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Abstract
Mafic magma is commonly associated with effusive eruptions, however several mafic volcanoes throughout the globe have 
produced explosive eruptions. Here we present one such volcano – Colli Albani. Colli Albani is 20 km SE of Rome and 
produced seven large volume ignimbrites. Field observations, mineral chemistry, and Sr and Nd isotopes in clinopyroxene 
show that the high potassic, silica undersaturated and CO

2
-rich magma typical of Colli Albani is produced by partial melt-

ing of a metasomatized mantle. Clinopyroxene based thermobarometry combined with thermal modelling, indicates rapid 
accumulation of magma into the shallow crust preceding the last caldera forming event (355 ka). The crystallization of high 
Mg# and high Cr

2
O

3
 clinopyroxenes at low pressures and high temperatures indicates rapid magma ascent from the mantle. 

We suggest that a final rapid input of this deeply sourced magma destabilised the shallow and fast assembled magma reser-
voir and lead to the caldera forming event. Our findings have significant implications for the evaluation of the timescales of 
reactivation of Colli Albani and other similar long-quiescent calderas erupting low viscosity magmas, as rapid migration of 
magma to shallow reservoirs may result in short unrest periods prior to a large eruption.
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Introduction

Colli Albani (CA) is a volcano in central Italy, 20 km 
SE from the ∼ 3 million people living in Rome (Fig. 1a). 
CA erupts magma that is both mafic and alkaline. CA is 
part of the Roman Magmatic Province, which is a Qua-
ternary chain of K-alkaline calderas and stratovolcanoes. 
The Roman Magmatic Province is associated with the 
complex and fast geodynamic evolution of central Italy 
during the Cenozoic, involving subduction of continen-
tal crust followed by back-arc extension (Conticelli et al. 
2010; Giordano and Caricchi 2022). CA produced seven 

sustained caldera forming eruptions (Volcanic explosiv-
ity index - VEI 6-7) during its eruptive history, which 
started 600 ka (Giordano 2010). This is surprising given 
that mafic-alkaline magmas commonly erupt effusively 
due to the low silica and high alkali content resulting in a 
very low viscosity. Such low viscosity favours outgassing 
of exsolved volatiles thus decreasing the eruptive poten-
tial to erupt explosively (Cassidy et al. 2018; Giordano 
et al. 2008). There are several known examples of basaltic 
explosive eruptions (Fontana Lapilli, Masaya Triple Layer, 
Etna 122 BC, Tarawera 1886) however the difference in 
viscosity between a mafic and a mafic-alkaline melt like 
CA has several consequences in terms of bubble coales-
cence and growth, bubble rise speeds, and volatile solubil-
ity (Costantini et al. 2009; Hlinka et al. 2021; Giordano 
and Dingwell 2003; Rowe et al. 2021; Ohashi et al. 2022; 
Vetere et al. 2014; Huber et al. 2014; Sable et al. 2006). 
The CA caldera complex is even more anomalous with 
respect to basaltic volcanoes because of the high content 
of K 

2
 O, which further lowers magma viscosity to vary 

between 102 and 106 Pa s, temperature and volatile depend-
ent (Campagnola et al. 2016; Giordano et al. 2008; Vin-
kler et al. 2012). Although CA has not erupted in over 
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23 ka, it still exhibits sustained CO
2
 degassing (>4.2x109 

mol year−1 ) and uplift over the last 70 years (Trasatti et al. 
2018; Chiodini et al. 2004; Giordano 2010; Chiarabba 
et al. 1997). We can compare CA to other volcanoes using 
a compilation of volcanoes from Giordano and Caricchi 
(2022) in Fig. 2. This comparison shows that CA produces 
anomalously large eruptions for magma of its composition 
(Fig. 2). Furthermore, CA has a Volcanic Activity Index 
normalized (VAIn, a normalized value of the log of the 
ratio between the DRE and the age of the last eruption 
times average eruption rate) of 0.48, which is higher than 
the VAIn of Yellowstone (0.32) and InSar deformation and 
teleseismic data confirm the presence of magma at depth 

(Trasatti et al. 2018; Bianchi et al. 2008). Thus CA is an 
excellent case study to unveil the causes of such large and 
intense eruptions of low viscosity magma.

Carbonate assimilation results in the addition of excess 
CO

2
 to the magma, which decreases its density and there-

fore either increases the pressure within a magma reser-
voir or, if the assimilation occurs during ascent (Aiuppa 
et al. 2021; Knuever et al. 2022), will lead to acceleration 
toward the surface favouring the generation of overpres-
sure and fragmentation (Gonnermann and Manga 2007). 
Several authors propose that assimilation of shallow 
Meso-Cenozoic carbonates, which are present beneath 
the CA at depths between 1 and 5 km, is ultimately the 

Fig. 1  a Geologic map of the 
Colli Albani region, modified 
from (Giordano 2010) with a 
regional inset modified from 
Google Earth. The purple stars 
show sample locations and 
where images b and c were 
taken. b Carbonate clast which 
has reacted to form delicate 
pyroxene dendrites in situ. c 
Degassing pipes seen at the 
Imater quarry within the RED 
unit

Fig. 2  Volume of largest erup-
tion versus total duration of 
volcanic activity for volcanoes 
worldwide, colour contoured 
for the end members of silica 
content (48–75 wt.% SiO

2
 and 

adapted after Giordano and 
Caricchi 2022). Colli Albani 
falls into a region with a large 
max DRE and long duration, 
however is somewhat anoma-
lous in the compositional space. 
Figure adapted from Higgins 
and Caricchi (2023)
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cause behind the anomalous behaviour of this volcanic 
system (Freda et al. 2011; Bianchi et al. 2008; Iacono-
Marziano et al. 2007; Mollo et al. 2010; Cross et al. 2014; 
Conticelli et al. 2010; Dallai et al. 2004). Support for the 
shallow carbonate assimilation hypothesis comes from 
experimental work of Iacono-Marziano et al. (2007) who 
suggests 0–15 wt.% of assimilation is needed to follow 
the abnormal liquid line of descent for CA magma, which 
is controlled by the crystallization of clinopyroxene and 
leucite and does not evolve to higher silica (Gaeta et al. 
2006). Additionally, geophysical evidence shows the 
present magmatic reservoir is partially emplaced within 
Mesozoic carbonate sediments at ∼5 km depth (Freda 
et al. 2011; Bianchi et al. 2008; Iacono-Marziano et al. 
2007; Mollo et al. 2010). Other studies instead argue that 
carbonate metasomatism in the mantle contributes to gen-
erate the anomalous chemistry of magma erupted at CA 
as well as to the very high CO

2
 flux in the whole central 

Italy (Conticelli et al. 2010; Gaeta et al. 2006; Dallai et al. 
2004; Boari et al. 2009; Chiodini et al. 2004; Avanzinelli 
et al. 2018).

Several experimental studies have shown that decar-
bonation is a rapid process occurring on the scale of sec-
onds to hours (Freda et al. 2011; Knuever et al. 2022; 
Blythe et al. 2015). On the other hand, geochemical char-
acteristics and evolution are long-term processes happen-
ing on the scale of years to thousands of years or more 
depending on the volumes involved (Gaeta et al. 2006). 
When considering the processes responsible for the explo-
sivity of eruptions at CA, it is important to consider that 
the deposits suggest that the eruption was sustained (e.g. 
absence of banding in the deposits; Giordano and Cas 
2021), which requires full coupling between excess vola-
tile phase and magma (Gonnermann and Manga 2007; 
Sparks 2003). Experimental investigations of the viscos-
ity, bubble and microlite textures, viscosity calculations, 
and juvenile spatter all indicate that the magma erupted 
during these caldera forming events at Colli Albani were 
of low viscosity at the time of fragmentation (Vinkler 
et al. 2012; Campagnola et al. 2016). As the tendency 
for the excess volatile phase to decouple from magma 
increases with decreasing magma viscosity, gas-magma 
coupling in low viscosity magma can only occur if the 
velocity of magma ascent is elevated. Here we focus on 
the last caldera forming eruption of CA and use evidence 
from the field, petrography, mineral chemistry, and geo-
chemistry collected on the products of the last large vol-
ume eruption of CA to identify the processes responsible 
for the sustained and explosive nature of eruptions at 
Colli Albani.

Stratigraphy

The last three large volume ignimbrites Pozzolane Rosse 
(RED, 457±4 ka, 37 km3 dense rock equivalent, DRE, out-
flow and 26 km3 DRE intracaldera), Pozzolane Nere (PNR, 
404±4 ka, 10 km3 DRE outflow and 5 km3 DRE intracal-
dera), and Villa Senni (VSN, 351–357±3 ka, 18 km3 DRE 
outflow and 10 km3 DRE intracaldera) at CA make up the 
largest part of the Vulcano Laziale Edifice and are the best 
exposed of all the large volume ignimbrites (Giordano 
2010; Karner et al. 2001). Carbonate lithics in these units 
have been used as evidence for carbonate assimilation in 
the upper crust, as they indicate that part of the plumbing 
system is established within carbonate host rocks (Freda 
et al. 2011). However, the concentration of carbonate clasts 
throughout the three units is variable, with VSN and PNR 
having significantly fewer carbonate clasts compared to RED 
- yet with comparable eruptive style and erupted volume 
(Giordano 2010).

Here we focus on VSN as it is the last and best exposed of 
the CA ignimbrites and as it has a similar eruption sequence, 
VEI, lithic abundance, and chemistry so can provide an ana-
logue for all the CA ignimbrites (Fig. 1a pink unit). The 
eruption occurred at 355 ka, and produced a 18 km3 DRE 
ignimbrite extending into the city of Rome (Karner et al. 
2001; Diano et al. 2010). The formation is comprised of a 
basal fallout (VSN0) and two ignimbrites: Tufo Lionato Ign-
imbrite (VSN1) and Pozzolanelle Ignimbrite (VSN2), which 
are separated by a co-ignimbrite breccia at some localities 
(VSN2b; Vinkler et al. 2012). The basal unit (VSN0) usually 
consists of a plane parallel to faintly cross stratified, fine- to 
coarse-ash fall deposit, up to 1.3 m in proximal sections 
and extending eastward more than 20 km from the caldera 
(Giordano 2010). In some proximal locations, a few cm thick 
surge deposit with low angle cross laminations, which is 
fine grained and well sorted, is also present at the very base 
(Giordano 2010). This is overlain by the Tufo Lionato Ign-
imbrite (VSN1), named for the yellow to orange/red colour 
caused by zeolite alteration. In general, the deposit is mas-
sive, structureless, and exhibits reverse grading of scoria and 
lithic clasts (Vinkler et al. 2012). It is an ash rich, matrix 
supported deposit with most clasts consisting of aphyric sco-
riae with minor spatter clasts, lava lithics, and rare carbonate 
clasts. The Pozzolanelle Ignimbrite covers the same area as 
the Tufo Lionato and has an average thickness of 20 m and 
a maximum thickness of 80 m. The average composition 
of scoria ranges from tephritic to tephritic-phonolitic (Con-
ticelli et al. 2010). It is a dark grey to dark red ignimbrite 
characterized by massive and chaotic facies throughout and 
generally is not zeolitized. It is matrix supported, consist-
ing of coarse ash shards and crystal fragments. The frame-
work is reddish to black aphyric to highly porphyritic scoria 
clasts. The top of the unit is locally conformably covered 
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by planar bedded scoria lapilli beds (fallout deposits from 
Plinian to sub Plinian plumes erupted post main eruption). 
Within the Pozzolanelle ignimbrite there are two lithofacies: 
VSN2, which is crystal rich with leucite and clinopyroxene 
present in the matrix and as phenocrysts and VSN2b, which 
is a breccia with lapilli to block sized (max 2 m) clasts, 
dominated by juveniles (60–90%), and up to 30% lava clasts, 
carbonate clasts, metamorphic clasts, and intrusive leucite-
pyroxene cumulates. Ages for these units are 355 ± 2 ka and 
357 ± 2 ka for Tufo Lionato and Pozzolanelle respectively, 
which gives the stratigraphically younger unit an older age, 
however within error (Giordano 2010; Karner et al. 2001). 
Much of the VSN unit is zeolitized, which makes bulk XRF 
on these units near impossible.

Methods

Samples and analysis

In situ bulk samples of VSN ignimbrites were sampled 
stratigraphically at several localities around the volcanic 
centre for each subunit. Samples of ignimbrite material were 
taken at locations with minimal alteration and juvenile clasts 
were preferentially selected. Bulk samples were crushed, 
sieved, and sorted for clinopyroxene. The major element 
(SiO

2
 , Na

2
 O, CaO, MnO, Al

2
O

3
 , NiO, MgO, TiO

2
 , FeO, 

and Cr
2
O

3
 ) composition of clinopyroxene phenocrysts was 

determined with a JEOL 8200 superprobe EPMA housed 
at the University of Geneva, using a focused spot (0 µm) at 
15 keV and 20 nA. We make the assumption that all FeO 
is ferrous, though we note that there is likely Fe

2
O

3
 in the 

system as well. We follow standard operating procedures 
and additionally measure a standard every 60–100 points 
to ensure quality data. Standards used can be found in the 
Supplementary data. Analyses were filtered on the basis of 
totals within 99.0% and 101.0% and cation totals between 
3.92 and 4.08. Errors, calculated from the percent analyti-
cal sensitivity and applied to our data (MacDonald 2017), 
SiO

2
 ± 0.07 wt.%, Na

2
 O ±0.01 wt.%, FeO ±0.03 wt.%, Al

2

O
3
 ± 0.02 wt.%, CaO ±0.03 wt.%, MgO ± 0.05 wt.%, TiO

2
 

± 0.01 wt.% and < 0 wt.% for MnO, NiO, Cr
2
O

3
 . We col-

lected back scattered electron (BSE) images and point tran-
sects from 121 clinopyroxenes (VSN0 n = 26, VSN1 n = 
37, VSN2b n = 30, VSN2 n = 28) and single point analysis 
on 120 crystals, resulting in 2387 analyses of major phases. 
Geochemical results are visualized in Fig. 4 and accessible 
in Supplementary Data.

Isotopic measurements and modelling

Clinopyroxene separates were first measured via EPMA then 
removed and cleaned of any epoxy via multiple baths of 

acetone and ultrasonicated in deionized water prior to iso-
topic measurements. Radiogenic isotope ratios of 87Sr/86 Sr 
and 143Nd/144 Nd of single crystals were measured at the Uni-
versity of Geneva, following the methodology of Chiaradia 
et al. (2020) and analysed using a Neptune Plus MC-ICPMS. 
Between 5 and 15 mg of clinopyroxene were dissolved in 
Savillex ® Teflon vials during 7 days in Savillex ®Teflon 
vials using 4 ml of concentrated HF and 1 ml of HNO

3
 

14 M, at a temperature of 140◦ C and with the help of ultra-
sonication for 30 min twice a day. Subsequently, samples 
were dried and re-dissolved in 3 ml of HNO

3
 14 M and dried 

again. Sr and Nd were separated using cascade columns 
with Sr-Spec, TRU-Spec and Ln-Spec resins according to a 
protocol modified from Pin et al. (1994). Finally, the mate-
rial was redissolved in 2% HNO

3
 solutions and ratios were 

measured using a Thermo Neptune PLUS Multi-Collector 
ICP-MS in static mode. Ratios used to monitor internal frac-
tionation were: 87Sr/86 Sr = 8.375209 for the 87Sr/86 Sr ratio 
and 143Nd/144Nd = 0.7219 for the 143Nd/144Nd ratio. Used 
external standards were SRM987 ( 87Sr/86 Sr = 0.710248; 
McArthur et al. 2001; long-term external reproducibility 
based on ∼650 analyses over several years: 17 ppm, 1SD) 
and JNdi-1 ( 143Nd/144Nd = 0.512115; Tanaka et al. 2000; 
long-term external reproducibility based on ∼340 analyses 
over several years: 14 ppm, 1SD). 87Sr/86 Sr and 143Nd/144Nd 
isotope ratios were further corrected for external fractiona-
tion (due to a systematic difference between measured and 
the above reported accepted standard ratios) by values of −
0.021 ‰and + 0.051 ‰amu, respectively. Interferences at 
masses 84 (84Kr), 86 ( 86Kr) and 87 ( 87Rb) were corrected 
by monitoring 83Kr and 85Rb, 144Sm interference on 144Nd 
was monitored on the mass 147Sm and corrected by using 
a 144Sm/147Sm value of 0.206700. Total procedural blanks 
were <100 pg for Sr and Nd, which are insignificant com-
pared to the amounts o f these elements purified from the 
samples investigated.

We used the DePaolo (1981) model to test if mixing 
between a depleted mantle source and regional T uscan car-
bonates ( 87Sr/86 Sr 0.7078−0.7089, Fig. 7a), which can be 
used as a proxy for the CA basement carbonates (Fig. 7), 
can yield the VSN isotopic signatures (Conticelli et al. 2009; 
Stoppa and Rosatelli 2009; Battistini et al. 2001; Melluso 
et al. 2004; Gagnevin et al. 2004).

Thermobarometry

We use a machine learning approach to estimate the pres-
sure and temperature of crystallization of clinopyroxene 
crystals. While there are classical regression based ther-
mobarometers which are calibrated for mafic magmas (e.g. 
Putirka 2008; Wang et al. 2021; Neave and Putirka 2017) 
and one for alkaline magmas (e.g. Masotta et al. 2013) there 
are no classical clinopyroxene thermobarometers for both 
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mafic and alkaline magmas. Therefore, we turn to develop-
ments in thermobarometry via a machine learning technique 
called random forest which is better calibrated for mafic and 
alkaline magma than other existing models (Jorgenson et al. 
2022; Petrelli et al. 2020). With this approach an algorithm 
is trained on a calibration data set comprised of >2000 
experimentally generated clinopyroxenes and learns how 
to estimate the pressure (P) and temperature (T). We use 
the clinopyroxene-only “Plug and Play” model of Jorgenson 
et al. (2022), which is developed in the freeware program 
R and available online. Readers are directed there for fur-
ther information on the theory and methodology. P and T 
estimates are calculated for single points on line transects 
of zoned clinopyroxene, thus estimates will vary according 
to the chemical variations for each zone. Estimates were 
filtered if the interquartile range was above 6.4 kbar, which 
results in a standard error estimate (SEE) of 3.2 kbar and 
75.5 ◦ C. We note that while the precision of this approach 
is relatively low, the estimates are internally consistent and 
allow to distinguish between storage in restricted versus 
transcrustal regions in the crust. In the following we will 
show how this provides important constraints on the pro-
cesses leading to the caldera forming Villa Senni eruption.

Thermal modelling

To estimate the maximum residence of magma in the upper 
crust, we perform 1D thermal modelling considering the 
results obtained from the thermobarometry. We consider a 
footprint of the magmatic system varying between the cal-
dera structural radius of 4 km, and the radius of 10 km of 
the area which encloses most of the CA vents (Giordano 
2010). With a DRE volume of 18 km3 and assuming the 
entire chamber is evacuated during the caldera collapse, we 
use the footprint of the magmatic system to estimate the 
thickness of the magma body (360 and 60 m for a 4 and 
10 km radius, respectively). Under these assumptions, we 
used the 1D analytical solution from Jaeger (1965):

Where  Tw is the temperature of the wall rock,  Tm is the 
magma temperature (1473 K), x is the distance from the 
centre of the intrusion, b is the half thickness of the intrusion 
(in m), t is the time (in s), and � is the thermal diffusivity 
(0.5e−6 m2/s) (Whittington et al. 2009). To determine the 
maximum possible duration of magma storage in the upper 
crust, we consider that magma injection before the eruption 
occurred in a preexisting reservoir at an arguably high tem-
perature of 800 ◦ C.

(1)T = Tw +
Tm + Tw

2

�

erf

�

x − b

2

√

�t

�

− erf

�

x + b

2

√

�t

��

Results

Clinopyroxene textures

We collected line transects and BSE images from 122 
clinopyroxene crystals (VSN0 n = 26, VSN1 n = 37, 
VSN2b n = 30, VSN2 n = 29). From the BSE images, we 
defined four main textural subgroups (Fig. 3), though we 
note some degree of overlap between the different groups: 
patchy, patchy-zoned, sector zoned and simple. (1) Patchy, 
as seen in BSE images (Fig. 3a) corresponds to textures 
that are non-continuous and indicate resorption, also 
called spongy or vermicular (Streck 2008; Tomiya and 
Takahashi 2005; Brehm and Lange 2020). Patchy textures 
can result from zoned crystals changing via intra-crystal 
diffusion or due to melt-crystal equilibrium of unzoned 
crystals (Streck 2008; Tomiya and Takahashi 2005). These 
crystals vary for all the subunits (VSN0 n = 10, VSN1 n 
= 10, VSN2b n = 16, VSN2 n = 7) and often host melt 
inclusions. Notably, this is overwhelmingly the dominant 
phase for VSN0. (2) Patchy-zoned crystals, in most cases 
represent a patchy core, which is often melt inclusion 
rich, and zoned rims (Fig. 3b). We have also included in 
this subgroup the reverse case where a homogeneous or a 
zoned core is associated with a patchy rim, of which we 
only have a couple crystals with this feature. Of this group 
there are no VSN0 crystals which belong to this group, 
while they are relatively evenly distributed in the VSN 
ignimbrite (VSN1 n = 4, VSN2b n = 9, VSN2 n = 10). 
(3) Sector zoned crystals have an hourglass sector {111}, 
enriched in Si and Mg, with respect to the prism (Fig. 3c; 
Neave et al. 2019; Ubide et al. 2019). In some cases a 
sector zoned core is surrounded by a zoned outer rim of 
crystal. This type of zoning is mostly seen in VSN1 (n = 6) 
and a single crystal in VSN2 (n = 1). We loosely define the 
{111} sector as the triangle shaped regions on the c-axis 
of the crystal, also described as an hourglass form (Ubide 
et al. 2019). Following Ubide et al. (2019) we refer to the 
portions of the crystal perpendicular to the {111} sector as 
the prism sector. 4) Simple texture do not show any zon-
ing or have rarely a distinguishable rim (Fig. 3d). These 
crystals sometimes host melt inclusions or cavities (VSN0 
n = 16, VSN1 n = 17, VSN2b n = 5, VSN2 n = 11).

Clinopyroxene geochemistry

Chemical variability by subunit

To gain a holistic view of the clinopyroxene variability we 
look at the major element compositions in the subunits and 
as function of the textures defined in the previous section.



 Contributions to Mineralogy and Petrology (2024) 179:1616 Page 6 of 19

VSN0 shows the most chemical variability with ranges 
of 0.47–0.94 Mg#, 42.76−54.37 wt.% SiO

2
 , and 1.08−

8.81 wt.% Al
2
O

3
 (Fig. 4). However, the distribution of 

composition of clinopyroxene in this unit is bimodal. One 
group has low Mg# (avg = 0.57), SiO

2
 (45.75 wt.%), CaO 

(23.42), MgO (9.28), Cr
2
O

3
 and NiO below detection limit 

and high FeO (12.40), Al
2
O

3
 (6.43), MnO (0.49), TiO

2
 

(1.24), and Na
2
 O (0.63). The second group is character-

ised by high in Mg# (0.90), SiO
2
 (avg = 52.64 wt.%), CaO 

(24.66), MgO (16.39) and low in FeO (3.35) TiO
2
 (0.42), 

Al
2
O

3
 (2.19), MnO (0.06), Na

2
 O (0.12), and variable in 

Cr
2
O

3
 (up to 0.8) and NiO (0.03), though these elements 

Fig. 3  Images of clinopyroxene phenocrysts in back scatter electron 
images (BSE). a shows the zoned-patchy combination, b shows the 
sector zoning, c shows simple or homogeneous crystals, and d shows 

patchy zoning. Each figure has a stylized model of the zoning type, to 
be used in further figures

Fig. 4  A–F Major elements 
of analyzed clinopyroxene for 
VSN0 (purple), VSN1 (pink), 
VSN2b (red), VSN2 (orange) 
with respect to Mg#. Data can 
be accessed in Supplementary 
Data
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are low so may be at or close to the limits of the machine 
sensitivity.

The high SiO
2
 clinopyroxene group in VSN0 overlaps 

with the high end of the VSN ignimbrite units (VSN1 + 
VSN2b + VSN2; Fig. 4). Within the VSN ignimbrites clino-
pyroxene from VSN2 generally have lower SiO

2
 and Mg# 

while those from VSN1 have higher values of SiO
2
 and Mg#, 

overlapping with those of clinopyroxenes from the VSN0 
group (Fig. 4). Clinopyroxene crystals with Cr

2
O

3
 >0.25 

wt.% and Mg# > 0.8 constitute 26 % and 13% of VSN0 and 
VSN1 analyses, 0% of VSN2b analyses, and 3% of VSN2 
analyses. We define these as high Mg# and high Cr

2
O

3
 clino-

pyroxene in further discussion.

Chemical variability by texture

The four textural groups of clinopyroxene we defined above, 
(1) patchy, (2) patchy-zoned, (3) sector zoned, and (4) sim-
ple, show variation in major element space. Of particular 
note is the low Mg#, CaO, SiO

2
 and high FeO, Al

2
O

3
 , Na

2
 O, 

and TiO
2
 clinopyroxenes from VSN0 (Fig. 5a and i) which 

are almost all patchy texture (with the exception of a sin-
gle simple crystal, which is possibly a fragment, Fig. 5l). 
However, only 10 out of 43 patchy clinopyroxenes have this 

composition, the rest of the crystals are similar to the other 
textures in terms of Mg#, SiO

2
 , and CaO.

High Mg# and high Cr
2
O

3
 clinopyroxene are primarily 

simple clinopyroxene (Fig. 5d). There are 23 out of 49 sim-
ple textured clinopyroxenes with analyses with Cr

2
O

3
 >0.25 

wt.% and Mg# > 0.8. The rims of the simple textured clino-
pyroxene show no systematic variation.

Patchy-zoned crystals (Fig 5b,f,j) show minimal system-
atic variation between the patchy cores and zoned rims. The 
mean rim relative to the patchy core increases on average 
by 0.1 wt.% TiO

2
 , 0.3 wt.% Al

2
O

3
 , and 0.4 wt.% FeO and 

decreases by 0.5 wt.% SiO
2
 , 0.3 wt.% MgO, and 0.1 wt.% 

CaO, and negligible change in all other elements. We note 
that several crystals show oscillatory zones in a single rim 
section and thus, the average may not be representative. 
Chemical profiles of all crystals are available as Supple-
mentary materials.

Sector zoned clinopyroxene have generally high Mg# (avg 
= 0.85) and Cr

2
O

3
 content, with 4 out of 7 crystals with 

analyses in the high Mg# high Cr
2
O

3
 range (Fig. 5c, g, k). 

The hourglass sector has lower content in Al
2
O

3
 (avg = 2.1 

wt%), FeO (2.2 wt%), TiO
2
 (0.3 wt%), Na

2
 O (0.1 wt%), and 

higher SiO
2
 (avg = 2.5 wt%), MgO (2.2 wt%), CaO (0.2 

wt%) and Cr
2
O

3
 (0.1 wt%), with respect to the prism sector.

Fig. 5  Mineral compositions separated by textural types. a–d shows 
Mg# versus Cr

2
O

3
 , e–h shows SiO

2
 versus CaO, and i–l shows tem-

perature versus Na
2
 O. a, e, and i Show patchy textured clinopyrox-

ene in yellow points. b, f, and j show patchy zoned clinopyroxene in 
orange tones. The light orange is the patchy sections of the crystals, 
the dark orange is the outer rims, and the vibrant orange shows the 

unzoned cores, which are only present in a few crystals. c, g, and k 
show the sector zoned clinopyroxene where the dark blue represents 
the hourglass sector and the light blue is the prism sector. d, h, and 
l show simple textured clinopyroxene in light green. The dark green 
points are the points where there is an outer rim on the crystal
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Clinopyroxene Sr and Nd isotopes

A wealth of studies have been carried out on the isotopic 
compositions and trace element chemistry of CA volcano 
and the Roman Magmatic Province, but few have specifi-
cally focused on the Villa Senni eruptive unit (Boari et al. 
2009; Conticelli et al. 2002; Gaeta et al. 2006; Federico 
et al. 1994). Here we report new Sr and Nd isotopic meas-
urements on clinopyroxene mineral separates of the VSN0 
and VSN1 subunits. For these analyses we select crystals 
with the highest Mg# to minimise any possible impact of 
crustal contamination. The results show that the clinopyrox-
ene isotopic ratios are within the range of the Roman Mag-
matic Province ( 87Sr/86 Sr 0.7089–0.7107 and 143Nd/144Nd 
0.5121–0.5122, Fig. 7a) (Conticelli et al. 2002). Together, 
Sr and Nd isotope compositions indicate a contribution from 
an enriched source (high radiogenic Sr and low radiogenic 
Nd), relative to the depleted mantle (DM) and the mantle 
array (Salters and Stracke 2004; Conticelli et al. 2015). In 
the Nd versus Sr isotope space, the clinopyroxene samples 
define a subhorizontal trend with a range of variability in 87
Sr/86 Sr values (2.5 ‰) that is more than one order of magni-
tude higher than that in 143Nd/144Nd (0.2 ‰). We also note a 
slight correlation between the clinopyroxene major element 
chemistry and 87Sr/86Sr, where at the lowest 87Sr/86 Sr the 
Cr

2
O

3
 is highest and at the highest 87Sr/86 Sr the Mg# is the 

lowest (Fig. 7b). Notably, the 87Sr/86 Sr values of the VSN1 

clinopyroxene are systemically higher than the high Mg# 
clinopyroxene of VSN0.

Clinopyroxene thermobarometry

Results from clinopyroxene thermobarometry indicate clino-
pyroxene crystallization between 1.2−4.9 kbar ( ∼ 3–15 km, 
SEE = 3.2 kbar), with most of the distribution centred 
around 2 kbar (Figs. 6 and 8). Only 18% of the estimates are 
>3 kbar (8% of VSN0, 32% of VSN1, 14% of VSN2b, and 
13% of VSN2). However, we note that due to the large SEE 
we are unable to resolve details of magmatic reservoirs in 
the upper crust. Temperature estimates range from 839 to 
1200 ◦ C (SEE = 71.9 ◦ C). However, the largest proportion 
of estimates is centred around 1100 ◦ C. If we use 1000 ◦ C 
as a cut off for high T and low T crystals, we find that 93 % 
of the estimates are high T. Within subunits VSN0 has 62% 
high T estimates, and VSN1, 2b and 2 have >99 % high T 
estimates (Fig. 6).

Fig. 6  Pressure and temperature 
estimates from each subunit. 
Points are colour coded for the 
textural type. SEE is 3.2 kbar 
and 72.5 ◦ C. See online version 
for colours
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Discussion

Clinopyroxene variability across VSN

VSN0

VSN0 is overwhelmingly the most diverse unit both in terms 
of geochemistry and P-T estimates. VSN0 shows the full 
compositional variability of the VSN ignimbrite clinopyrox-
enes, and shows a bimodal distribution in Mg#, SiO

2
 , and 

Na
2
 O space (Figs. 4, 6). The clinopyroxenes which are low 

in SiO
2
 , MgO, CaO, and high in FeO, Na

2
 O, and MnO are 

only found in VSN0 and only for patchy textured crystals 
(Fig. 4). These clinopyroxene give the lowest temperature 
estimates. As reported in Gaeta et al. (2006) and Palladino 
et al. (2001) CA magmas do not follow a classical liquid 
line of descent and evolve with an increasing silica content, 
as the melts are plagioclase free, and leucite, clinopyrox-
ene, and phologpite bearing. Instead, Na

2
 O can be used as a 

differentiation index for these magmas. Thermobarometric 

estimates for Na
2
O-rich patchy clinopyroxenes show that 

they crystallised at the lowest temperature and mostly at 
low pressures (Fig. 6). We suggest that these crystals formed 
from a magma emplaced into a shallow cold crust that inter-
acted with shallow carbonates. Likely these clinopyroxenes 
are picked up on the margins of the magmatic reservoir dur-
ing the eruption. Patchy clinopyroxenes in the literature are 
associated with diffusion limited crystal growth and subse-
quent overgrowth via magma mixing or reheating and are 
associated with depleted Na

2
 O. Our patchy clinopyroxenes 

are bimodal in Na
2
 O space, similar to the works of Brehm 

and Lange (2020); Welsch et al. (2016). We also note a lack 
of rims for the patchy clinopyroxene, which indicates that 
these clinopyroxenes were likely not exposed to the last 
recent recharge event before eruption. VSN0 clinopyroxenes 
also show the widest range in temperature (Fig. 6). Textur-
ally, high T VSN0 clinopyroxenes are all simple. The high 
T clinopyroxenes are also those with the highest Mg# and 
Cr

2
O

3
 content. We suggest these crystals have crystallized 

Fig. 7  a 87Sr/86 Sr and 143
Nd/144Nd signatures for the 
Colli Albani (pink and purple 
circles, and in inset plot), the 
Roman Magmatic Province 
(RMP), the Tuscan Magmatic 
Province (TMP), Vulture vol-
cano are outlined as polygons. 
A depleted mantle (DM) is 
used as the source material 
(blue square; Caro and Bourdon 
2010; Conticelli et al. 2015). 
Tuscan limestone used as a 
proxy for shallow carbonate 
(yellow triangle; Conticelli 
et al. 2009) is mixed with DM 
in the red line. Representative 
basement for Colli Albani (yel-
low triangle; Conticelli et al. 
2009) mixed with the carbonate 
and subsequently mixed with 
DM at regular intervals (grey 
lines show mixing with 5% 
partial melting). Grey dashed 
lines indicate the mantle array 
as outlined by Carrasquero 
et al. (2018). 87Sr/86 Sr variation 
plotted against b Cr

2
O

3
 and c 

Mg#. Mixing is done using the 
DePaolo (1981) mixing model
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shortly before the eruption directly from a mantle derived 
melt.

VSN1

VSN1 has a fairly broad distribution in P-T space with pres-
sures from 1.2 to 4.9 kbar and temperatures from 925 to 
1192 ◦ C, however, we note that these P estimates are almost 
within error (Fig. 6). Geochemically, VSN1 spans a wide 
range in SiO

2
 , Mg#, and CaO, and shows all texture types 

(patchy, patchy-zoned, simple, and sector zoned, as seen in 
Fig. 6). The variability in clinopyroxene geochemistry of 
these crystals as well as the wide range in temperature esti-
mates and textural variability are indicative of a mixture of 
crystals showing a protracted residence in the shallow por-
tions of the plumbing system and crystals formed shortly 
before eruption.

The cores of the patchy-zoned clinopyroxene have the 
same composition of the patchy textured clinopyroxenes 
(Fig. 5). We also note that VSN1 does not have any of the 
patchy low temperature, low SiO

2
 , high FeO and high Na

2
 O 

clinopyroxenes observed in VSN0.
Notably, VSN1 has almost all of the sector zoned clinopy-

roxene. Sector zoning is a texture that is oft associated with 
rapid crystal growth (Ubide et al. 2019; Brehm and Lange 
2020). Welsch et al. (2016) demonstrates that enrichment 
or depletion of elements in the hourglass and prism zoned 
sections is cause of growth rate and supersaturation, as seen 

in their suite of clinopyroxenes from Haleakala volcano 
(Hawaii). They attribute an enrichment in Al, Ti, and Na 
and depletion in Si, Mg, Ca, and Cr in the {-111} to rapid 
growth at depth with a high supersaturation in the reservoir. 
They suggest the inverse (Mg, Ca, Si rich and Al, Ti, Na, and 
Cr poor in the {-111} sector) is indicative of slow growth 
at the surface implying low supersaturation in a lava flow. 
Within the literature there is some variation in sector zon-
ing trends where Ubide et al. (2019) notes an enrichment 
in Si and Mg and depletion in Al, Fe, and Ti in the {111} 
sector for Etna and alkaline trachybasalts clinopyroxenes, 
and Welsch et al. (2016) notes the opposite for alkalic basalt 
from Haleakala. Neave et al. (2019) focused on tholeiitic 
magmas from Holuhraun lavas, Iceland and found results 
in closer agreement to Ubide et al. (2019) where the {111} 
sector is enriched in EnFs (Fe and Mg rich) clinopyroxene 
component at the expense of DiHd and CaTs (Ca and Al 
rich) components. The discrepancy may be related to magma 
compositions. Regardless, our results closely resemble those 
of Ubide et al. (2019).

VSN2 and VSN2b

VSN2b and VSN2 show less variability in the temperature 
range, with no estimates below 1000 ◦ C (Fig. 6). Geochemi-
cally, these clinopyroxenes tend to have a higher SiO

2
 on 

average. Texturally, both subunits show simple, patchy, and 

Fig. 8  a Magnesium number 
(Mg/(Fe + Mg)) with respect 
to Cr

2
O

3
 for the crystals of 

VSN as well as typical mantle 
clinopyroxenes from GEOROC 
(green points). b Approximated 
liquidus (blue line) from phase 
equilibria experiments. The pie 
charts provide the phase and 
their relative proportions for 
each experiment. The red line 
represents an adiabatic ascent 
path from MELTS, as described 
in the Methodology (Gualda 
and Ghiorso 2015; Ghiorso 
and Sack 1995; Asimow and 
Ghiorso 1998). c Pressure 
and temperatures estimates as 
generated by the random forest 
thermobarometer, colour coded 
for magnesium number (Jorgen-
son et al. 2022) and overlaid by 
the adiabatic ascent path and 
liquidus as in b. SEE is 3.2 kbar 
and 71.9 ◦ C
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patchy-zoned textures. As with VSN1 the presence of these 
textures is indicative of several instances of magma mixing, 
and different phases of equilibrium and disequilibrium in the 
crystal’s history. The smaller proportion of high Mg#-Cr

2
O

3
 , 

high temperature, simple textured clinopyroxenes (Figs. 4f 
and 6) is indicative of a waning input of the mafic magma 
present at the onset of the eruption (VN0 and VSN1) This 
is also seen between VSN2b and VSN2 where average and 
max Mg# decreased from 0.86 and 0.89 in VSN2b to 0.88 
and 0.76 in VSN2.

Assimilation induced 87Sr/86 Sr and 143Nd/144Nd 
isotopic variability

There has been significant work done to assess the role of 
carbonate assimilation via isotopic analysis for the Roman 
Magmatic Province, with most evidence converging to a 
metasomatized mantle source (Gaeta et al. 2006; Conticelli 
et al. 2015; Avanzinelli et al. 2009). There is, however, a lack 
of isotopic work on the VSN eruption at CA, and specifically 
the isotopic compositions of mineral phases, save a few crys-
tals measured in a regional study of Gaeta et al. (2006). In 
order to evaluate the role of carbonate assimilation for the 
VSN eruption, we present 87Sr/86 Sr and 143Nd/144Nd isotopic 
signatures specifically from clinopyroxenes with high Mg# 
and Cr

2
O

3
 , as these clinopyroxenes should have crystallized 

from the most primitive magma and thus should provide 
the closest approximation of the magmatic source. These 
signatures define a sub-horizontal trend in the Nd versus Sr 
isotope space, where VSN0 clinopyroxenes have higher 87
Sr/86 Sr values than the VSN1 clinopyroxene. The sub hori-
zontal trend is likely caused by mixing between two sources, 
characterized by different 87Sr/86 Sr ratios, one >0.7107 and 
the other <0.7089, and by a similar 143Nd/144Nd ( ∼0.5121−
0.5122). Our data lay well within the region of the Roman 
Magmatic Province (Fig. 7a) and agree with whole rock 87
Sr/86 Sr (0.710570−0.710673) and 143Nd/144Nd (0.512095−
0.512117) shown in Boari et al. (2009).

While there are several works which have looked in 
greater detail at the magmatic source of the Roman Mag-
matic province, including Gaeta et al. (2006); Conticelli 
et al. (2002, 2015); Avanzinelli et al. (2009, 2018) and Con-
ticelli et al. (2010), here we find merit in a step by step 
process of elimination to evaluate the source. We start with 
a depleted mantle source and consider several options of 
assimilation and metasomatism to produce the enrichment 
of primitive magma that is observed in all the Roman Mag-
matic Province. We broadly consider four possible scenarios 
for enrichment of a depleted mantle through a long timescale 
of mixing, where the first three address assimilation of vari-
ous crustal lithologies at variable crustal levels by a depleted 
mantle-derived primitive magma. Here we use a depleted 

mantle source to test the possibility that the enrichment of 
the primitive magmas of the Roman Magmatic Province 
occurs at crustal level and not in the mantle. The fourth situ-
ation looks at enrichment processes occurring in the mantle 
source of the magmas. Parameters used for this model can 
be found in the supplementary materials.

Models involving deep to shallow crustal assimilation 
by mantle‑derived magmas

One possibility to explain the clinopyroxene signatures 
could be assimilation of regional Meso-Cenozoic carbonate 
rocks by a primitive magma derived from partial melting of 
a depleted mantle (Fig. 7, red line). However, none of the 
highly radiogenic 87Sr/86 Sr values of the clinopyroxenes of 
the CA volcano can be obtained by simple carbonate assimi-
lation because the Sr isotope signature of Meso-Cenozoic 
carbonates are less radiogenic than the 87Sr/86 Sr values of 
all analysed clinopyroxenes analysed (Boari et al. 2009). 
Additionally, even approaching the isotope signatures of 
the clinopyroxenes through such a process would require 
unreasonable amounts of carbonate assimilation (>80 %) at 
shallow crustal levels. This is the consequence of the high 
Sr concentrations of both mantle-derived magma rocks 
(1019–2747 ppm) and clinopyroxenes (up to 3640 ppm), 
which make them insensitive to crustal contamination as 
crustal rocks are characterized by much lower Sr contents 
(avg Sr = 314 ppm) (Conticelli et al. 2015; Gaeta et al. 2016; 
Boari et al. 2009; Shaw 2018).

Another possibility could be mixing of a depleted mantle-
derived basalt with bulk material or partial melts of regional 
metamorphic and sedimentary rocks of CA (gneiss, granu-
lite, flysch, pelite, travertine, schist, marl, and limestone; 
Hirschmann et al. 2008). As the clinopyroxenes have a high 
Sr concentration, and should crystallize from a magma with 
a high Sr content, we model low degrees of partial melting 
of the regional rocks (0–5%) to maintain a high Sr concen-
tration in the crustal material mixed with mantle-derived 
basalt. However, we found that none of these mixing com-
positions could satisfactorily fit the full spread of the VSN 
clinopyroxene isotopic signatures (Fig. 11a).

A third possibility could be a two-step mixing process in 
which a DM-derived primary magma assimilates granulitic 
rocks in the lower crust and subsequently mixes with car-
bonate rocks in the shallow crust (Fig. 11b). In this model 
the DM-derived primitive magma is initially mixed with 5% 
partial melt of granulite up to a ratio of DM-derived magma/
granulite partial melt of 5:1 to obtain the low radiogenic 
143Nd/144Nd compositions of the clinopyroxenes (0.5121−
0.5122). Then, the hybrid magma (DM-derived primary 
basalt and 5% partial melt of granulite in a ratio 5:1) assimi-
lates carbonates in the shallow crust. This model allows us 
to reproduce the subhorizontal trend in the Sr-Nd isotope 
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space, but requires again unrealistic assimilation of >80% 
carbonate rocks at shallow level to reproduce the VSN clino-
pyroxene 87Sr/86 Sr values (Fig. 11b).

Furthermore, if upper crustal carbonate assimilation was 
responsible for the isotopic variability measured in clino-
pyroxene, we should observe a decrease in 87Sr/86 Sr with 
decreasing Mg# and Cr

2
O

3
 , which is not observed in our 

data (Fig. 7b, c). On the basis of the above discussion, we 
discard assimilation of carbonates and other crustal rocks 
at variable crustal levels as a cause of the isotopic variabil-
ity measured in the clinopyroxenes (Conticelli et al. 2015; 
Gaeta et al. 2016; Boari et al. 2009; Barbieri et al. 1979).

Model involving mixing of partial melts of isotopically 
distinct mantle domains

The most likely explanation for the linear trend defined by 
the CA clinopyroxenes in the Sr-Nd isotope space is mix-
ing in variable proportions of partial melts of two different 
metasomatized mantle portions. Figure 7a shows that end 
members with suitable compositions for such mixing can 
be obtained through previous metasomatism of a depleted 
mantle by small proportions of partial melts of subducted 
melange or marl, which has been thoroughly investigated 
by Avanzinelli et al. (2008) and others (Conticelli et al. 
2009, 2015; Conticelli 1998; Conticelli et al. 2007; Fed-
erico et al. 1994; Gaeta et al. 2006). We also note the works 
of Gaeta et al. (2006), who reports 87Sr/86 Sr from clinopy-
roxene throughout the entire eruptive history, including 6 
clinopyroxene from VSN unit with variable Mg# ( 87Sr/86 Sr 
0.710452−0.710525, within range of our samples). They 
find a strong temporal variation, where 87Sr/86 Sr decreases 
with time. The sub-horizontal trend between the VSN0 and 
VSN1 87Sr/86 Sr values, is in line with their hypothesis that 
the temporal variability is caused by a progressive deple-
tion of the metasomatized veins of the mantle source region. 
Several studies also suggest that the partial melt of this het-
erogeneous mantle source is strongly silica undersaturated, 
potassic, and rich in CO

2
 (Conticelli et al. 2015; Avanzinelli 

et al. 2008).

Explosivity linked to shallow carbonate 
assimilation?

Many studies regarding CA centre on the role of additional 
CO

2
 from shallow carbonate assimilation to cause the 

anomalous behaviour and present day geophysical evidence 
points to a magma reservoir within Meso-Cenozoic carbon-
ate sediments (Freda et al. 2008, 2011; Iacono-Marziano 
et al. 2007; Mollo et al. 2010; Bianchi et al. 2008). Several 

studies focus on the Pozzolane Rosse (RED) ignimbrite as it 
has abundant carbonate clasts in the deposit, whereas fewer 
are present in the upper ignimbrite units PNR and VSN. 
Additionally, the carbonate clasts in RED have reaction rims 
showing de-carbonation, resulting in the growth of fragile 
dendritic pyroxenes in cavities sometimes occupying the 
core of a completely consumed carbonate clast (Fig. 1b). It 
is unlikely that the carbonate reaction occurred at depth and 
such fragile structures resisted deposition in high energy 
pyroclastic flows. Furthermore, in very distal deposits at 
>30 km from the volcanic centre, carbonate clasts are not 
reacted (Calabró et al. 2022). Emplacement temperatures at 
the proximal and medial localities are estimated to be >630 
◦ C and distally >580 ◦ C (RED09 and RED01 respectively 
in Trolese et al. 2017). The onset of carbonate reaction is 
at temperatures ranging from 600 to 650 ◦ C, which may 
explain why the hotter proximal carbonate clasts are reacted 
whereas the distal and cooler carbonate clasts show a smaller 
reaction progression (Floess et al. 2015; Wyllie and Tuttle 
1960). Additionally, proximal to the volcanic centre within 
RED, there are many large degassing pipes (Fig. 1c) which 
become smaller and less abundant distally. We suggest these 
pipes originate from excess CO

2
 liberated in-situ during 

decarbonation of the carbonate clasts. This evidence sug-
gests that the reaction of carbonates occurred mostly after 
the emplacement of the pyroclastic density currents and it is 
not per se evidence of carbonate assimilation over the time 
span of magma accumulation in the shallow reservoir.

Even if we argue that the presence of carbonate clasts are 
not proof of carbonate assimilation during magma accumu-
lation, assimilation of carbonates could still occur. However, 
we argue that this process would not trigger a sustained cal-
dera forming eruption. Experiments by Freda et al. (2011) 
show that a 1 mm3 carbonate clast in a phono-tephritic melt 
at 1200 ◦ C, 0.5 GPa, and 2.5 wt.% H 

2
 O, resorbs almost 

completely after 60 s. The magma assembly timescales we 
calculate are orders of magnitudes longer than the decar-
bonation timescales. Thus, because the CO

2
 solubility at 

upper crustal depths is low (Vetere et al. 2014) and because 
of the extremely low viscosity of magma at CA, the excess 
CO

2
 generated during decarbonation would rapidly leave the 

reservoir. Even if the increase of volume associated with 
decarbonation could serve to increase the overpressure 
within the reservoir to critical value, the rapid decoupling 
of excess volatile phase and magma would not permit a sus-
tained eruption as observed at CA (Moussallam et al. 2015). 
Several authors (Knuever et al. 2022; Freda et al. 2011) have 
suggested syn-eruptive decarbonation could provide an addi-
tional mechanism to increase explosivity. However, because 
of the sustained nature of the eruption, the rate of assimila-
tion should stay relatively constant throughout the eruption, 
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which is difficult to imagine for the entire course of all seven 
of the large volume eruptions in CA’s history. However, such 
short lived CO

2
 contributions however may be the driving 

force behind the short lived and small volume eruptions such 
as the Peperino Albano eruption (Cross et al. 2014).

Magma accumulation

Variation in P‑T space

As seen in Fig. 8 the P–T estimates span a large range from 
839 to 1200 ◦ C and 1.2–4.9 kbar. VSN0 patchy clinopy-
roxenes are generally low temperature and we propose 
these are the oldest crystals, having emplaced into a cooler 
crust, differentiated, and faced several instances of dis-
equilibrium, giving them the patchy texture. The bulk of 
the clinopyroxene from VSN1, VSN2b, and VSN2 record 
much higher temperature (around 1100 ◦C). The highest 
temperature estimates are from VSN0 and VSN1, and up 
to 1200 ◦ C. We suggest that the increase of clinopyroxene 
recording high temperature observed through the eruptive 
sequence is evidence of the progressive increase of the 
contribution of high temperature magma to the erupted 
products (Fig. 6).

Evidence for Rapid accumulation

Considering that 99% of clinopyroxene crystals of the ign-
imbrite record temperature in excess of 1000 ◦ C, we can esti-
mate the duration of magma storage at shallow depth if we 
define plausible temperature of magma injection and for the 
upper crustal rocks. For the temperature of magma input we 
consider the highest temperature recorded by clinopyroxene 
(i.e. 1200 ◦C). Additionally, to obtain the maximum possible 
duration of magma storage in the shallow crust, we consider 
that magma input occurred in a reservoir with magma at a 
temperature of 800 ◦ C, the minimum temperature we esti-
mate from thermometry (Fig. 6). We use a simple 1D ther-
mal model and consider a lens of magma of 360–60 m thick-
ness using a radius for the footprint of the magma reservoir 
of 4 and 10 km and an erupted magma volume of 18 km3 
DRE, at 1200 ◦ C (the maximum temperature estimates) 
embedded in a magma at 800 ◦ C (the minimum estimated 
temperature; Fig. 8; Giordano 2010). The results show that 
to maintain magma in excess of 1000 ◦ C (which we consider 
eruptible) at shallow crustal depth, the reservoir could not 
have been active for more than 70–2260 years (for thick-
nesses of 360 and 60 m, respectively). This is a maximum 
estimate as it represents the time at which the maximum 
temperature within the lens, originally at 1200 ◦ C, drops 
below 1000 ◦ C and also because the ambient temperature 

is 800 ◦ C, which is extremely high for the upper crust and 
only attainable if an upper crustal reservoir was established 
at depths of few kilometers. We note this assumes that the 
entire reservoir is evacuated, which is a reasonable estimate 
considering the works of Geyer et al. (2006), which indicate 
that for a low aspect ratio magma reservoir approximately 20 
volume % is needed to initiate caldera collapse. This amount 
would represent the VSN1 volume and since VSN2 is more 
voluminous than VSN1 the net volume fraction erupted is 
likely close to all of the magma. Our results and calcula-
tions suggest that the upper crustal reservoir was assembled 
at accumulation rates in excess of 0.1 km3/years and was 
finally destabilized by the rapid input of magma directly 
from the mantle.

Rapid magma ascent from the mantle 
and an alternative trigger mechanism

High Mg# clinopyroxene from shallow depth

The subgroup of clinopyroxene with high Mg# and high Cr
2

O
3
 are most commonly found in the simple textured clino-

pyroxenes (Fig. 8) and return temperature estimates of up 
to 1200 ◦ C. High Cr

2
O

3
-Mg# clinopyroxene also record 

pressures of about 2 kbar ( ∼6 km, Fig. 8). This at first is a 
non-intuitive result in that such a high Mg# and Cr

2
O

3
 indi-

cates these are the most primitive clinopyroxenes of the Villa 
Senni eruption and thus should crystallize from the deep-
est melt, however, our results give low crystallization pres-
sure estimates. We suggest that this is due to rapid ascent of 
mantle derived magma, which only starts crystallising once 
significant amounts of H 

2
 O is released from magma at rela-

tively shallow depth (Fig. 8b, c). In fact, the quasi-adiabatic 
ascent of a magma produced in the mantle will results in the 
magma being overheated until significant water is released 
from the system and the magma starts to crystallise (Fig. 8; 
Hamilton et al. 1964; Metrich et al. 2001; Plank et al. 2013; 
Papale et al. 1999).

We used phase equilibrium experiments from the litera-
ture to approximate the liquidus by plotting phase propor-
tions on a pressure-temperature diagram, as seen in Fig. 8b. 
Most phase equilibria experiments of CA are focused on the 
Mt. Mellone lava flows, which is a plagioclase free phono-
tephrite (Freda et al. 2008; Iacono-Marziano et al. 2007). 
There is one study from Freda et al. (1997) which used a 
starting composition of VSN, though it does not give relative 
phase proportions. Mollo et al. (2010) use a synthetic primi-
tive glass based on the Roman Magmatic Province. Data at 
<2 kbar are anhydrous whereas all other experiments have 
at least 1 wt.% H 

2
 O and a range of CO

2
 (added as CaCO

3
 or 
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CaMgCO
3
 ) and fO2. These difference results in a range of 

liquidus temperatures (shaded region in Fig. 8).
We consider the liquidus temperature of magmas from 

CA at the base of the crust (approximately 25 km; Giordano 
and Caricchi 2022) and trace an adiabatic ascent path from 
this depth (as calculated from MELTS with a bulk composi-
tion of SiO

2
 45.88, TiO

2
 0.75, Al

2
O

3
 18.67, Fe

2
O

3
 0.0, Cr

2

O
3
 0.0, FeO 6.53, MnO 0.20, MgO 1.37, NiO 0.0, CoO 0.0, 

CaO 7.77, Na
2
 O 4.46, K 

2
 O 6.27, and P 

2
O5 0.22, normalized 

to include 2 wt.% H 
2
 O and 1 wt.% CO

2
 and started from 

1250 ◦ C and 10 kbar; Gualda and Ghiorso 2015; Ghiorso 
and Sack 1995; Asimow and Ghiorso 1998). The adiabatic 
ascent path intercepts the fluid saturated liquidus in corre-
spondence with the high temperature cluster of temperatures 
estimated from clinopyroxene (Fig. 8). This supports our 
hypothesis that high Mg# and Cr

2
O

3
 clinopyroxenes (11.5% 

of analyses) are the results of input of primitive magma from 
depth.

Rapid ascent trigger

Clinopyroxene chemistry and thermobarometric estimates 
us to draw a series of conclusions on process preceding the 
Villa Senni caldera forming eruption. The clinopyroxenes of 
VSN0 fall deposit are distinctively different from those of 
all other subunits of the ignimbrite. Estimated temperature 
of VSN0 below 1000 ◦ C make up 38% of analyses (n = 
163), while this value is lower than 1% for all other subu-
nits. Additionally, temperature estimates in excess of 1150 
◦  make up 16% and 13% of the VSN0 and VSN1 analyses 
but only 6% and 2% for VSN2b and VSN2. Additionally, 
temperature estimates above 1000 ◦ C make up >99% of the 
VSN ignimbrite estimates. We suggest that VSN0 was pro-
duced by the rapid ascent (quasi-adiabatic) of magma from 
depth that collected clinopyroxene antecrystals (returning 
low temperature estimates) through the entire plumbing sys-
tem with minor or no crystallisation upon ascent because 
of the overheated nature of the magma. The eruption of the 
VSN0 subunit causes the destabilization of the entire upper 
magma reservoir and the initiation of the caldera forming 
eruption. This is in contrast with the proposition that CO

2
 

from carbonate assimilation in the upper crust is the driv-
ing mechanism of the eruption (Freda et al. 2011; Iacono-
Marziano et al. 2008). Experimental work from Freda et al. 
(2008), which simulates carbonate assimilation of CA mag-
mas results in low Mg# (0.48−0.62) and low Cr

2
O

3
 (0.0−

0.23 wt.%) clinopyroxene. However, our results show that 
the eruptive products contain high Cr

2
O

3
-Mg# clinopy-

roxenes, with the great majority of clinopyroxene having 
Mg# above 0.62 (Fig. 8a). Additionally, the great majority 
of clinopyroxene return temperature estimates in excess of 

1000 ◦ C implying short storage at shallow depth as dis-
cussed in Sect. 4.4.2.

Magma injection is a well established trigger mechanism 
in the literature, including examples from Pinatubo 1991 
eruption and the 3.6 ka Santorini eruption (Caricchi et al. 
2021; Pallister et al. 1992; Druitt et al. 2012). Magma injec-
tion does not always trigger an eruption, as evidenced by 
caldera systems, and depends on parameters of the recharge 
itself (rate, magnitude, and style) as well as the state of the 
current magmatic reservoir (reservoir pressure, magma 
compressibility, and viscoelastic relaxation rate of the crust; 
Caricchi et al. 2021; Jellinek and DePaolo 2003; Degruyter 
et al. 2016). Here, the presence of the VSN0 fall deposit, the 
lack of clinopyroxene textures indicative of magma mingling 
(patchy-zoned clinopyroxene) in VSN0, and the presence 
of the most primitive clinopyroxene in the earliest erupted 
units, all indicates a lack of significant interaction between 
magma injected from depth and magma stored in the shallow 
crust. Thus, magma injection must have quickly cut through 
the shallow reservoir and destabilized it (similar to Cape 
Riva at Santorini as in Fabbro et al. 2013), from which the 
decompression the resident eruptible magma occurred. This 
agrees with the hypothesis of Vinkler et al. (2012), who 
proposes VSN0 causes a decompression wave which inter-
sects with a rising foamy magma resulting in a progressively 
deeper fragmentation level.

The proportional increase in high temperature crystals 
between VSN0 and VSN1 indicates the increase of the con-
tribution of deep-sourced magma to the eruptive products. 
This leads to the evacuation of the upper crustal reservoir 
and the caldera collapse, a rapid process as suggested by the 
lack of re-equilibration of the high Cr

2
O

3
 and Mg# clinopy-

roxene crystals of VSN0. The chemical composition of the 
magma combined with high temperatures, implies that the 
magma was of low viscosity, which favour decoupling with 
the excess volatile phases. Volatile and magma ascent rates 
have an important role to play in the explosivity of volca-
noes (Cassidy et al. 2018; Gonnermann and Manga 2007). 
For example, the basaltic Cerro Negro erupted magma of 
the same composition in both 1992 and 1995 but one was 
effusive and the other explosive, the only difference was that 
for the effusive event, the outgassing of CO

2
 during ascent 

was more efficient (Roggensack et al. 1997).
Thus, it is clear that to have an explosive event at Colli 

Albani the magma ascent must be fast enough to be coupled 
with the volatile phase, or else the eruptive potential of the 
magma would be lost with the degassing volatiles. This is 
again in agreement with the works of Vinkler et al. (2012) 
provide textural evidences indicating rapid ascent. Further-
more, that suggests bubble nucleation is deep, which propels 
the magma upward rapidly. While determining actual ascent 



Contributions to Mineralogy and Petrology (2024) 179:16 Page 15 of 19 16

rate is out of the scope of this work, we note the works of 
Campagnola (2015) who have modelled ascent rates of PNR, 
another ignimbrite of CA, and estimate the Plinian fallout 
exit velocities to be as high as 600 m/s and the ignimbrites 
exit velocities to be 120 m/s.

Eruption sequence

Using our results we reconstruct the sequence of events 
leading to the caldera forming event that produced the Villa 
Senni Ignimbrite.

Pre-eruptive reservoir assembly (t0 in Fig.9): As CA is 
a system which has undergone several large volume ign-
imbrite forming eruptions, which notably occur cyclically, 
we suggest that at the onset of accumulation of magma for 
the VSN caldera, there may have been remnants of a previ-
ous magmatic reservoir in the upper crustal system from the 
eruption of PNR. However, our lower temperature estimates 
from clinopyroxene crystallization give only 800 ◦ C so we 
suggest the crust was relatively cool when the VSN magma 
started to accumulate (Fig. 9).

Thermal maturation of assembly (t1): We find evidence of a 
broad range of temperature estimates from our clinopyroxene 
thermobarometry. This suggests to us that the magma accumu-
lated in the upper crust via progressive pulses of magma. The 
assembly of eruptible magma is a rapid process as discussed in 
4.4.2, on the order of tens to thousands of years.

Eruption of VSN0 (t2): We propose that instead of stall-
ing in the upper crust, a pulse of magma eventually blew 
through the crustal reservoir, entraining some low T clino-
pyroxenes which crystallized from the margins of the mag-
matic reservoir, and erupted to produced the VSN0 unit 
(Fig. 9, t2). This mixture of cooled and crystal rich magma 
(low T, patchy clinopyroxene) and the primitive high tem-
perature magma (high T - high Cr

2
O

3
 and Mg# simple 

zoned clinopyroxene) explains the two distinct clusters of 
clinopyroxene chemistry (as discussed in section 4.1.1 and 
seen in Fig. 9 at the bottom left).

VSN1 and VSN2 eruption (t3 and t4): We suggest that 
this initial pulse from deep destabilized the rest of the sys-
tem and allowed for the rest of the VSN eruption to take 
place. This includes the caldera collapse (Fig. 9 t4) as out-
lined further in Vinkler et al. (2012) and Giordano (2010). 
We see variability in sampling represented in the 87Sr/86 Sr 
variability between VSN0 and VSN1, where VSN0 is sys-
temically higher in 87Sr/86 Sr space indicative of sampling 
different portions of the reservoir. The VSN1 clinopyroxenes 
are representative of the entire range of temperatures and 
thus sampled the full range of the clinopyroxene variability 
in the long standing reservoir as well as the most primitive 
magmatic pulse. The VSN2b and VSN2 clinopyroxenes give 
a more uniform temperature distribution, possibly indicative 
of the eruption of dominantly deep sourced magma during 
the final phase of the eruption.

Fig. 9  Schematic (not to scale) diagram to explain the magmatic reservoir assembly and eruption of the VSN eruption. See text for further 
details
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Conclusions

Our mineral chemistry and isotopic data together with ther-
mal modelling demonstrate that an upper crustal reservoir 
was assembled in tens to thousands of years by the repeated 
injection of CO

2
-rich magma produced by partial melting of 

a metasomatized mantle (Avanzinelli et al. 2008; Conticelli 
et al. 2009, 2015; Conticelli 1998; Conticelli et al. 2007; Fed-
erico et al. 1994; Gaeta et al. 2006). One such recharge event 
cuts through the upper crustal reservoir erupting crystal-poor 
primitive magma and carrying a large portion of clinopyrox-
ene antecrysts (VSN0). Such event was rapidly followed by 
the evacuation of most of the 18 km3 DRE that constitutes the 
Villa Senni ignimbrite, and leading to the caldera collapse. We 
propose that the rapid ascent and accumulation of CO

2
-rich and 

low viscosity magmas from the mantle are responsible for the 
highly explosive nature of eruptions at CA. This confirms the 
essential role of magma ascent rate on intensity of eruptions 
(Ferguson et al. 2016), as is also seen in systems similar to 
VSN such as the PNR which are thought to have ascent rates 
in the 100 s of m/s (Campagnola et al. 2016), the Curacautin 
mafic ignimbrite (Llaima, Chile) was also the result of rapid 
magma ascent and was released in only 15–17 h (Marshall et al. 
2022), and the Cerro Negro (Nicaragua) effusive to explosive 
transition which is ascribed to volatile loss due to slow ascent 
speed (Roggensack et al. 1997). In this respect, contrary to the 
commonly suggested association between explosive eruptions 
and high viscosity magma, low viscosity and gas-rich magma 
should be considered prime candidates for eruptions of high 
intensity preceded by relatively short unrest phases. Because 
low viscosity favours the decoupling of magma and excess 
volatiles, high rates of magma ascent are essential for mafic 
and alkaline magma to erupts explosively.

Our data show that the rapidity of extraction of magma from 
the mantle is what ultimately drives the sustained eruption of 
such low viscosity magma as opposed to CO

2
 addition from 

shallow carbonate assimilation. We can envisage the plumbing 
system as an open system for both melt and gas, where each 
pulse recharges the shallow reservoir and also provides CO

2
 

flushing from the mantle region upward as magma migrates. 
Gas sparging is, therefore, a much more viable mechanism 
as proposed by Vinkler et al. (2012), that may control both 
the CO

2
 and H 

2
 O contents in the shallow reservoir leading 

to eruption (Caricchi et al. 2018, 2014). These findings are 
important for the assessment of volcanic hazard in such highly 
vulnerable regions. A large caldera forming eruption at Colli 
Albani would be preceded by the accumulation of magma in 
the shallow crust in tens to no longer than thousands of years, 
which would be detectable with geophysical methods. Impor-
tantly, such short timescales imply that magma was present in 
the deepest portion of the magmatic system also during the 

pauses in volcanic activity, and thus long dormancy does not 
imply extinction (Giordano and Caricchi 2022).
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