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Abstract
The 39.8 ka Campanian Ignimbrite eruption from Campi Flegrei, Italy, emplaced voluminous Plinian fallout and deposits 
from dilute pyroclastic density currents. Elevated concentrations of magmatic volatiles have been proposed as a gas source 
for particle dilution of these pyroclastic density currents. Trace, major, and volatile element concentrations measured in 51 
clinopyroxene-hosted melt inclusions from six Campanian Ignimbrite units were analyzed via Secondary Ion Mass Spectrom-
etry and electron microprobe. These melt inclusions record H2O concentrations from near-zero to 3.5 wt%. The most quickly 
cooled fallout deposits have markedly consistent H2O concentrations averaging 2.02 ± 0.25 wt%. Ignimbrite flow units record 
universally low H2O concentrations < 1 wt%, which we interpret as having been degassed during slow cooling. The highly 
incompatible trace element Zr serves as a proxy for melt evolution in MI glasses and varies over a factor of six, despite stable 
H2O concentrations. We propose that shallow re-equilibration of H2O in the magma during brief storage at ~ 2.3 ± 0.36 km 
(460 ± 72 bar) just prior to eruption is responsible for consistent volatile concentrations within the melts that span a relatively 
large compositional range. Three MI have higher H2O concentrations at 3.38 ± 0.14 wt% and lower trace element concentra-
tions corresponding to eruption of magmas from deeper portions of the magma system around 4.6 ± 0.35 km (920 ± 70 bar). 
The magma system is envisaged to be composed of discrete sills at varying depths, which supplied magma to different vents 
during successive phases of the eruption. Therefore, most melt inclusions do not record the full magmatic volatile history of 
the Campanian Ignimbrite, but reflect magmatic volatile conditions during a short-lived, shallow storage event during which 
re-equilibration allowed H+ to escape from the melt inclusions while H2O exsolved from the magma, providing exsolved gas 
for the expanded pyroclastic density current.
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Introduction

Magmatic volatiles (e.g., H2O, CO2, S, and Cl) play an 
important role in volcanic eruptions and explosivity (e.g., 
Parfitt and Wilson 2008). As pressure on a magma body 
decreases during ascent, changes in the concentration and 
composition of volatiles in the silicate melt control the timing 
and extent of gas bubble nucleation and growth. The genera-
tion of pyroclastic density currents (PDCs), especially dilute 
(gas-rich and solids-poor) currents, is dependent upon the 
availability of free gas (e.g., Sparks et al. 1978; Dobran et al. 
1993; Koyaguchi et al. 2018; Trolese et al. 2019) and, in 
particular, on the relative proportion and degassing styles of 
H2O and CO2, which are commonly the two most abundant 
and important volatile species in a magmatic system.

Assessing the original volatile concentrations of 
a magma prior to the exsolution of a vapor phase is 
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challenging since the exsolved volatile component is 
expelled as gas during eruption (or via diffuse degassing, 
hydrothermal scrubbing, or fumarolic activity) and is thus 
not directly recorded in the rock record. The concentration 
of dissolved volatiles present in the melt prior to erup-
tion may be recorded directly in crystal-hosted melt inclu-
sions (MI), microns-scale bits of liquid melt that become 
entrapped in growing crystals and remain sequestered from 
volatile loss experienced by intercrystal matrix melt. Inter-
pretation of MI must be done with care, since they may 
be subjected to post-entrapment, syn-eruptive, and post-
eruptive processes that preferentially alter volatile contents 
while leaving non-volatile geochemistry unchanged. This 
is particularly challenging in large caldera-forming erup-
tions like the Campanian Ignimbrite, the subject of this 
investigation. Post-emplacement hydrogen diffusion out of 
MI occurs rapidly in slow-cooling units, such as thick ign-
imbrites and lava flows (e.g., Lowenstern 1995), in which 
the MI remain at high temperatures for hours to years. 
Prolonged slow cooling can lead to anomalously low MI 
H2O concentrations that reflect emplacement rather than 
magmatic conditions. Quickly cooled units and deposits 
emplaced cold, such as fallout, more faithfully record 
magmatic H2O concentrations since they are minimally 
affected by post-emplacement hydrogen diffusion.

In special cases, we can assess pre-eruptive saturation 
and degassing by comparing the concentrations of vola-
tiles to highly incompatible trace elements in MI (Iacovino 
et al. 2016). Both volatiles and incompatible trace elements 
are largely excluded from crystallizing phases and become 
enriched in the melt during magma differentiation. Fluid 
exsolution via second boiling occurs when volatile satura-
tion is reached (Blake 1984; Tait et al. 1989). At this point, 
volatiles can no longer be treated as incompatible. Further 
crystallization does not increase dissolved volatile concen-
trations, which instead remain buffered at the saturation limit 
with excess volatiles instead partitioned into the co-existing 
vapor phase. Incompatible trace elements that are not solu-
ble in the vapor phase continue to increase even as volatiles 
stabilize or decrease, as long as the trace element remains 
incompatible with the crystallizing phase assemblage (e.g., 
Anderson 1974, 1979; Wallace et al. 1995; Iacovino et al. 
2016). Therefore, an increase (or broad variation) in incom-
patible trace element concentrations with steady volatile 
content in MI may indicate that the magma reached vola-
tile saturation. If the magma ascends to a lower pressure, 
then gas will exsolve to reach a lower dissolved gas con-
tent in equilibrium with the new pressure while recording 
the previous evidence of fractionation in the trace element 
concentrations.

The objective of this study is to describe pre-eruptive 
conditions (pressure, temperature, and composition) for 
the Campanian Ignimbrite (CI) eruption by studying 

clinopyroxene-hosted MI. We present new MI major, trace, 
and volatile element concentrations from six eruptive units 
and combine those data with previously published MI data 
(e.g., Signorelli et  al. 1999, 2001; Webster et  al. 2003; 
Fulignati et al. 2004; Marianelli et al. 2006; Severs 2007; 
Moretti et al. 2019) to gain understanding of the magma 
storage and processes prior to the CI eruption. We compare 
the incompatible trace element zirconium (Zr) to MI H2O 
concentrations in both quickly and slowly cooled deposits 
and find that CI magma was probably volatile saturated prior 
to the 39.8 ka eruption. Consistent H2O concentrations of ~ 2 
wt% over a wide range of Zr contents indicate pre-eruptive 
magma storage at ~ 2.3 km depth. MI H2O contents up to 6 
wt% in Plinian pumice fallout deposits have been reported 
in the literature (Marianelli et al. 2006), and so it is likely 
that MI with ~ 2 wt% were “reset” to this lower value dur-
ing brief storage in the shallow crust just prior to eruption. 
Hydrogen diffusion modeling suggests that a period of only 
1–2 weeks would be sufficient for MI to re-equilibrate from 
6 to 2 wt% H2O. We propose that the CI underwent a period 
of shallow storage at ~ 2.3 km depth in a system of exten-
sive sills, where re-equilibration to the saturation limit of 
H2O occurred, resulting in the loss of ~ 4 wt% H2O over the 
course of 1–2 weeks before erupting. This may have pro-
vided the gas for the significant inflation of the PDCs that 
emplaced the CI deposits.

Geologic background

The CI was emplaced at 39.8 ka (Giaccio et al. 2017) around 
Naples, Italy, during the largest European eruption of the last 
200,000 years. The current eruption volume estimates range 
between 179 and 243 km3 dense rock equivalent (DRE) of 
trachytic-phonolitic magma for the ignimbrite and co-ign-
imbrite fallout, making it a VEI7 and M7.7 eruption (Sil-
leni et al. 2020). The basal fallout is from an early Plinian 
column. Plinian fallout volume is estimated between 2 to 22 
km3 DRE (Marti et al. 2016). The CI is found in outcrops 
throughout the Campanian Plain and adjacent Apennine 
Mountains (Barberi et al. 1978; Silleni et al. 2020; Fig. 1) 
and co-ignimbrite fallout is located as far away as Russia 
(Anikovich et al. 2007; Giaccio et al. 2008; Smith et al. 
2016). CI outcrops are also located on the island of Procida 
and in the Gulf of Naples (Melluso et al. 1995; Fedele et al. 
2008; Scarpati et al. 2020) and the ash fallout (Plinian and 
co-ignimbrite) is present in many marine cores in the Tyr-
rhenian and Adriatic Seas (Engwell et al. 2014).

The CI eruption began with a ~ 44-km-high Plinian col-
umn, depositing the southeastward-distributed Plinian Pum-
ice Fallout (Rosi et al. 1999; Marti et al. 2016). PDCs then 
emplaced the CI across the Campanian Plain and nearby 
mountains over an area of ~ 7,000 km2 (Silleni et al. 2020). 
A buoyant co-ignimbrite plume developed above PDCs 
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Fig. 1   Satellite map showing the deposits of the Campanian Ign-
imbrite flow (yellow), fallout (blue), and the proximal Breccia Unit 
(purple), modified from Silleni et al. (2020), with approximate Campi 
Flegrei caldera rim from Vitale and Isaia (2014). Sampling locations 
are marked by filled white stars  (VSM = Vigna San Martino, MDP 

= Monte di Procida, PDL = Punta della Lingua). Cities are shown as 
black dots, and volcanoes are marked by a white triangle. See Gallo 
et  al. (2024) for grid references of the sampling locations,  with the 
exception of Punta Licosa (40.2330667° N, 14.9273111° E)
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and rose into the air to 37 km (Marti et al. 2016) as a large 
phoenix cloud. This cloud cooled quickly and traveled long 
distances from the vent before ash settled as a co-ignimbrite 
fallout deposit across the eastern Mediterranean region and 
on to Russia (Pyle et al. 2006; Costa et al. 2012; Smith et al. 
2016). The two types of fallout are geochemically distin-
guishable (Smith et al. 2016).

CI PDC deposits overlie the Plinian Pumice Fallout and 
can be separated into proximal and distal deposits. Here, we 
adopt the correlation scheme of Gallo et al. (2024), which 
refines and links the proximal and distal stratigraphy defined 
by others (Rosi et al. 1996; Fedele et al. 2008, 2016). Addi-
tionally, we tie the co-ignimbrite fallout to the main phase 
of the CI, specifically the distal Welded Gray Ignimbrite 
and Lithified Yellow Tuff units, a topic explored further 
in the discussion. In addition to the co-ignimbrite fallout 
deposits, we focus on three slowly cooled units of the PDC: 
1) the proximal Breccia Unit, a coarse lithic-rich breccia 
containing variable amounts of pumice and obsidian clasts, 
representing the caldera-collapse phase; 2) the distal Welded 
Gray Ignimbrite, which is the volumetrically dominant CI 
unit, and 3) the distal Lithified Yellow Tuff, which is com-
positionally similar to the Welded Gray Ignimbrite but is 
distinguished by extensive post-emplacement zeolitization 
and a distinct lithic clast assemblage (Fedele et al. 2008; 
Gallo et al. 2024).

Strong evidence exists that the PDCs emplacing the CI 
were dilute (gas rich and solids poor) from the geographic 
and temporal start of the eruption (Fisher et al. 1993; Scar-
pati et al. 2015; Ort et al. 2003, 2018). The PDCs traveled 
long distances and passed topographic barriers in the Apen-
nine Mountains (> 1400 m high). They flowed over the Gulf 
of Naples for ~ 30 km with limited interaction with water, 
implying the flow had a density less than that of water with 
most material carried high enough in the flow not to interact 
with the water (Fisher et al. 1993). Additionally, anisotropy 
of magnetic susceptibility data show that the CI deposit 
flowed downhill, in many cases directly toward the caldera 
in the Apennine Mountains, implying that the depositional 
part of the PDC was influenced strongly by topography and 
was detached from the transport system (Ort et al. 2003). 
Proximal breccia deposits show efficient separation of large 
lithic and pumice clasts from the current, implying it was 
dilute even close to the vent, and a ground layer is present 
to distal localities (Scarpati et al. 2015). High emplacement 
temperatures (> 580 °C; Cappelletti et al. 2003; Ort et al. 
2018) indicate the PDC did not cool significantly during 
transport, so air and water entrainment were limited. Thus, 
a source for hot gas is needed to explain the dilute nature 
of the PDC.

Several models of the magma chamber beneath Campi 
Flegrei have been proposed to account for the variation 
in 87Sr/86Sr, 143Nd/144Nd, and 206Pb/204Pb isotopic and 

geochemical signatures of lavas and tuffs erupted through 
time (e.g., Civetta et al. 1997; Pappalardo et al. 1999, 2002a; 
Arienzo et al. 2009, 2011; Forni et al. 2018). Some of these 
models are for the system present under the modern Campi 
Flegrei whereas others are for moments in time, such as for the 
Campanian Ignimbrite magma body. The dominant model for 
the Campanian Ignimbrite body, based on stratigraphic corre-
lations combined with major- and trace-element geochemistry, 
suggests it was fed by two magmas, an upper, volatile-rich, 
more-differentiated and homogenous trachytic-phonolitic melt, 
and a lower heterogeneous trachytic melt (e.g., Civetta et al. 
1997; Signorelli et al. 2001; Pappalardo et al. 2002a, b; Fedele 
et al. 2008, 2016; Tomlinson et al. 2012; Forni et al. 2016; 
Smith et al. 2016; Di Salvo et al. 2020; Gallo et al. 2024). 
Present geophysical data and mineral-phase assemblages for 
the Campanian Ignimbrite and more recent eruptions suggest 
a storage zone of melt starting from ~ 9 km depth (e.g., Civetta 
et al. 1997; Zollo et al. 2008; De Siena et al. 2010; Stock et al. 
2018; Isaia et al. 2025).

Previous campanian ignimbrite melt inclusions 
studies

The CI has been the focus of several MI studies over the 
past 20 years (Signorelli et al. 1999, 2001; Webster et al. 
2003; Fulignati et al. 2004; Marianelli et al. 2006; Severs 
2007; Moretti et al. 2019). These studies primarily focused 
on clinopyroxene-hosted MI, and some of the studies 
reheated MI (e.g., Webster et al. 2003; Severs 2007), poten-
tially compromising the reported volatile, especially H2O, 
concentrations.

H2O measurements with corresponding major-element 
compositions have been reported for the Plinian Pumice 
Fallout (distinct populations with ~ 2–3 and 5–6 wt%; Mar-
ianelli et al. 2006), Welded Gray Ignimbrite (wide range 
from 0.41–4.20 wt%; Marianelli et al. 2006; Moretti et al. 
2019), and Breccia Unit (wide range from 0.92–5.77 wt%; 
Marianelli et al. 2006; Severs 2007). CO2 concentrations in 
MI from the Welded Gray Ignimbrite and Breccia Unit are 
mostly below detection limit, with one MI from an ignim-
brite unit containing 214 ppm (Moretti et al. 2019) and three 
Breccia Unit MI containing 200–500 ppm (Severs 2007).

Sample selection and preparation

Clinopyroxene-hosted melt inclusions were measured in six 
rock units: the Welded Gray Ignimbrite and the Lithified 
Yellow Tuff and their associated co-ignimbrite fallout, the 
Breccia Unit, the Plinian Pumice Fallout, and the Uncon-
solidated Stratified Ash Flow. Eleven sample sites were 
chosen in six distal and five proximal locations based on 
geographic spread and sections where multiple units were 
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exposed (Fig. 1). The ignimbrite/breccia/tuff units (includ-
ing the ash-flow deposit) were emplaced at high tempera-
tures (> 580 ºC based on thermal magnetisation, Cappelletti 
et al. 2003, Ort et al. 2018; ~ 675 ºC based on shard defor-
mation experiments, Silleni 2019) and then slowly cooled. 
The co-ignimbrite fallout, which we consider coeval with 
the Welded Gray Ignimbrite and Lithified Yellow Tuff (the 
current that deposited the ignimbrite rose into the air and 
distributed the co-ignimbrite fallout), cooled quickly when 
the PDC lofted into the phoenix cloud. The early Plinian 
Pumice Fallout is interpreted to be the most quickly cooled 
of all deposits studied and so most likely to preserve pre-
eruptive volatile contents in MI.

MI observed in our samples are almost exclusively hosted 
in clinopyroxene, consistent with other MI studies of the CI 
(Signorelli et al. 1999, 2001; Webster et al. 2003; Fulignati 
et al. 2004; Marianelli et al. 2006; Severs 2007; Moretti et al. 
2019), and so only clinopyroxene phenocrysts were chosen 
for analysis. Crystals were separated from whole-rock sam-
ples via crushing, heavy liquid separation, and a magnetic 
separator. Crystals were then handpicked from the −1 to 1 
Φ fractions, and individually mounted on glass slides with 
CrystalBond and polished with sandpaper of grits 1000 and 
2000, and diamond polishing sheets of grits 3 and 1 µm to 
expose individual MI.

Transmitted- and reflected-light microscopy were used to 
target MI that were large (> 35 µm), glassy, bubble free, and 
fully enclosed. These parameters were chosen to minimize 
uncertainty caused by post-entrapment processes (Lowen-
stern 1995). A total of 60 MI were selected for analysis (later 
filtered to 51; see Sect. "Data filtering").

After polishing and high-grading, acetone was used to dis-
solve the CrystalBond and release the clinopyroxene grains. 
Grains with exposed MI were then mounted for Electron 
Micro-Probe (EMPA) and Secondary Ion Mass Spectrometer 
(SIMS) analyses. Indium was chosen as a mounting medium 
because it does not degas under instrument vacuum, mak-
ing indium a better medium than epoxy, especially when 
analyzing hydrogen. Indium was heated to ~ 160 °C and the 
melted metal was poured into an aluminum disk 2.54 cm in 
diameter. The mount was pressed, creating a smooth sur-
face of indium. Troughs were then gouged into the indium to 
make room for the clinopyroxene crystals, which were then 
placed into the troughs. The mount was pressed after each 
crystal was inserted to ensure the crystal was sitting at the 
surface and in a horizontal orientation. Excess indium was 
then used to backfill the mount and create a smooth, level 
surface. A previously prepared (and fully degassed) epoxy 
mount of clinopyroxene from the Plinian Pumice Fallout was 
also analyzed and produced results consistent with those on 
the indium mount.

Analytical methods

Major elements, S, and Cl

EMPA analyses of MI were carried out on a JEOL JXA-
8200 at the University of Oxford to determine major 
elements, Cl, and S concentrations of 60 MI and major 
elements in 27 host clinopyroxene phenocrysts. MI anal-
yses were run near the spots chosen for SIMS (i.e., adja-
cent to SIMS pits) using an 8 µm beam diameter at either 
15 kV and 6 nA for major elements or 15 kV and 20 nA 
for S and Cl. Clinopyroxene host crystals were analyzed 
adjacent to and in the same zone (where applicable) as 
the MI using a 3 µm beam diameter at 15 kV and 15 nA. 
The calibration was verified by running reference mate-
rials as secondary standards during each analytical run.

H2O and trace element analysis

SIMS analyses of MI were carried out on a Cameca ims6f 
instrument at Arizona State University. An O2

− primary 
ion beam of ~ 10 µm with a raster size of 20 µm was used, 
along with energy filtering that involves decreasing the 
voltage from 9000 EV ± 20 during analysis (Hervig et al. 
2003). A total of 60 MI were analyzed for H, Rb, Y, Zr, 
Nb, Ce, Nd, and Eu. Some MI were also measured for 
La, Pr, Sm, Ta, Th, and U. The analyses were calibrated 
using the standards NIST610, NIST612, M3N, M6N, 
and 092. Before, during, and after analysis, the stand-
ards were checked and used to make calibration curves 
for each element. Mean value, standard deviation, mean 
standard error, Poisson error, rejected number, and inte-
grated mean were calculated for each element analyzed. 
Errors were then calculated for each element/Si by mul-
tiplying the standard error by the element/Si divided by 
100. Errors were propagated with standard deviation of 
Si from EMPA once the SIMS data were converted to 
ppm.

Data filtering

Our dataset of 60 measured MI was rigorously filtered to 
remove any analyses that inadvertently included either the 
clinopyroxene host or MI daughter crystals in the analysis 
volume, resulting in 33 major, S, and Cl compositions; 
49 trace element and H2O compositions; and 51 total MI 
compositions. Electron backscatter images were used to 
target crystal-free spots, but crystals below the surface of 
the charge may still be included in the analysis volume, 
particularly for very small (< 50 µm) MI. Due to instru-
ment availability, SIMS measurements (H2O and trace 
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elements) were performed first before EPMA measure-
ments (major elements, S, and Cl), which were targeted 
adjacent to SIMS pits. Since a crystal could be included 
in the major element analysis but not the trace element 
analysis and vice versa, we filter the data set separately 
for major elements (plus S and Cl) and for trace elements 
(plus H2O).

Major-element compositions deemed contaminated by 
clinopyroxene (MgO > 10 wt%; FeO > 5 wt%) or apatite 
inclusions (CaO/FeO > 3; CaO > 4 wt%, P2O5 > 1 wt%) 
were removed from the dataset. Trace-element composi-
tions with Y/Zr > 0.35 were deemed contaminated by apa-
tite and removed from the dataset. Finally, analyses with 
low analytical totals were removed. Literature data used 
to compare to our dataset were filtered using the same 
criteria.

Results

Clinopyroxene compositions

All MI analyzed in this study are hosted in clinopyroxene 
phenocrysts. Analyses of clinopyroxene crystals taken adja-
cent to their MI are reported in Table 1. The clinopyroxene 
crystals all classify as diopside, and span the same range of 
colors and compositions recognized in other CI studies (e.g., 
Fedele et al. 2008; Forni et al. 2016). The light green crys-
tals classify as Mg-rich diopside, and their compositions fall 
within the Type-1 group of Forni et al. (2016) with Mg# (Mg/
[Mg + Fe]*100) ranging from 81 to 91 and En48–51Fs2–7Wo42–49 
(n = 11). These light crystals do not typically contain accessory 
phases or MI. The darker green to black population, spanning 
type 2–3 compositional populations of Forni et al. (2016), have 
Mg# 67–77 and En37–42Fs6–11Wo49–53 (n = 51). Given these 
clinopyroxene compositions do not clearly fall into discrete 
type 2 and 3 groups of Forni et al. (2016), with analyses plot-
ting between the two groups, we have combined the analyses 
that plot within and between the groups together into “type 
2–3”. These dark type 2–3 crystals have abundant MI of a 
range of sizes and commonly have apatite and magnetite inclu-
sions (Table 2).

Type 1 crystals are observed in both the Plinian Pumice 
Fallout and the Breccia Unit, and all units contain the type 
2–3 crystals. All clinopyroxene compositions are reported 
in Table 1.

Melt inclusion compositions

All major, trace, and volatile concentrations measured in 51 
MI glasses are reported in Table 2. Average compositions for 
each unit are in Table 3. The MI are hosted in clinopyroxene 

crystals from six units sampled from 11 unique localities 
(Fig. 1). Due to logistical constraints posed by the Covid-19 
pandemic, not all samples were measured both by EMPA 
(major ± S and Cl) and SIMS (H2O and trace). Twenty-five 
samples have EMPA measurements (majors ± S and Cl), 49 
have SIMS measurements (trace and H2O), and 23 samples 
have both EMPA and SIMS measurements.

Major element concentrations

All clinopyroxene-hosted MI have glass compositions 
ranging from 60.7–63.8 wt% SiO2 and 10.4–15.1 wt% 
total alkalis, consistent with the range of values reported 
in the existing CI literature (Fig. 2; Signorelli et al. 1999; 
Webster et al. 2003; Fulignati et al. 2004; Marianelli et al. 
2006; Severs 2007; Moretti et al. 2019; Table S1). MI can 
be compositionally separated into two groups, a high-Na2O 
group and a low-Na2O group (Fig. 3), as is seen in the matrix 
glass (Smith et al. 2016; Gallo et al. 2024). The MI show 
weak general trends of decreasing Al2O3, CaO, FeO, and 
TiO2 with increasing SiO2 concentrations (Fig. 3). There is 
no correlation of major-element oxides with measured MI 
concentrations of water, chlorine, or sulfur (Supplementary 
Fig. S1, S2, S3, S4). MI in the Plinian Pumice Fallout and 
co-ignimbrite fallout are dominantly trachytic. Welded Gray 
Ignimbrite and Lithified Yellow Tuff MI in this study are 
trachytic to phonolitic. Breccia Unit MI in our dataset are 
trachytic to trachyandesitic (Fig. 2).

Trace element concentrations

Several trace elements were analyzed in the MI and are 
reported in Table 2 and Fig. 4: high field-strength elements 
(HFSE; Zr, Nb, Ta, U, Th) and large-ion lithophile ele-
ments (LILE; Rb, Eu), and rare earth elements (REE; Y, 
Ce, Nd, La, Pr, Sm). Zr shows high incompatibility in our 
measured MI, so we use Zr as a proxy for magma evolu-
tion. The Zr concentrations in the Plinian Pumice Fallout 
form two populations, a low-Zr (85–201 ppm) and a high-
Zr (373–599 ppm) group (Fig. 4). Co-ignimbrite fallout Zr 
concentrations are mainly in the high-Zr group with only 
one < 100 ppm. Our single acceptable analysis of Uncon-
solidated Stratified Ash Flow Zr concentration is 204 ppm. 
Welded Gray Ignimbrite, Lithified Yellow Tuff, and BU Zr 
concentrations vary from 56–407 ppm.

Rb concentrations cluster around ~ 200 ppm with the 
tightest clustering in the PPF unit, averaging 224 ppm (low-
Zr MI) and 304 ppm (high-Zr MI). LYT samples have the 
lowest Rb contents at 27 and 126 ppm and WGI samples 
have a maximum of 418 ppm Rb (Fig. 4). Eu concentrations 
vary significantly within eruptive units, with PPF MI span-
ning < 2–8 ppm with no correlation to SiO2, H2O, or Cl. 
Analyzed rare-earth elements (REE) include Y, Ce, Nd, Eu, 
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La, Pr, and Sm. The concentrations of these elements are 
variable, but the scattered pattern and locations of individual 
samples on plots are generally similar to one another. MI that 
show enriched Y, Ce, Nd, and Eu likely correspond to over-
lap on a daughter phase in the MI, such as an apatite micro-
phenocryst, and were excluded from the dataset (Fig. S4).

Volatile concentrations

H2O, Cl, and S concentrations in MI were measured by 
SIMS (H2O) and EMPA (Cl, S; Table 2). H2O concentra-
tions across all samples generally fall into three groups 
(Fig. 4; Table S2): low-H2O (< 1 wt%, n = 12), moderate-
H2O (2.02 ± 0.25 wt%, n = 31), and high-H2O (3.38 ± 0.14 
wt%, n = 3). Low-H2O samples include all Welded Gray Ign-
imbrite, all Lithified Yellow Tuff, one Breccia Unit, and one 
co-ignimbrite MI analyses. Moderate-H2O samples include 
all Plinian Pumice Fall, five co-ignimbrite, and two BU MI 
analyses. High-H2O samples include one co-ignimbrite and 
two BU MI analyses. Additionally, one BU and one co-
ignimbrite sample fall in between low- and moderate-H2O 
groups and our single MI from the Unconsolidated Stratified 
Ash Flow unit falls between moderate and high-H2O groups.

Table 3   Average melt inclusion glass compositions (wt%)  for each 
unit and all units combined. 1σ standard deviation is given in brack-
ets. Measured H2O values and corresponding modeled pressures and 
depths of magma storage are split into "shallow" and "deep" storage 
regions, as defined in the text. n = number of samples in average and 
standard deviation. Pressures were modeled assuming 50  ppm CO2 
and 950 °C using VESIcal (Iacovino et al. 2021) with the H2O-CO2 

solubility model MagmaSat (Ghiorso and Gualda 2015) using indi-
vidual major element compositions and volatile compositions for 
each MI. Temperatures used for calculating pressures were those 
modeled using cpx-liquid thermobarometry (Masotta et  al. 2013). 
Values for each individual sample are given in Supplementary 
Tables S2 and S3

PPF BU WGI LYT Co-ig All units

SiO2 61.35 (0.37) 62.25 (0.33) 63.28 (1.79) 62.81 (1.41) 61.50 (0.99) 61.93 (1.12)
TiO2 0.37 (0.07) 0.45 (0.01) 0.19 (0.04) 0.40 (0.17) 0.38 (0.03) 0.36 (0.10)
Al2O3 18.99 (0.55) 18.20 (0.27) 19.33 (1.88) 19.46 (1.60) 19.92 (1.58) 19.06 (1.14)
FeO 3.32 (0.35) 3.59 (0.20) 1.59 (0.50) 1.92 (0.94) 2.64 (0.67) 2.88 (0.81)
MnO 0.11 (0.05) 0.17 (0.02) 0.04 (0.06) 0.10 (0.11) 0.18 (0.03) 0.12 (0.07)
MgO 0.46 (0.15) 0.58 (0.06) 0.71 (0.90) 0.58 (0.10) 0.62 (0.53) 0.53 (0.40)
CaO 2.11 (0.39) 2.45 (0.15) 1.54 (0.80) 2.59 (0.43) 2.05 (0.81) 2.05 (0.57)
Na2O 3.56 (1.01) 3.63 (0.20) 4.48 (1.64) 5.97 (3.38) 6.06 (1.35) 4.21 (1.56)
K2O 9.59 (0.92) 8.56 (1.03) 8.76 (2.80) 6.06 (5.73) 6.60 (0.58) 8.74 (2.05)
P2O5 0.14 (0.06) 0.11 (0.05) 0.08 (0.07) 0.10 (0.01) 0.06 (0.05) 0.11 (0.06)
Shallow
H2O (wt%) 2.01 (0.27) 1.94 (0.04) -- -- -- -- 2.10 (0.23) 2.02 (0.25)
Pressure (bar) 460 (77) 430 (14) -- -- -- -- 476 (56) 460 (72)
Depth (km) 2.30 (0.39) 2.15 (0.07) -- -- -- -- 2.38 (0.28) 2.3 (0.36)
n 24 2 5 31
Deep
H2O (wt%) -- -- 3.46 (0.04) -- -- -- -- 3.23 -- 3.38 (0.14)
Pressure (bar) -- -- 940 (14) -- -- -- -- 820 -- 920 (70)
Depth (km) -- -- 4.70 (0.07) -- -- -- -- 4.10 -- 4.6 (0.35)
n 2 1 3

Fig. 2   Total alkalis versus silica (TAS) diagram using the classifica-
tion scheme of Le Maitre et  al. (2002) of melt inclusions measured 
in this study (bold symbols with black outlines) and those from pub-
lished literature (faded symbols with no outlines). Literature CI melt 
inclusion data are from Signorelli et al. (1999), Webster et al. (2003), 
Fulignati et  al. (2004), Marianelli et  al. (2006), Severs (2007), and 
Moretti et  al. (2019). Gray circles: Welded Gray Ignimbrite (WGI); 
yellow triangles: Lithified Yellow Tuff (LYT); purple downward 
triangles: Breccia Unit (BU); blue diamonds: Plinian Pumice Fall 
(PPF); green squares: co-ignimbrite fallout (co-ig)
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WGI and LYT units contain MI with H2O concentrations 
that are universally low, < 1 wt% (n = 13; Table 2, Fig. 4). 
MI H2O concentrations in the PPF are consistent, averaging 
2.01 ± 0.27 wt% H2O (n = 24). BU MI are the most vari-
able, ranging 0.8–3.46 wt% H2O (1.95 ± 1.13, n = 7), which 
is most likely reflective of the nature of this unit as an amal-
gamation of multiple sources and possibly diverse emplace-
ment temperatures. Co-ignimbrite fallout MI have a simi-
larly wide range from 0.9–3.23 wt% (1.96 ± 0.75, n = 7), but 
this includes clear low-H2O outliers at 0.9 and 1.0 wt% and 
one high-H2O outlier at 3.23 wt%. Excluding low and high 
outliers, co-ignimbrite MI have H2O concentrations match-
ing those in the PPF at 2.10 ± 0.23 wt% (n = 5). The single 
MI from USAF has 2.84 wt% H2O, just above the range of 

PPF and non-outlier co-ignimbrite MI but lower than the 
three MI with the highest H2O contents (two BU and one 
co-ignimbrite MI; 3.38 ± 0.14, n = 3).

Chlorine concentrations vary widely across all units 
(Fig. S2). The lowest Cl concentrations are limited to slowly 
cooled units, generally < 2000 ppm with WGI largely near 
zero. PPF and co-ignimbrite MI show two distinct groups 
with Cl at ~ 4000 and ~ 8000 ppm. The majority of PPF MI 
cluster tightly at ~ 4000 ppm Cl with two PPF and all co-
ignimbrite MI ~ 8000 ppm. Sulfur concentrations span the 
full range from < 50–1000 ppm for all units (Fig. S3). The 
PPF MI range from < 450–600 ppm S and correlate with 
FeO and MgO. Other units generally follow these trends 
with two clear outliers, one LYT and one WGI MI.

Fig. 3   Binary Harker diagrams for selected major oxides (wt%) as a function of SiO2 concentrations in MI from this study (symbols with black 
outline) and the literature (faded symbols). Literature sources, unit symbols and colors are the same as in Fig. 2

Fig. 4   Binary diagrams of H2O as a function of Zr, Rb, and Ce  (in 
ppm) in MI from this study (symbols with black outline) and the 
literature (faded symbols). Colored bands mark the low-H2O (< 1 
wt%, n = 12; gray), moderate-H2O (2.02 ± 0.25 wt%, n = 31; blue), 

and high-H2O (3.38 ± 0.14 wt%, n = 3; purple) groups discussed in 
the text. Literature sources, unit symbols and colors are the same as 
Fig. 2
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Magmatic temperatures and pressures

Equilibrium temperatures (T, °C) and saturation pressures 
(P, bar) were calculated using clinopyroxene-liquid thermo-
barometry (T) and H2O-CO2 solubility modeling (P) and 
are given in Supplementary Tables S2 and S3. Temperature 
calculations require a value for pressure as a model input 
and pressure calculations require a temperature value, so 
we performed modeling iteratively. For all samples, iterative 
calculation of temperature and pressure matched within 1% 
relative after one iteration.

All temperature calculations were performed using the 
Python3 program Thermobar (v1.0.60; Wieser et al. 2021) 
with the clinopyroxene-liquid geothermometer equations of 
Masotta et al. (2013), which is calibrated for use on alka-
line samples. Model inputs are major oxide composition 
of the clinopyroxene and melt and pressure. Only nine MI 
have major element, H2O, and host clinopyroxene compo-
sitions. Eight of nine MI have consistent temperatures of 
930 ± 31 °C. The other MI is from the WGI unit and has 
a modeled temperature of 720 °C, which is anomalously 
low and does not agree with the range of published tem-
peratures for the WGI (e.g., Fulignati et al. 2004; Marianelli 
et al. 2006; Severs 2007; Fowler et al. 2007; Masotta et al. 
2013; Forni et al. 2016; Table S4). H2O-CO2 solubility has 
a minimal dependence of volatile solubility on temperature 
(Iacovino et al. 2021; Wieser et al. 2022), meaning our satu-
ration pressure calculations are not meaningfully affected 
by our selection of temperature. We calculated saturation 
pressures using three temperatures for the entire dataset of 
900, 950, and 1000 °C, which resulted in a < 5% relative 
decrease in pressure with increasing temperature for almost 
all samples (≤ 30 bar difference). The eight most H2O-poor 
samples decreased < 10% relative, constituting a pressure 
difference of ≤ 10 bar.

Thermobar also evaluates whether clinopyroxene-melt 
pairs are in equilibrium using multiple criteria, including 
several published KD(Fe-Mg)cpx-melt values, and quality of 
clinopyroxene analyses are evaluated based on measured 
Mg#, EnFs, DiHd, and CaTs. To assess the equilibrium of 
our clinopyroxene-MI pairs, we performed mineral-melt 
matching with Thermobar, which calculates all possible 
pairs for all clinopyroxenes against all glasses. Thirty-nine 
equilibrium pairs were found and produced modeled tem-
peratures within ± 10 °C of 950 °C. Thus, we report results 
using a temperature of 950 °C.

Saturation pressures were calculated for each MI with the 
Python3 program VESIcal (v1.2.10; Iacovino et al. 2021) 
using the model of Ghiorso and Gualda (2015; “Magma-
Sat”). Model inputs are melt major oxide composition, H2O 
and CO2 concentrations, and temperature. The dependence of 
H2O-CO2 solubility on magma composition is only significant 
when compositions are considerably different (e.g., basalt vs 

rhyolite; Iacovino et al. 2021; Wieser et al. 2022). For samples 
that have measured H2O concentrations but no EPMA, we use 
the average major element composition from other samples 
in the same unit for modeling purposes. CO2 concentrations 
were not measured in MI in this study, but CO2 solubilities are 
strongly dependent on pressure. Literature CO2 concentrations 
are universally low, with values below 250 ppm (e.g., Severs 
2007; Moretti et al. 2019). The majority of MI reported in the 
literature are below the detection limit of FTIR (~ 50 ppm; 
e.g., Signorelli et al. 1999; Marianelli et al. 2006). Pressures 
were calculated for all MI with CO2 concentrations of 0, 50, 
and 250 ppm. From 0 to 50 ppm CO2, pressures and depths 
increase by ~ 130% (1.3x) and from 50 to 250 ppm by ~ 200% 
(2x), on average. Campanian Ignimbrite MI with CO2 concen-
trations > 50 ppm are rare, so we focus here only on our calcu-
lations with 50 ppm, which represent a reasonable maximum 
pre-eruption pressure. Using our sample groupings defined 
in Sect. "Volatile concentrations", low-H2O samples have 
P ≤ 200 bar, moderate-H2O samples average 460 ± 72 bar, 
and high-H2O samples average 920 ± 70 bar. Average major 
element compositions, H2O concentrations, modeled storage 
pressures (and depths) are given in Table 3.

Pre‑eruption magma storage depths

We can use our modeled saturation pressures for moderate- and 
high-H2O MI to calculate the corresponding depth of MI storage 
within the crust just prior to eruption. We do not calculate pres-
sures for low-H2O MI since they experienced post-emplacement 
H+ loss and do not represent pre-eruptive equilibrium H2O con-
centrations.The pressure gradient of the crust in the region is not 
well constrained, with previous studies citing values that range 
between 150 and 270 bar/km (e.g., Fanara et al. 2015; Stock 
et al. 2018; Amstutz et al. 2025). Calculations over this range 
show a decrease in depth of 25% relative from 150 and 200 bar/
km and 35% relative from 200 to 270 bar/km.

For this discussion, we use the middle pressure gradient 
of 200 bar/km and pressures calculated for MI with 50 ppm 
CO2, which represent a reasonable maximum pressure for 
these MI, as discussed previously. Moderate-H2O samples 
indicate a storage depth of 2.3 ± 0.36 km, and high-H2O 
samples indicate a storage depth of 4.6 ± 0.35 km. All val-
ues are reported in Supplementary Table S2 and averages for 
each unit are given in Table 3.

Discussion

PDC deposits of the CI are typically several to tens of meters 
thick and, by analogy to other studied deposits including 
those of the nearby Vesuvius 79 CE eruption, cooled slowly 
(weeks to years; e.g., Giordano et al. 2018). H2O concen-
trations measured in Welded Gray Ignimbrite (WGI) and 
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Lithified Yellow Tuff (LYT) MI are universally low (as low 
as 0.05 wt% and in all cases < 1 wt%), which would imply 
unreasonably shallow magma storage depths assuming satu-
ration. PDC MI have a wide range in incompatible element 
concentrations (56–341 ppm Zr), reflecting fractionation pro-
cesses inconsistent with these low H2O values. Coupling this 
with the fact that these PDC units remained at temperatures 
> 580 °C during transport and emplacement (Cappelletti et al. 
2003; Ort et al. 2018), we interpret that these MI lost H2O via 
diffusive re-equilibration of hydrogen after emplacement (cf., 
Wallace 2001; Lloyd et al. 2013; Table S5). This interpreta-
tion is consistent with other studies of MI in ignimbrites (e.g., 
Lowenstern 2003), where MI are affected extensively by post-
emplacement hydrogen loss, resulting in very low (< 1 wt%) 
H2O concentrations. Three BU and two co-ignimbrite MI 
are also in the low-H2O group (Table S2) and probably do 
not represent magmatic conditions. We interpret all samples 
in the low- and low-moderate-H2O groups to be “degassed”, 
meaning that hydrogen was diffusively lost from the MI to 
the surrounding deposit after emplacement.

For assessment of the pre-eruptive conditions of the CI 
magmas, we focus on MI in the moderate- and high-H2O 
groups. This includes all Plinian Pumice Fall (PPF) MI, six 
of eight co-ignimbrite MI, and four BU MI. Given the lack of 
evidence for post-emplacement hydrogen loss coupled with 
melt compositions consistent with published values of unal-
tered melts, we consider the PPF a robust recorder of the con-
ditions in the magma chamber just prior to eruption, consist-
ent with a quickly cooled nature that typifies Plinian deposits.

The co-ignimbrite fallout was deposited concurrently 
with the WGI from the same PDC flow. Relatively high 
H2O contents matching those of the PPF suggest they were 
not subjected to slow post-emplacement cooling like the 
massive PDC deposits. The PDCs flowed outward from the 
vent as dilute currents, with a denser lowermost section 
depositing the ignimbrite (Fisher et al. 1993; Scarpati et al. 
2020). As the current lost solid material to sedimentation 
and expanded due to both magmatic gases exsolving from 
clasts and possible incorporation of air at its top, it became 
lighter and eventually ascended into the atmosphere to form 
a co-ignimbrite column, or “phoenix cloud” (e.g., Dobran 
et al. 1993; Silleni et al. 2024). This would mostly have hap-
pened at the farthest extent of its runout and possibly at the 
contact with the Apennine ridges (e.g. Calder et al. 1997; 
Dufek et al. 2015; Smith et al. 2016; Silleni et al. 2024). 
Silleni et al. (2020) estimate that the co-ignimbrite fallout 
is about the same volume as the ignimbrite, in agreement 
with numerical modeling of PDC/co-ignimbrite partitioning 
(Calabrò et al. 2022). The co-ignimbrite material depos-
ited as cold fallout at more distal localities represents the 
material in the PDC but without H+ loss from storage at 
high temperatures at surface pressures. There is a possibil-
ity that material deposited by the undercurrent in a PDC is 

weakly fractionated by density from the overriding current 
(which later becomes the co-ignimbrite plume), producing a 
small difference in the average composition of the two units 
(ignimbrite and co-ignimbrite). Both the host clinopyroxene 
composition and major and trace element compositions of 
the MI for the WGI and LYT overlap with the compositional 
range for the co-ignimbrite fallout. We therefore use co-ign-
imbrite fallout MI as a proxy for the magmatic conditions of 
the WGI and LYT. MI in the other fast-cooling units, such 
as the Unconsolidated Stratified Ash Flow (USAF), and 
portions of the Breccia Unit (BU), appear to have reliably 
maintained their H2O concentrations after emplacement and 
show ranges of values similar to the co-ignimbrite fallout.

Evidence for saturation of CI magmas prior 
to eruption

Increases in incompatible trace element concentrations of 
MI with decreasing CaO and MgO (Table 2) are expected 
for a magma crystallizing clinopyroxene, and indicate the 
CI magma was undergoing crystallization and continu-
ing to evolve throughout the period of MI entrapment. Zr 
behaves highly incompatibly in our MI, consistent with the 
lack of Zr-rich phases such as zircon in CI juvenile clasts, 
and comes from the same SIMS analyses as the H2O data. 
We thus use increasing Zr melt concentration as a proxy for 
increasing extent of crystallization of a parent magma.

MI in the initial phase of the eruption (PPF) have a large 
range, 85–599 ppm, of Zr concentrations. These fall into two 
groups, with Zr = 85–259 and Zr = 373–599 ppm, implying 
that MI record either an evolving magma at various stages 
during that evolution or two magmas that were evolving in 
different reservoirs (Fig. 4). PPF H2O concentrations remain 
consistent over this range with an average of 2.01 ± 0.27 
wt% H2O (n = 24), with no trend in H2O with major or trace 
element concentrations (Fig. 4). The magma hosting PPF 
MI outgassed at a pressure in equilibrium with this water 
concentration (460 ± 77 bar). This could be due to either: 1) 
long-term magma storage and fractionation occurring at this 
depth or 2) deep, already-fractionated magma ascending to 
this depth during the runup to the eruption, at which time the 
MI outgassed during a brief shallow storage period.

Re-equilibration and shallow storage is best preserved 
in PPF MI but is not unique to this unit. The majority of 
MI in the co-ignimbrite fallout and Breccia Unit fall in the 
moderate-H2O group. Altogether, moderate-H2O MI con-
centrations of 2.02 ± 0.25 wt% (n = 31) imply storage, satu-
ration, and re-equilibration at a similar pressure. We inter-
pret moderate-H2O MI as having a pre-eruptive pressure 
of 460 ± 72 bar, corresponding to a depth of 2.3 ± 0.36 km, 
which we term “shallow” magma storage.

The three MI with H2O above 3 wt% (3.38 ± 0.14 wt%, 
n = 3; two BU and one co-ignimbrite) constitute a very small 
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dataset but nonetheless deserve discussion. Studies of vola-
tiles in suites of MI often focus on those with the highest 
concentrations, particularly for H2O since they represent 
the least degassed samples. If these are representative of 
real MI populations, they indicate a second, deeper storage 
region. We can then consider high-H2O MI as having a pre-
eruptive pressure of 920 ± 70 bar, corresponding to a depth 
of 4.6 ± 0.35 km, which we term “deep” magma storage.

Simultaneous tapping of magma lenses at different depths 
was proposed by Cashman and Giordano (2014) as an alter-
native model to the classic withdrawal from a single zoned 
magma chamber. Either model may apply to the CI eruption 
although the roof of a sill complex may be more stable than a 
large chamber at very shallow depths. Opening of new vents 
and increased magma eruption rate during a caldera collapse 
could allow magmas to be sourced from deeper in the mag-
matic system, allowing for sampling of MI in equilibrium 
with magmas of higher H2O saturation limits.

Timescales of pre‑eruptive magma storage

Long-term storage of a hot magma body large enough to feed 
the CI at a depth of 2.3 km is difficult to explain given the 
potential geophysical instabilities this may pose. Voluminous 
silicic magma bodies are commonly interpreted to have “shal-
low storage” zones between 4–10 km (Wilson et al. 2021). 
Long-term shallow storage of CI magmas at only 2.3 km is 
unlikely given the increased propensity for roof collapse dur-
ing the storage period. We instead favor a hypothesis in which 
deep fractionated magma ascended to 2.3 km for a short pre-
eruptive period. In this model, the magma producing the PPF 
was briefly stored at a shallow pressure (460 ± 72 bar), with 
MI H2O concentrations re-equilibrating to the H2O saturation 
limit (2.02 ± 0.25 wt%) prior to eruption (Fig. 5). Therefore, 
moderate-H2O MI do not record the full magmatic volatile 
history in the CI but, rather, conditions during a short-lived, 
shallow storage event during which re-equilibration allowed 
hydrogen to escape from the MI while water exsolved from 
the magma. We modeled the hydrogen diffusion timescales 
in a Monte Carlo simulation over a conservative range of val-
ues to obtain the “worst case” scenario; i.e., where the mini-
mum time required for MI to completely re-equilibrate is the 
longest. Modeling results indicate that a pre-eruptive storage 
period as brief as 2–15 days prior to eruption is amply suffi-
cient to totally reset MI H2O concentrations (see Supplemen-
tary Material; Fig. S5; Table S5). Major and trace elements 
were not affected by this re-equilibration, as their diffusion 
rates are extremely slow by comparison (e.g., Cherniak and 
Dimanov 2010; Zhang et al. 2010), and so MI maintain the 
concentrations of those elements from the original conditions 
of entrapment. The Cl and S concentrations in MI from the 
slowly cooled deposits are significantly lower than those in the 
quickly cooled units, which may indicate that they diffuse on 

the time scales of cooling of the CI (minimum times on the 
order of 0.5–5 years based on hydrogen diffusion modeling).

Eruption dynamics

Two distinct melts fed the CI eruption, one relatively primi-
tive and the other relatively evolved (e.g., Smith et al. 2016). 
Matrix glass compositions in the first Plinian phase of the 
eruption (PPF) all correspond to the most evolved melt (Tom-
linson et al. 2012; Smith et al. 2016; Gallo et al. 2024). MI 
in PPF crystals, however, record both melts (Figs. 3, 4), sug-
gesting crystal exchange between the two magmas prior to 
shallow storage at 2.3 km. A large amount of space must have 
been made in the crust to account for the proposed shallow 
storage and re-equilibration of magmas supplying the CI erup-
tion. The eruptive volume of the Plinian Pumice Fallout alone 
is estimated to be 2–22 km3 DRE (Rosi et al. 1999; Marti et al. 
2016; Silleni et al. 2020), with the volume of the remaining 
units estimated at ~ 181–265 km3 DRE (Silleni et al. 2020).

Our model for CI magmatic system starts with storage 
of least evolved magma (Zr < 300 ppm) and entrapment of 

Fig. 5   Calculated equilibration pressures in bar assuming 50  ppm 
CO2 in MI (left y-axis) and corresponding depth estimates assuming 
a 200 bar/km pressure gradient (right y-axis) as a function of Zr con-
centration (x-axis) in melt inclusions from this study (symbols with 
black outline) and the literature (faded symbols). Literature sources, 
unit symbols and colors are the same as in Fig. 2. MI in the high-H2O 
group (3.38 ± 0.14 wt%, n = 3; two BU and one co-ignimbrite; purple 
band) correspond to an equilibration depth of 4.6 ± 0.35 km (920 bar) 
representing a region of “deep” pre-eruption storage and potentially 
a reservoir where the two CI magma types exchanged crystal cargo. 
All PPF and most co-ig MI, which are the fastest cooled units sam-
pled, plus two BU MI are in the moderate-H2O group and contain 
2.02 ± 0.25 wt% H2O (n = 31; blue band) corresponding to an equili-
bration depth of 2.3 ± 0.36 km (460 bar). In this region, primitive and 
evolved MI from both CI magma types are represented by trace and 
major element concentrations, suggesting crystal exchange between 
the two magmas at a deeper region followed by a brief period of 
magma storage at 2.3  km, during which H2O concentrations were 
“reset” to a consistent ~ 2 wt% via diffusive reequilibration. MI below 
200  bar (1  km; gray bar) are considered degassed, consistent with 
slowly cooled units plotting exclusively in this region
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H2O-rich melt inclusions (6 wt%; Marianelli et al. 2006) 
at ~ 9 km depth (Fig. 6), followed by migration of the magma 
to 4.6 ± 0.35 km (~ 3.4 wt% H2O; ~ 920 bar) with concomi-
tant differentiation of magma in discrete sills (Fig. 6), simi-
lar to the model of Cashman and Giordano (2014). The first 
erupted unit, the Plinian Pumice Fallout (PPF), is entirely 
sourced from the evolved melt, as indicated by matrix glass 
compositions. MI in PPF clinopyroxene crystals, however, 
contain both primitive and evolved glass compositions, indi-
cating crystal exchange between the two melts. Because all 
PPF MI have H2O contents of ~ 2 wt%, we suggest that fur-
ther magma ascent and shallow storage of evolved magma at 
2.3 ± 0.25 km depth (~ 2 wt% H2O; ~ 460 bar) occurred after 
differentiation and crystal exchange and just prior to erup-
tion. The consistent H2O contents across MI glass composi-
tions were caused by re-equilibration of MI H2O contents via 
hydrogen diffusion over 1–2 weeks time period. The Brec-
cia Unit erupted during caldera collapse over a geographi-
cally large range of vents, sampling magma sourced from 
all magma storage depths in the overall eruption (Fig. 6). 
Some parts of the Breccia Unit cooled quickly, perhaps due 
to incorporation of cold breccia clasts.

Magma sills may have extended laterally beneath the 
entire caldera and probably outside the caldera bounda-
ries. Eruption from laterally extensive discrete sills could 
account for the localized spatter deposits observed a few 
kilometers outside the caldera limits, such as at San Mar-
tino and on the island of Procida (Fedele et al. 2008; Orsi 
2022). Storage and brief re-equilibration of magmas in dis-
crete sills in the shallow crust explains the limited range in 
water concentrations with a wider range in incompatible 
element concentrations in MI. Growth of a large contiguous 
magma body to such shallow depths would require a gradu-
ally thinning roof. Rapid intrusion of a sill, followed quickly 
by eruption days to weeks later, would allow for magma 
re-equilibration and magma outgassing but not require a 
thin roof to be stable over a long period. Additionally, the 
presence of multiple separate magma bodies beneath Campi 
Flegrei and possible associated pre-eruptive tumescence 
could explain the limited caldera subsidence associated 
with the eruption of the CI (De Natale et al. 2016). Defin-
ing a specific geometry of storage conditions is beyond the 
scope of our current knowledge.

It is uncertain what the H2O concentrations of these MI 
were at the time of entrapment since all of the MI in this 
study show evidence of re-equilibration. Marianelli et al. 
(2006) report MI with up to 6 wt% H2O in the CI, which we 
suspect represent batches of magma that came up quickly 
to feed the eruption but were not found in the samples we 
studied. This can be envisaged as a possible starting con-
centration, which implies that up to 4 wt% H2O of excess 

vapor phase could have been lost via re-equilibration just 
prior to eruption. Exsolution of H2O from the magma may 
have occurred within a two-week period, but the gas could 
take longer than this to escape the entire system. If pre-
sent at the time of eruption, an excess 4 wt% H2O in the 
vapor phase would have supplied abundant hot gas at the 
eruption onset, providing the driving force for the gas-rich, 
expanded PDC.

Comparison to later eruptions of Campi Flegrei

The CI eruption was the first known caldera-forming 
eruption of Campi Flegrei and the volcanic field remains 
active today. The proposed geometry of shallow sills and 
re-equilibration of magmas supplying the CI eruption is 
a larger scale version of proposed mechanisms for more 
recent small eruptions from vents within the caldera (e.g., 
Stock et al. 2016, 2018). Eight eruptions in Campi Flegrei 
from the past 15 kyr have been investigated via MI and 
apatite crystals for volatile concentrations (Stock et al. 
2016, 2018). MI studied in the < 15 kyr eruptions typically 
contain ~ 2–4 wt% H2O, similar to the H2O concentrations 
in this study (Stock et al. 2016, 2018). Stock et al. (2016) 
proposed that the young MI were affected by extensive 
hydrogen diffusion after entrapment, resetting H2O con-
tents. This is the same mechanism proposed in this study, 
but the CI re-equilibration and storage occurred simultane-
ously on a much larger scale.

Analysis of apatite crystals from the < 15-ka Campi 
Flegrei deposits suggest the melts that fed those eruptions 
underwent shallow storage and late-stage volatile saturation. 
Two trends in volatile compositions of apatite crystals were 
observed, one belonging to conditions of volatile-undersat-
urated crystallization and one of volatile-saturated crystal-
lization (Stock et al. 2016, 2018). For the CI magmas, there 
is evidence for volatile undersaturation (e.g., Fanara et al. 
2015) earlier in the magmatic history than what the MI in 
this study record, with shallow storage and volatile saturation 
occurring close to the time of eruption. We propose that the 
same processes are at play with both small and large erup-
tions in Campi Flegrei. Magmas are volatile undersaturated, 
then move to shallow storage in which re-equilibration and 
volatile saturation occur, and the eruption commences shortly 
after reaching volatile saturation.

Calculated depths of 2–3 km for the Campanian Ignim-
brite and the < 15 kyr eruptions (Stock et al. 2016, 2018; 
Amstutz et al. 2025) are similar to the depth of recent sill 
emplacement in Campi Flegrei (e.g., Zollo et al. 2008; De 
Siena et al. 2010; Isaia et al. 2025). This suggests that these 
processes may have been, and continue to be, important in 
the Campi Flegrei system.
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Fig. 6   Illustrative sketches 
showing the proposed model 
for the plumbing system that 
fed the Campanian Ignimbrite. 
(a) Magma migration into sills 
at shallow levels (~2-5 km) 
from the deeper system, which 
is inferred by the H2O-rich (~6 
wt%) melt inclusions reported 
by Marianelli et al. (2006), that 
correspond to a depth of ~9 km. 
The uppermost, most evolved 
magma, as indicated by lighter 
coloration, is shallowly stored 
(~2.3 km) and allows re-equili-
bration via hydrogen diffusion 
of melt inclusions to ~2 wt% 
H2O. A less evolved magma, 
as indicated by darker colora-
tion, is stored at greater depth 
(~4.6 km), and melt inclusions 
re-equilibrate via hydrogen dif-
fusion to ~3.4 wt% H2O as the 
magma stalls on the way to the 
surface. (b) Eruption of Plinian 
Pumice Fallout, resulting in 
deposits with melt inclusions 
containing ~2 wt% H2O. (c) 
Eruption of the less evolved 
CI magma, which erupts along 
with the other melt, produc-
ing PDCs and co-ignimbrite 
fallout. These erupted magmas 
are sourced from sills at various 
depths, evidenced by a range of 
melt inclusion H2O concentra-
tions. Deeper storage and faster 
rates of discharge allow for 
higher H2O and lower zirco-
nium concentration
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Conclusions

The first phase of the CI eruption was fed by magma that 
was stored shallowly for up to 2 weeks prior to eruption. 
During this shallow storage, re-equilibration of magmatic 
water concentrations occurred, as testified by the recognition 
of two groups of clinopyroxene-hosted MI: a moderate-H2O 
group with 2.02 ± 0.25 wt% H2O (n = 31) correlating to shal-
low storage at 2.3 ± 0.36 km (460 ± 72 bar); and a high-H2O 
group with 3.38 ± 0.14 wt% H2O, correlating to deep stor-
age at 4.6 ± 0.4 km (920 ± 70 bar). The highest published 
H2O concentration in these units is 6 wt% (Marianelli et al. 
2006), suggesting that as much as ~ 4 wt% H2O was lost dur-
ing shallow storage and re-equilibration. If the excess fluid 
did not escape the magmatic system (to the surface or wall-
rocks), it may have provided a gas source for the immediate 
expansion of PDCs emplacing the CI deposits.

Previous models of the CI magma system envisaged the 
storage system as deep (7–9 km) in large pods (Arienzo et al. 
2009, 2011), consistent with what we model as the notional par-
ent magma recorded by MI with 6 wt% H2O (Marianelli et al. 
2006). However, with evidence of shallow storage, the immedi-
ately pre-eruptive CI magmatic system can now be envisaged as 
a vertically extensive storage system with sills at multiple levels.
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