.g., sample MFF7) show a very fine-
grained groundmass, where the identification of late intergranular
phases and their abundances is particularly difficult to evaluate. This
means that the effective content of kalsilite, which is one of the last
minerals to crystallize in these systems, could be even higher than 10%.
Besides kalsilite, nepheline and leucite are the two other foids in the
Feltricci and Forcinella lavas. Leucite is always more abundant than
nepheline, reaching 30-40 vol% in samples MFF4, found either as
phenocrysts and as groundmass phase. Two other key features to be
reported are the absence of any feldspar in the investigated rocks and the
presence of particularly CaO-rich olivine.

Di Battistini et al. (2001) classified the Feltricci and Forcinella lavas
as leucite melilitites. Considering the finding of anhedral groundmass
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kalsilite, the rocks should be more properly classified as kalsilite-bearing
rocks, following the IUGS criteria (Le Maitre, 2002).

The high CaO content in olivine (0.71-1.56 wt%), which also largely
exceeds the range observed for olivine from central Italy leucitites
Fig. 8), may be due to an intense mantle metasomatism, caused by the
presence of a carbonate component. The ultimate effect of this infiltra-
tion could be a partial to complete reaction with the matrix peridotite,
resulting in a strong depletion in orthopyroxene and increase of modal
clinopyroxene (e.g., Ammannati et al., 2016). The absence of ortho-
pyroxene in a wehrlite source could explain the low silica content of the
produced melts, whereas the high modal abundance of clinopyroxene in
the source, possibly coupled with modal carbonates, would explain the
overall high CaO budget of the rocks (as well as of olivine crystals).

Another interesting feature of Forcinella and Feltricci lavas is the
presence of groundmass carbonate plagues hosting euhedral silicate
phases such as nepheline and clinopyroxene (Fig. 2e-h; Fig. 9). Such
plagues, clearly representing pockets of carbonate-rich residual melts,
may provide hint for a carbonate-veined mantle source, but can also
ultimately result from sedimentary carbonate assimilation at shallow
depths, as already proposed for other IAP volcanoes such as Polino
(Lustrino et al., 2019; Peccerillo, 1998) and San Venanzo (Lustrino et al.,
2020). The hypothesis of a shallow origin for the carbonate component
is strengthened by the chemical composition of these carbonate plagues,
characterized by BaO and SrO contents close to detection limit, very low
MgO and FeO, much closer to sedimentary limestones than to carbonates
formed in a peridotitic matrix.

In addition, these late-forming carbonate plagues are frequently
coupled with reaction rims (often made by melilite) around clinopyr-
oxene phenocrysts (especially in the Forcinella samples) and abundant
melilite and kalsilite crystallizing as groundmass phases, pointing out a
variation in the composition of the residual melt, especially in terms of
SIO, undersaturation.

Lustrino et al. (2022b) related the presence of melilite rims around
clinopyroxene in kamafugite lavas from Cupaello volcano to the
assimilation of sedimentary lithologies by an ultrabasic melt. Innocenzi
et al. (2024) explained similar petrographic features in Ugandan
kamafugites invoking CaCOgs-bearing veins in the source, which would
have produced melts enriched in carbonate component. On the other
hand, the crystallization of phenocryst phases, such as olivine and
leucite, plus minor clinopyroxene, would ensure a residual melt
enriched in carbonate (either CaO and CO»).

As previously stated by Di Battistini et al. (2001), shallow crustal
contamination cannot be ruled out for the two Montefiascone lava flows
considering the presence of limestone-rich lithologies in the sedimentary
substrate of the volcanic area. The overall low volume of the emplaced
magma could result in a high sedimentary carbonate/magma ratio
during magma upwelling, favouring basement limestone and marly
limestone assimilation in shallow depth crustal chambers. Worth noting,
however, geochemical (e.g., the enrichment in trace elements) and
isotopic data (strongly radiogenic Sr) are not entirely consistent with a
significant sedimentary carbonate assimilation, considering that these
crustal lithologies are nearly sterile in terms of incompatible element
budget and characterized by much less radiogenic Sr isotopic composi-
tions. Indeed, the process of a simple limestone assimilation would have
resulted in an incompatible element dilution in the hybrid magma, as

Table 2
Radiogenic (87Sr/868r, 143Nd/144Nd, 2°6Pb/204Pb, 207Pb/2°4Pb, 208pt, /204ph) and stable (5''B) isotopic ratios of volcanic products from Montefiascone Volcanic
Complex.
Sample 875r,/86sr 143Nd/1*Nd 206pp, /204pt 207pp/204ph, 208pp, /204p 208pp, /206pt, 207pp/206p A7/4 A8/4 5''B
Forcinella lava
MF3 0.710418 0.512091 18.758 15.680 39.018 2.080 0.836 15.5 71.2 —7.36
MFF6 0.710385 0.512074 18.757 15.680 39.017 2.080 0.836 15.6 71.2 —8.05
Feltricci lava
MF4 0.710678 0.512057 18.780 15.678 38.984 2.076 0.835 15.1 65.2 —8.82
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reference therein.

well as 87sr/%sr isotopic ratios not higher than 0.70800 (Di Battistini
et al., 2001).

5.2. Geochemical and isotopic considerations on the mantle source

The analysed kalsilite- and melilite-bearing lavas from Mon-
tefiascone Volcanic Complex are young lithotypes (<286 ka; Brocchini
et al., 2000), with low L.O.I. (0.9-3.55) and barely altered (i.e., zeolites
are found only in vesicles and fractures and do not replace any
groundmass phase). Therefore, we consider that these rocks have not

been strongly affected by post-emplacement remobilization of both
major and trace elements. They are ultrabasic to basic compositions,
coupled with high CaO and ultrapotassic affinity (Figs. 3 and 4; Sup-
plementary material 1). Nevertheless, Forcinella and Feltricci lavas
slightly differ from a geochemical point of view too, as Forcinella has a
slightly more evolved character, with lower Mg# (0.54-0.55) compared
to Feltricci (0.67-0.69), coupled with higher CaO (~14.9-15.1 wt% vs.
14.0-14.9) and K30 (~8.4-8.5 wt% vs. 6.2-6.6 wt%). A slightly
different fractionation history could be assumed to explain such subtle
differences (see next section).
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Fig. 8. Harker diagram for Ca (ppm) vs. Fo content of olivine phenocrysts and
microphenocrysts from this study. The orange, the blue and the purple fields are
respectively for olivine crystals from central Italy leucitites, MORBs and OIBs
(from Ammannati et al., 2016 and references therein). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 9. FE-SEM maps of a carbonate plague from lava sample MFF12. Dark blue
mineral is diopside, light blue augite, light red is phlogopite, violet is olivine,
brown is nepheline, dark red is leucite, grey is calcite, pink is apatite and green
is magnetite. Carb = carbonate, Cpx = clinopyroxene, Lc¢ = leucite, Neph =
nepheline, Ol = olivine, Op = opaque phases, ap = apatite and phl = phlogo-
pite. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Although the Montefiascone rocks derived from differentiated
magmas (see next paragraph), the general geochemical signature (e.g.,
the high CaO and K30 contents) seems to be inherited by the parental
melts. As proposed for the other ultrabasic and ultrapotassic products
worldwide, pervasive metasomatic processes need to have permeated
their mantle sources, probably producing to a non-peridotitic assem-
blage. Davis et al. (2011) demonstrated experimentally that primitive
magmas with total alkali >4 wt% require low degree of partial melting
of metasomatized lherzolite source. Therefore, mineral phases different
from those forming a typical mantle assemblage must be involved to
cause these alkali-rich compositions. As already evidenced, the high CaO
and the slightly ultracalcic nature of Montefiascone samples (CaO/
Aly03 = 1.02-1.10) of Feltricci and Forcinella lavas, coupled with their
strongly SiOs-undersaturated composition require a carbonated source
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enriched in clinopyroxene. In addition, to explain the very high K;O
content and the radiogenic Sr isotopic ratios, the presence of ancient Rb-
rich phlogopite is also required. The extremely low TiO, and P5Os
suggest a metasomatic agent either poor in these elements or the pres-
ence of restitic accessory minerals such as apatite and titanates or the
early fractionation of these minerals during magma evolution.

A lithospheric mantle source metasomatized by the interaction with
subducted lithologies (e.g., terrigenous sediments), is supported by the
incompatible element fractionation (e.g., high LILE and REE, coupled
with high LILE/HFSE ratios; Fig. 6a). To provide further support to this
model the compositions of GloSS (Global Subducting Sediments; Plank,
2014), and the average value for the upper continental crust (Rudnick
and Gao, 2014), have been plotted in Fig. 6a. Both compositions closely
resemble the interelemental fractionation of the Montefiascone samples,
sharing negative and positive anomalies. The negative Eu anomalies
observed in CI chondrite-normalised REE patterns (Fig. 6b) are classi-
cally interpreted as the effect of feldspar (plagioclase) removal during
previous fractional crystallization processes. The absence of even the
smallest amount of plagioclase in Montefiascone lavas, however, require
a different interpretation, inferring the negative Eu/Eu* anomalies as
mantle source characteristics. The ultimate origin of these anomalies
could be the presence of recycled upper crustal lithologies in Mon-
tefiascone lava source, considering the strongly fractionated average
composition of average upper crust (e.g., Rudnick and Gao, 2014; Plank,
2014; Gaschning et al., 2016).

The Th/Yb vs. Ta/Yb diagram (Fig. 10) again clearly outlines the
influence of subduction-related modifications on all the compositions of
all the studied products as well as those of the literature Quaternary
volcanic rocks of central Italy. All the analysed and literature whole-rock
compositions of Montefiascone are characterized by Th/Nb ratios much
higher than those of the oceanic basalts as defined by MORB and OIB,
falling in the subduction-modified field.

Isotopic data do confirm this hypothesis, as they undoubtedly indi-
cate the presence of upper crustal components at mantle depths, which
indicates derivation from a subduction-modified source. The
206pp,/204p vs. 875r/86Sr diagram in Fig. 7c shows a quite good overlap
of the Montefiascone samples with the oceanic sediments field. More-
over, the low ***Nd/ **Nd ratios, ranging between 0.5119 and 0.5126,
could be explained invoking a sedimentary input in the source. The
whole-rock §'1B values (from —7.4 to —8.8 %o) are within the OIB range,
but similar and even more negative 5''B values (down to !'B ~ —20%o)
can also be found in terrigenous sediments (e.g. Agostini et al., 2021 and
references therein). Hence, when considering together B and radiogenic
isotope ratios, these values could be interpreted as a clue of sediments
recycling into the mantle sources of Montefiascone. The boron isotopic
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Fig. 10. Th/Yb vs. Ta/Yb diagram (modified after Pearce, 1982). Lava samples
from this study are plotted together with Roman Province and IAP literature
data. References are reported in Supplementary Material 1.
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values for whole rocks reported here are on average less 'B-depleted
than the in-situ analyses on melt inclusions from central Italy Quater-
nary volcanics (Luciani et al., 2023). After remarking that no whole-rock
analyses of other volcanic rocks worldwide never exceed —15%o (e.g.,
Agostini et al., 2008; Agostini et al., 2021; Marschall, 2018; Tonarini
et al., 2005), the high variation range found among the in-situ melt in-
clusions of Roman Province lavas (e.g., 5B from —7.4 to —18.3 %o) may
be representative of melt pockets either from primary melts (the highest
values), overlapping with the whole-rock data and melt pockets formed
later, during and after assimilation of very ''B-depleted sedimentary
materials.

5.3. Comparison with other kalsilite-bearing products from central Italy

The Quaternary volcanic provinces of central Italy, the Roman
Province and the IAP, are well known in literature as they host also
exotic lithologies. IAP includes products with a very variable chemical
compositions, including ultrabasic/basic, ultracalcic and ultrapotassic
terms (e.g., Gallo et al., 1984; Lustrino et al., 2020), closely resembling
Montefiascone compositions from this study. IAP kamafugites are
commonly associated to carbonate-rich (CaO up to 39.7 wt%) and silica-
poor (SiO, down to 14.2 wt%) rocks, whose origin still represents a
debated topic, having interpreted either as carbonatites (Stoppa and
Cundari, 1996; Stoppa and Woolley, 1997) or as the result of sedimen-
tary limestone assimilation (Lustrino et al., 2019, 2020, 2022b; Pecce-
rillo, 1998, 2017). Due to the large geochemical variations of IAP
products, we will refer only to San Venanzo and Cupaello kamafugite
lavas (i.e., kamafugite).

The Montefiascone lavas analysed in this study and IAP kamafugites
share similar mineral paragenesis and several mineral chemical features
(e.g., insufficient Si to fill the T site in clinopyroxene and phlogopite as
well as Ca excess in clinopyroxene and olivine). Montefiascone products
span from olivine-rich to olivine-free terms. The latter are usually also
melilite- and kalsilite-rich. This variability resembles what observed at
San Venanzo, where the massive lavas show the same mineralogy but
completely different mineral ratios than the San Venanzo pegmatoid
facies (Lustrino et al., 2020). Below, we test the possibility to explain the
Forcinella and Feltricci kalsilite-bearing rocks as being the products of a
prolonged fractional crystallization process involving a parental magma
with the composition similar to the most primitive kamafugite rock of
San Venanzo reported by Lustrino et al. (2020).

A mass balance model calculated using the MS Excel solver routine is
reported in the Supplementary material 3. Sample SAV12 (olivine-
phyric melilitite, with clinopyroxene present only in the groundmass)
from San Venanzo suite (Lustrino et al., 2020) has been used to represent
the parental magma for Forcinella sample MFF6 and Feltricci sample
MF4. A good result has been achieved for both the targets, obtaining the
sum of the square of the residuals (ZRZ) =0.01 and being the calculated
fractionation coherent either with petrographic and geochemical evi-
dence, either for the Montefiascone and San Venanzo samples (Supple-
mentary material 1). For sample MFF6 the model shows that the
crystallization of 31.8% melilite, 19.8% leucite, 18.4% olivine, 5%
kalsilite, plus 2.6% Ti-magnetite and 0.8% apatite could actually change
the composition of a hypothetical parental magma with the composition
of San Venanzo SAV12 sample to a magma represented by Forcinella
sample MFF6. A similar result, involving the fractional crystallization of
33.1% melilite, 17.8% leucite, 17.1% olivine, 8.9% kalsilite, 2.9% Ti-
magnetite and 0.8% apatite can explain the whole-rock difference be-
tween SAV12 and Feltricci sample MF4. Feltricci lava would probably
locally hosts cumulus olivine, explaining both the lower amount of
crystalizing olivine in the mass balance and the slightly higher MgO of
the whole-rock samples.

These results can be interpreted as further evidence of the strict
petrogenetic link between these two provinces. Indeed, Montefiascone
magmas must be considered as consanguineous of the IAP melts, prob-
ably highlighting a similar mantle source paragenesis, but with a
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prolonged fractionation history.

Additionally, the mass balance calculated for Forcinella sample
MFF6 has been further tested for trace-element variation using the
Rayleigh fractionation equation (Supplementary material 3). Using the
percentage of fractionating phases obtained from the major oxides mass
balance and Kp values for literature (see references in the Supplemen-
tary material 3), a quite good overlap between the target and the
calculated derivative compositions has been observed, with only some
elements (e.g., Zr—Hf and HREE) being displaced to higher values in the
calculate derivative melt than in the natural Montefiascone sample. By
adding to the fractionating assemblage very low amounts (~0.2%) of
accessory phases, such as zircon and perovskite, whose presence is re-
ported in literature in San Venanzo lavas (Giinther et al., 2023; Lustrino
et al., 2020), the few trace element discrepancies disappear (Fig. 11),
without causing any relevant variation in the major element budget.

The carbonate plagues in the groundmass of Montefiascone samples,
with abundant intergranular melilite and kalsilite, recall the pegmatoid
melilitolite facies occurring within the Selvarelle lava flow in San Ven-
anzo. The latter has been interpreted as the product of a more extensive
fractionation (74.2 wt%), from the primitive kamafugite melt, of a
cumulate constituted by melilite + leucite + olivine + kalsilite +
chromite (Lustrino et al., 2020).

The result of fractionation modelling could also help clarifying the
hypothesis of crustal assimilation in the Montefiascone Volcanic Com-
plex. The hypothesis of a prolonged crystallization supported by the
mass balance makes the carbonate assimilation, during magma ascent
and fractionation unlikely. The isotopic compositions of a limestone
from the central Apennine (Maiolica limestone formation, Tithonian-
Barremian; Barberio et al., 2021) and a marl of an early Miocene pre-
flysch deposit have been plotted in the Harker diagrams reported in
Fig. 7 and in the Supplementary material 1, together with the lava
samples. The two hypothetical contaminants fall, in most cases, in fields
far away from the trends generated by the distribution of the samples.
This feature, coupled with the isotopic similarities of the Montefiascone
lavas with those of San Venanzo igneous rocks seems to confirm a
closed-system evolution.

On the other hand, it must be considered that for San Venanzo crustal
carbonate assimilation has been proposed (Lustrino et al., 2020) at the
beginning of the fractionation, as resulting from many petrographic
evidences, such as kirschsteinite rims around olivine, not observed in
this study. For Montefiascone, we may conclude that no carbonate
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Fig. 11. Primitive mantle-normalised trace element diagram (normalization
values after Lyubetskaya and Korenaga, 2007) showing the results of the Ray-
leigh fractionation model (trace-elements) assuming the San Venanzo primitive
sample (SAV12) as starting composition and an evolved lava sample from
Montefiascone Volcanic Complex (MFF6) as target melt, using the fractionating
mineral assemblage calculated by mass balance and Kd values reported in
Supplementary material 3. K, P and Ti values of the calculated derivative melt
are taken from major element mass balance calculation.
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assimilation is required during the crystallization of the melt, but it
could have happened at the beginning of magma ascent to the surface.
Further investigations are needed to definitively exclude any relevant
involvement of shallow crustal assimilation in the Montefiascone Vol-
canic Complex evolution.

6. Conclusions

A detailed petrographic, mineral chemical, geochemical and isotopic
study has highlighted the presence of rare kalsilite- and melilite-bearing
lavas in the Montefiascone Volcanic Complex (Roman Province, central
Italy). The studied set of samples coming from two different lava flows,
named Forcinella and Feltricci lavas, exhibit different petrographic (e.g.,
almost total absence of olivine in the Forcinella lava, different modal
abundances of melilite and kalsilite) and geochemical features (lower
SiO5 and MgO coupled with higher CaO and KO in the Forcinella
samples) that may be the result from slightly different fractionation
paths from a common kamafugite parental magma, similar to that
erupted from the nearby San Venanzo volcano (IAP; Lustrino et al.,
2020). A quantitative major oxide and trace element modelling of
fractional crystallization strongly corroborates the idea that the differ-
ences between the two lava flows depends on a variable evolution and
not derivation from on a laterally heterogenous mantle source.

The major and trace elements budgets, as well as Sr, Nd and Pb
isotope ratios of the Forcinella and Feltricci lavas match the wider field
of the other kalsilite-bearing rocks from central Italy, whereas they
strongly differ from those from the two other type localities worldwide
where kalsilite-bearing lavas has been recorded (Brazil and Uganda).

Therefore, we expect that the mantle sources underling Mon-
tefiascone Complex would closely resemble those of IAP. The presence
of peculiar mineral phases, such as kalsilite and melilite, together with
the low silica and the extreme enrichment in LILE, could be justified
invoking a peridotitic mantle source characterized by metasomatic veins
(mainly orthopyroxene-poor to orthopyroxene-free and enriched in
phlogopite and clinopyroxene). The high K0 of the melts, coupled with
relatively low NayO, involves the presence of phlogopite in the meta-
somes, whereas the high CaO requires a carbonated/clinopyroxene-rich
mantle source. Metasomatic events, possibly related to subducted car-
bonate sediments, could have led to the development of the metasomatic
veins that, after melting and interacting with the surrounding mantle,
would have generated kamafugite melts.

To sum up, the kamafugite lavas from Montefiascone fit well in the
wider Quaternary potassic and ultrapotassic magmatism of central Italy,
which has been largely attributed to a fundamental role of different
crustal lithologies, either by contamination and refertilization of the
lithospheric mantle or by local wall-rock assimilation during magma
uprise (such as in Polino and Alban Hills). Such latter case has not been
ultimately ascertained and wholly understood for the Montefiascone
Volcanic Complex, as the geochemical and isotopic compositions of the
studied rocks do not match with a diffuse crustal carbonate assimilation,
as it would have caused a strong dilution of incompatible elements, SiO5
and K20, as well as lowering the 8Sr/%0Sr ratios. The good results of
major element mass balance calculations for fractionation crystalliza-
tion model supports this hypothesis. Nevertheless, minor assimilation,
occurred at depth, during the first stage of the melt uprising cannot be
entirely excluded.
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