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G E O C H E M I S T R Y

Garnet petrochronology reveals the lifetime 
and dynamics of phonolitic magma chambers at 
Somma-Vesuvius
Jörn-Frederik Wotzlaw1*, Lena Bastian1, Marcel Guillong1, Francesca Forni2, Oscar Laurent1,3, 
Julia Neukampf1,4, Roberto Sulpizio5,6,7, Cyril Chelle-Michou1, Olivier Bachmann1

Somma-Vesuvius is one of the most iconic active volcanoes with historic and archeological records of numerous 
hazardous eruptions. Petrologic studies of eruptive products provide insights into the evolution of the magma 
reservoir before eruption. Here, we quantify the duration of shallow crustal storage and document the evolution 
of phonolitic magmas before major eruptions of Somma-Vesuvius. Garnet uranium-thorium petrochronology 
suggests progressively shorter pre-eruption residence times throughout the lifetime of the volcano. Residence 
times mirror the repose intervals between eruptions, implying that distinct phonolite magma batches were 
present throughout most of the volcano’s evolution, thereby controlling the eruption dynamics by preventing 
the ascent of mafic magmas from longer-lived and deeper reservoirs. Frequent lower-energy eruptions 
during the recent history sample this deeper reservoir and suggest that future Plinian eruptions are unlikely 
without centuries of volcanic quiescence. Crystal residence times from other volcanoes reveal that long-lived 
deep-seated reservoirs and transient upper crustal magma chambers are common features of subvolcanic 
plumbing systems.

INTRODUCTION
Volcanic hazards threaten the lives of millions of people worldwide. 
The most violent eruptions produce widespread ash falls and pyro-
clastic flows that can destroy entire cities far beyond the slopes of 
the volcanic edifice. Somma-Vesuvius, an active stratovolcano 
located in the Campanian Plain (Southern Italy), has a remarkably 
well-preserved record of hazardous eruptions because of written docu-
ments of Roman and Christian chroniclers and archeological exca-
vations (1–4). The eruption of AD 79 is the most prominent in the 
volcano’s history as it was documented in detail by Pliny the Younger 
and buried the Roman cities of Pompeii and Herculaneum (1, 2). The 
volcanological record provides evidence for several similar explosive 
eruptions including a total of four large Plinian and several sub-Plinian 
events during the past ~22,000 years (5, 6). Juvenile pyroclasts and 
the crystal cargos of erupted products provide insights into the pre- 
eruption storage conditions (7, 8), magma ascent paths (9, 10), and 
potential eruption triggers (11). Magma storage conditions are further 
constrained experimentally, suggesting progressive upward migration 
of the magma chamber beneath Somma-Vesuvius, consistent with 
pressure estimates based on geochemical data (12, 13).

However, the lifetime of the eruption-feeding magma chambers 
and the processes from magma chamber assembly to eruption 
remain poorly constrained. This is largely due to the absence of 
actinide-rich accessory minerals such as zircon and allanite that 
have been used at other active and dormant volcanoes to quantify 

the time scales of pre-eruption upper crustal magma storage using 
U-series dating (14–18). Determining both the duration of pre- 
eruption storage and the processes operating from magma assem-
bly to eruption is important to assess whether eruptible magma is 
readily available or whether magma bodies are noneruptible for 
most of their lifetime. Current models developed at other volcanoes 
are inconclusive. Some favor storage at near-solidus temperature or 
even below solidus, therefore requiring large-scale reheating before 
eruption to mobilize highly crystalline magmas (19–22). Others fa-
vor prolonged storage in an eruptible state (17). Moreover, most of 
these studies focus on evolved calc-alkaline arc volcanoes, but it re-
mains unclear whether these models are also applicable to alkaline 
volcanoes such as Somma-Vesuvius.

At Somma-Vesuvius, a single U-Th isochron date obtained from 
two multigrain garnet fractions and milligram quantities of bulk 
rock and glass from the 8890-year-old Mercato eruption provides 
the only evidence for extended pre-eruption storage of phonolite 
magmas that produce the most voluminous and hazardous eruptions 
(23). This would imply that voluminous melt-rich reservoirs are 
present for several thousand years before erupting violently. How-
ever, these time scales are still significantly shorter than crystal resi-
dence times inferred from U-Th isotope systematics of major 
phenocrysts in phono tephrites of the 1944 eruption (24), suggesting that 
mafic magmas are stored much longer [up to ~40 thousand years (ka)] 
beneath Vesuvius and/or old crystals are recycled into younger 
eruptive products. To better constrain the time scales and condi-
tions of phonolite magma storage, we use recently developed tech-
niques that allow in situ U-Th disequilibrium dating of Ca-rich 
garnet phenocrysts at the subcrystal scale using laser ablation in-
ductively coupled plasma mass spectrometry (LA-ICPMS) (25). 
Combined with detailed textural and geochemical characterization 
of a subset of U-Th–dated crystals, this provides a comprehensive 
petrochronology framework for assessing the time scales and dy-
namics of magma storage beneath Somma-Vesuvius. We integrate 
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our results from Somma-Vesuvius with data from other volcanoes 
worldwide to investigate variable storage regimes and constrain the 
processes and parameters controlling the duration of subvolcanic 
magma storage.

RESULTS
Garnet U-Th isotope systematics
We performed a total of 738 U-Th isotope analyses on both crystal 
interiors and outermost rims of unpolished garnet crystals from 
four major Plinian and sub-Plinian eruptions of Somma-Vesuvius 
(see Materials and Methods for details): The 8890 years before the 
present (B.P.) Mercato eruption (26), the 3950 years B.P. Avellino 
eruption (4, 27), the AD 79 (Pompeii) eruption (1, 2, 7), and the AD 
472 (Pollena) eruption (28, 29). U-Th isotope systematics of garnet 
phenocrysts yield well-defined internal isochrons (Fig. 1), providing 
precise estimates of garnet crystallization ages. The observed spread 
in (238U)/(232Th), particularly in the case of the Avellino garnets, is, 
in part, related to small apatite inclusions with low U/Th ratios. 
These small inclusions are likely related to boundary layer crystalli-
zation and are therefore considered isochronous with the garnet host 
(30). This is consistent with isochrons obtained only from inclusion- 
free analyses, yielding indistinguishable but less precise dates. We 
therefore do not consider these inclusions to compromise the inter-
pretation of the isochron dates as garnet crystallization ages.

Interior domains of garnet phenocrysts extracted from pumices 
of the 8890 years B.P. Mercato eruption (26) yielded a U-Th iso-
chron date of 14.56 ± 1.25 ka (all uncertainties are 95% confidence 
intervals including overdispersion; Fig. 1). This is in excellent 
agreement with the bulk garnet-glass–whole rock isochron date of 
14.4 ± 1.1 ka reported by Scheibner et al. (23). Outermost crystal 
surfaces of Mercato garnets did not yield sufficient spread in U/Th 
to calculate a meaningful isochron, but all analyses overlap with the 
isochron of the crystal interiors. Mercato garnets yielded the lowest 
initial (230Th)/(232Th) of all analyzed samples (0.823 ± 0.050).

Interior domains of garnet from the 3950 years B.P. Avellino 
eruption (4, 27) yielded U-Th isochron dates of 8.93 ± 0.29 ka for 
crystals from the early erupted phonolitic white pumices and 
8.81 ± 0.47 ka for crystals from the tephriphonolitic gray pumices. 
Analyses of outermost crystal surfaces of garnets from the white 
pumices yielded a U-Th isochron date of 8.01 ± 0.95 ka that is within 
uncertainty of the crystal interiors but consistent with a younger age 
based on crystal stratigraphy. Surface analyses of garnets from the gray 
pumices did not yield a meaningful isochron because of the limited 
number of analyses, but individual analyses are all overlapping with 
the interior domain isochron. Avellino garnets from white and gray 
pumices yielded (230Th)/(232Th) of 0.850 ± 0.011 and 0.830 ± 0.015, 
respectively (Fig. 1), within uncertainties identical to Mercato garnets.

Garnets from the historic AD 79 Pompeii (1, 2, 7) and the AD 
472 Pollena eruptions (28, 29) yielded indistinguishable U-Th iso-
chron dates. Garnets extracted from the white pumices of the Pompeii 
eruption yielded a U-Th isochron date of 3.31 ± 0.99 ka, and garnets 
from the gray pumices yielded an isochron date of 2.82 ± 0.95 ka. 
Garnets from the Pollena eruption yielded an isochron date of 
2.32 ± 1.42 ka that was previously reported by Wotzlaw et al. (25). 
While these dates are overlapping within uncertainty, the initial 
(230Th)/(232Th) is distinct between the Pompeii and Pollena, with 
Pollena garnets having a significantly higher initial (230Th)/(232Th) 
(Fig. 1).
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Fig. 1. Map of Mount Somma-Vesuvius and garnet U-Th isotope systematics. 
(A) Location map (25) showing sampling localities of sample analyses in this study. 
MER, Mercato; AVE, Avellino; POM, Pompeii; POL, Pollena. (B) U-Th isotope systematics 
of garnet phenocrysts. Isochron calculations were performed using IsoplotR (49). 
All data are plotted with 2 analytical uncertainties, and isochron dates and intercepts 
are reported with 95% confidence intervals including overdispersion. Analyses of 
outermost crystal surfaces are shown as light gray ellipses but were not included in 
isochron calculations. All U-Th isotopic data displayed in this figure are provided in 
table S5. MSWD, mean square weighted deviation.
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Major and trace element composition of garnet phenocrysts
Compositional variations of garnet phenocrysts provide insights 
into magma reservoir dynamics and heterogeneity during garnet growth. 
Each eruption shows compositionally distinct garnet populations, 
but garnets from the phonolitic (white) and tephriphonolitic (gray) 
pumices are compositionally indistinguishable in the geochemically 
zoned deposits (Fig. 2), suggesting that they crystallized from similar 
host melts before the development of the compositional layering. 
Garnets display variations from slightly to strongly fractionated rare 
earth element (REE) patterns, caused by heavy rare earth element 
(HREE) concentrations ranging over two orders of magnitude. As 
garnet controls most of the REE budget in Vesuvius phonolites (31), 
these variations are caused by variable HREE depletion of the 
melt during crystallization of a garnet-bearing mineral assemblage. 
Avellino, Pompeii, and Pollena garnets also display moderate Eu 
anomalies, and the most fractionated garnets are depleted in the 
lighter HREE (e.g., Er) relative to heavier HREE (Fig. 2), consistent 
with cocrystallization of feldspar, amphibole, and pyroxene, respec-
tively. Pollena garnets have the least pronounced Eu anomaly 
because of cocrystallization of leucite instead of sanidine. These 
observations are in line with phase equilibria experiments (12) and 
inclusions of these minerals in analyzed garnets. Mercato garnets 
are the least fractionated with respect to HREE depletion, consistent 
with the crystal-poor nature of the Mercato pumices. They do, 
however, have the most pronounced Eu anomaly, suggesting that 
the Mercato magma underwent extensive feldspar fractionation be-
fore melt extraction and garnet crystallization.

Garnet phenocrysts of the Mercato eruption are homogeneous 
with respect to major and trace element composition (Fig. 2) (31), 
consistent with the limited geochemical variability in Mercato pumices 
(32). In contrast, garnets from the Avellino, Pompeii, and Pollena 
eruptions are compositionally zoned in major and trace elements 
(Figs. 2 and 3, and fig. S3). These complex zoning patterns reflect 

large-scale heterogeneities and dynamic compositional fluctuations 
in the host magmas during magma assembly and crystallization. In 
our samples of the Avellino, Pompeii, and Pollena eruptions, most 
garnets have reverse zoning with more HREE depleted cores and 
less depleted rims (Figs. 2 and 3). This is accompanied by only minor 
variations in feldspar-compatible elements (e.g., Sr, Eu/Eu*), sug-
gesting that only minor feldspar cocrystallized with garnet (Fig. 2). 
Comparison of garnet compositions between the different erup-
tions (fig. S4) shows that trace elements that are not strongly con-
trolled by garnet fractionation (e.g., Sr, Zr, and Eu/Eu*) mirror the 
progressively less evolved magma compositions throughout the 
lifetime of the volcano, providing insights into the long-term evolu-
tion of the Vesuvius magma plumbing system.

DISCUSSION
Time scales and conditions of magma storage before Plinian 
and sub-Plinian eruptions of Somma-Vesuvius
As garnet is an integral part of the phonolite mineral assemblage 
and the crystallization sequence is well constrained by experiments 
(12), garnet crystallization ages provide tight constraints on the upper 
crustal residence time of the phonolitic magmas before eruption. 
Mean pre-eruption residence times are here computed as the differ-
ence between the mean garnet crystallization age and the eruption age 
(Fig. 4). Garnets from the Mercato eruption crystallized 5.67 ± 1.25 ka 
before eruption, and garnets from the gray and white pumices of the 
Avellino eruption record 4.87 ± 0.47 ka and 4.99 ± 0.29 ka of pre- 
eruption residence time. Garnets from the Pompeii eruption crys-
tallized within 0.91 ± 0.95 ka and 1.40 ± 0.99 ka of the eruption, 
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while garnets from the sub-Plinian Pollena eruption crystallized 
within uncertainty of the eruption age with a computed residence 
time of 0.81 ± 1.42 ka. We did not find any evidence for recycling of 
garnets from previous eruptions. We considered this possibility espe-
cially for the younger eruptions with overlapping U-Th dates, but 
Pompeii and Pollena garnets are distinct with respect to their initial 
Th isotopic and trace element compositions (Figs. 2 and 4, and fig. S4).

Important observations are that the pre-eruption residence 
times decrease throughout the lifetime of the volcano and that 
they scale with the progressively shorter repose intervals (Fig. 4). 
Garnets from the prehistoric Mercato and Avellino eruptions re-
cord rather long pre-eruption storage, while the historic Pompeii 
and Pollena eruptions are preceded by much shorter upper crust-
al storage. Storage time scales seem to be independent of erupted 
volume or storage pressure (Fig. 4). The shift to shorter residence 
times in the two younger eruptions does not coincide with the 
upward migration of the magma reservoir that is only recorded 

after the Pompeii eruption (Fig. 4) (12, 13). The shorter residence 
times of the Pompeii and Pollena garnets can also not be ex-
plained by later garnet crystallization in these magmas—at 200 MPa, 
garnet is stable in Mercato, Avellino, and Pompeii phonolites at 
temperatures between 780° and 820°C and even at higher tempera-
tures in the Pollena phonolite (12). Garnet is also stable over a 
much larger pressure range in the Pompeii and Pollena phonolites 
compared to the narrow pressure window of garnet stability in 
the older eruptions (12). Phase equilibria therefore do not explain 
the shorter garnet residence time in the Pompeii and Pollena 
magmas. We therefore interpret garnet residence times as directly 
recording the duration of pre-eruption magma storage in the upper 
crustal reservoir.

Our estimates of upper crustal storage time scales based on gar-
net U-Th dates are significantly longer than residence time esti-
mates based on sanidine and clinopyroxene crystal size distributions 
(CSDs) of Somma-Vesuvius phonolites (101 to 102 years) (33) and 
Ba diffusion in sanidine from the AD 79 eruption (101 years) 
(11). Such systematic differences between U-series–derived miner-
al crystallization ages and time scales based on CSD and trace ele-
ment diffusion are well documented at other volcanoes (19). The hiatus 
between these chronometers has been interpreted to reflect inter-
vals of magma storage at low temperature followed by rapid remo-
bilization before eruption. However, the short crystal residence 
times of phonolitic magmas calculated from sanidine crystal sizes 
have large uncertainties associated with crystal growth rates, and 
sanidine crystal sizes in our sample of the Avellino eruption are 
larger (up to ~4-mm length) than those reported by Pappalardo and 
Mastrolorenzo (33) (up to ~1-mm length). This would substantially 
reduce the discrepancy between the CSD-derived residence times 
and our garnet crystallization ages. Furthermore, phenocryst CSD 
time scales reflect the duration of crystal growth independent of the 
absolute timing relative to the eruption. Time scales based on Ba 
diffusion in sanidine only record the timing of high-Ba rim growth 
associated with pre-eruption recharge and cumulate melting 
(11, 34) while sanidine cores may be resolvably older. The last re-
charge events that caused the compositional zoning of the magma 
chamber are not recorded by garnet phenocrysts, but our U-Th 
dates reveal the longevity of the phonolitic magma in the shallow 
subvolcanic reservoir.

The last mafic recharge events that caused the compositional 
layering of the Avellino and Pompeii deposits and presumably trig-
gered these eruptions are not recorded by garnets as all garnets crys-
tallized before the mafic recharge. The reverse zoning patterns of the 
Avellino and Pompeii garnets, however, suggest that the eruption- 
feeding magma reservoirs were assembled from progressively less 
evolved magmas. Garnet cores crystallized from a melt that was 
more evolved than the white phonolitic pumice glass, while later 
magma batches were less evolved (Fig. 3). The relationship between 
garnet rims and their host pumices further provides constraints on 
the extent of magma mixing during recharge events after garnet 
crystallization. Garnet rims of the Avellino eruption are close to 
trace element equilibrium with the phonolitic glass of the white 
pumice deposits that represent the topmost part of the magma 
chamber (Fig. 3). In contrast, garnet rims of the Pompeii eruption 
have more evolved trace element compositions than expected based 
on published partition coefficients (Fig. 3). This suggests that the 
upper part of the Avellino phonolite magma was unaffected by 
the recharge event that caused the compositional layering, while the 
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recharge event that caused the compositional zoning of the Pompeii 
deposit also affected the phonolitic top of the reservoir. This is con-
sistent with the larger proportion of “gray” magma in the Pompeii 
deposits and the less evolved glass composition of the Pompeii pho-
nolite pumices that have distinctly higher Ba, lower Zr, and less 
fractionated REE patterns compared with Avellino and Mercato 
pumices (fig. S2). The garnet-glass trace element disequilibrium 
therefore suggests that the resident phonolitic magma of the Pompeii 
eruption was similarly evolved as the Avellino and Mercato phonolites 
before mafic recharge. The fractionated trace element compositions 
of Pollena garnets (Fig. 2) suggest a similarly evolved phonolitic 
magma before extensive mafic recharge that affected the entire 
reservoir to produce the compositionally zoned but predominantly 
tephriphonolitic magma chamber.

Prolonged phonolite storage controls eruption dynamics
Garnet residence times scale with the progressively shorter repose in-
tervals, suggesting that the phonolite reservoir was refilled rapidly after 
each eruption and that phonolitic magma was present in the upper 
crust throughout most of the volcano’s lifetime. This is best resolved 
for the Avellino garnets that are indistinguishable in age from the Mercato 
eruption (Fig. 4). Pompeii garnets are slightly younger than the Avellino 
eruption but overlap with the sub-Plinian eruptions of the AP interval 
(35), and Pollena garnets are indistinguishable in age from the Pompeii 
eruption. The intervals between garnet crystallization and eruption 
coincide with intervals of volcanic quiescence (6, 36). The only re-
cord of volcanic activity between the Mercato and Avellino eruptions 
are ash layers that have glass compositions more consistent with being 
derived from Campi Flegrei (36). This suggests that the presence of 
phonolitic magma in the upper crust controlled the eruption dynam-
ics of Somma-Vesuvius by preventing the ascent and eruption of less 
evolved magmas from deeper crustal reservoirs. Frequent lower-energy 
mafic eruptions during more recent times suggest that no phonolitic 
magma was present since the Pollena eruption. Future large-volume 
Plinian eruptions, often considered the worst-case scenario for future 
eruptions of Vesuvius (4), are therefore unlikely without several cen-
turies of volcanic quiescence. The last eruption of Vesuvius occurred 
in 1944, and therefore, the volcano has been in repose for almost 
80 years. That is still substantially shorter than the repose intervals and 
magma residence times before most large-volume Plinian and sub- 
Plinian eruptions (36). The laterally extensive seismic attenuation zone 
detected at about 8-km depth beneath Vesuvius (37) might reflect a 
growing phonolitic magma body as suggested by Scaillet et al. (12) 
based on the similarity between the storage depth of previous phono-
lite magma chambers and the depth of the seismic attenuation zone. 
However, as the composition of the current magma body beneath 
Vesuvius is unknown, this seismic attenuation zone may alternatively 
be part of the tephritic magma supply system. Only future eruptions 
will reveal the true nature of this magma body, but if it is phonolitic, a 
large-volume Plinian eruption would likely require a substantially 
longer repose interval. Smaller-volume sub-Plinian events similar to 
the AD 1631 eruption are nonetheless possible, as they may not re-
quire such extended repose times.

Long-term evolution of the Somma-Vesuvius plumbing system
The time scales of shallow phonolite magma storage derived from 
garnet U-Th ages are significantly shorter than most crystal resi-
dence times in phonotephrites of the 1944 eruption (24). U-Th 
isochrons for major phenocrysts yielded crystal residence times 

between 12 and 39 ka. Only a groundmass-leucite pair yielded a 
U-Th age indistinguishable from the eruption age recording either 
short storage in a shallow subvolcanic magma chamber before 
eruption or groundmass crystallization during decompression (24). 
The older crystal ages suggest the presence of a deeper-seated and 
long-lived mafic to intermediate reservoir from which the tephritic 
lavas and tephras are derived directly whereby old crystals are recycled 
and scavenged during ascent. The shorter residence times of garnet 
phenocrysts and their trace element compositions suggest that 
phonolites are extracted as highly evolved crystal-poor magmas to 
produce upper crustal chambers that feed Plinian and sub-Plinian 
eruptions. In the upper crustal reservoir, these evolved phonolites 
undergo variable degree of crystallization and are substantially modi-
fied by later recharge events recorded by compositional and isotopic 
variations of major mineral phases (i.e., clinopyroxenes and feldspar) 
and hosted melt inclusions (7, 8, 11, 27, 32). Such a polybaric 
magma supply system has also been envisioned by Pappalardo and 
Mastrolorenzo (33), but they suggested substantially shorter phonolite 
storage and differentiation time scales.

Extraction of phonolitic melts from a common long-lived deep 
reservoir is also reflected in the temporal evolution of the initial Th 
isotopic composition (Fig. 4D) and garnet trace element composi-
tions (fig. S4). The evolution from the Mercato to Pompeii eruption 
is consistent with closed-system radioactive decay with a (238U)/
(232Th) of 1.2, which is the measured (238U)/(232Th) in Mercato bulk 
pumices (23). Higher initial (230Th)/(232Th) of Pollena garnets re-
quires either a distinct source magma with higher (238U)/(232Th) or 
assimilation of high U/Th crust such as shallow crustal carbonates. 
The shift in Th isotope composition from the Pompeii to Pollena 
eruption coincides with the upward migration of the magma reser-
voir (Fig. 4) (12) into shallow carbonate wall rocks and is consistent 
with progressively more carbonate assimilation inferred from stable 
and radiogenic isotopes (38, 39). Most notably, post–472 AD erup-
tions have more silica-undersaturated compositions and 87Sr/86Sr 
ratios that correlate with trace element ratios indicative of carbon-
ate assimilation (38). 87Sr/86Sr ratios of phenocrysts further become 
more radiogenic with decreasing crystallization pressure, reflecting 
shallow open system behavior (38). Because of the large Th isotopic 
contrast between the carbonate wall rock and the phonolite magma, 
initial (230Th)/(232Th) ratios are sensitive tracers for carbonate as-
similation and may be used more systematically in the future to 
quantify the impact of such shallow open system behavior at Vesuvius 
and elsewhere.

Discrete magma storage regimes in subvolcanic magma 
plumbing systems
The compositional dependence on magma storage times identified 
at Somma-Vesuvius may be a more general feature of volcanoes 
worldwide that point toward variable magma storage regimes in 
volcanic plumbing systems. We expanded a global compilation of 
U-series–derived crystal residence times (19) and compiled the cor-
responding bulk rock compositions to investigate the relationship 
between crystal residence time and host magma composition (table S6). 
We further compiled zircon U-Th data and corresponding host 
magma compositions from a variety of volcanoes in arc and intraplate 
settings to assess differences in storage time scales recorded by major 
phenocrysts compared to accessory minerals (table S7).

The compilation of major phenocryst residence times reveals 
that crystals from evolved dacitic to rhyolitic and phonolitic magmas 
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[MgO < 2 weight % (wt %)] predominantly yield short residence 
times between ~1 and ~10 ka (Fig. 5A). Less evolved andesitic to 
basaltic magmas yield a much broader range of residence times be-
tween <1 and ~100 ka with a mode between 10 and 100 ka. The data 
distribution in composition versus residence time space of the glob-
al dataset strongly resembles the distribution of Somma-Vesuvius 
phonolites and phonotephrites (Fig. 5A). This similarity allows us 
to reconcile the global data distribution in the context of variable 
crustal storage regimes identified at Somma-Vesuvius including (i) 
ephemeral shallow crustal storage of andesitic to basaltic lavas, (ii) 
prolonged deep crustal storage of intermediate to mafic mushes 
from which old crystals are scavenged during ascent and incorpo-
rated into younger eruptions, and (iii) upper crustal storage of 
highly evolved dacitic/rhyolitic and phonolitic magmas after ex-
traction of crystal-poor magma from a deeper crystal mush 
(Fig. 5A). Compiled major phenocryst U-Th data are from bulk 
mineral separates comprising hundreds of crystals, while our garnet 
U-Th dates are from in situ analyses, thereby avoiding averaging 
crystals with potentially different crystallization ages. The similar 
residence times of Somma-Vesuvius phonolites and evolved magmas 
from other volcanoes suggest that recycling of older phenocrysts is 
less common in the more evolved rocks that are generated by 
efficient melt extraction from silicic mushes compared with more 
mafic systems.

Zircon U-Th geochronology–derived residence times appear to 
increase with increasing MgO of the host magma independent of 
geodynamic setting (subduction related versus intraplate magma-
tism; Fig. 5B). Relative to the major phenocryst data, the zircon data 
from silicic to intermediate rocks are slightly shifted toward longer 
residence times and data for mafic magmas (>5 wt % MgO) are not 
available. The latter aspect is easily explained by zircon only saturat-
ing in evolved magmas (40). The longer zircon residence times for 
evolved magmas may be explained either by zircon recording a longer 
crystallization interval or by recycling of older zircons from earlier 
magma batches. In the most evolved magmas, such as crystal-poor 
rhyolites and phonolites, the longer median zircon residence times 
relative to the phenocryst data may indicate incorporation of zircon 
crystals from the source mush during melt extraction. This is con-
sistent with crystal-poor rhyolites often containing a large num-
ber of zircons with crystallization ages close to eruption age [e.g., 
(41, 42)] and only few resolvably older crystals. Notably, this may 
not be true for alkaline systems (15, 43), in which zircon does not 
saturate in the crystal mush before melt extraction (44). Therefore, 
the emerging picture for the most evolved magma compositions 
appears to be consistent for both the zircon and major phenocryst 
data as they both suggest relatively short (1 to 10 ka) upper crustal 
storage times after melt extraction. The longer zircon residence 
times of less evolved magmas are consistent with these magmas 
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representing erupted silicic to intermediate crystal mushes in which 
zircon records the entire interval of magma assembly, prolonged 
crystallization, and storage before eruption. The apparent composi-
tional dependence on magma residence times revealed by the data 
from Somma-Vesuvius and the global data compilation therefore 
points toward distinct magma storage regimes in crustal-scale magma 
plumbing systems that feed distinct types of volcanic eruption. This 
provides a framework for predicting future volcanic activity from 
past eruptive products and allows assessing future hazards.

MATERIALS AND METHODS
Sampling, garnet separation, and sample preparation
Garnet phenocrysts were extracted from proximal pumice fall de-
posits (Fig. 1 and fig. S1). Both the Avellino and Pompeii deposits 
display significant compositional variations with early erupted phono-
litic white pumices and later erupted tephriphonolitic gray pumices 
(fig. S1) (7, 27) that were sampled and processed separately. Garnet 
was typically more abundant in the more evolved phonolites but was 
present in all samples of these eruptions. The Pollena tephra depos-
its are also compositionally zoned but predominantly tephriphono-
litic (28, 29). Garnets were separated from various portions of the 
Pollena deposits and analyzed as a single population. Garnet sepa-
ration involved gentle crushing of pumices within disposable bags, 
sieving to <1-mm grain size followed by washing in deionized water 
and heavy liquid separation in methylene iodide. Adherent matrix 
glass was removed by ultrasonicating handpicked garnet crystals for 
2 min in 8% hydrofluoric acid. Cleaned garnet crystals were mounted 
in epoxy mounts. Surface U-Th isotope analyses (see below for 
details) were performed on unpolished crystal faces before polishing. 
For all other analyses, mounted crystals were polished to expose 
crystal interiors and imaged using backscattered electron imaging 
using a JEOL JSM-6390 scanning electron microscope.

Major and trace element analysis of pumice glasses
Complementary major and trace element analyses of host pumice 
glasses were performed by electron probe microanalysis (EPMA) 
and LA-ICPMS (tables S1 and S2). Pumice fragments were embed-
ded in 1-inch epoxy discs, characterized by backscattered electron 
imaging using a JEOL JSM-6390 scanning electron microscope and 
analyzed for major elements using a JEOL JXA-8230 electron mi-
croprobe at ETH Zurich. Analyses of Si, Ti, Al, Fe, Cr, Mg, Mn, Na, 
Ca, Cl, K, and P were performed with an accelerating voltage of 
15 kV and a beam current of 10 nA. To minimize alkali migration 
during analysis, the beam was defocused to 20 m, and the counting 
time was limited to 20 s on peak and 10 s on backgrounds with Si 
and alkalis measured first in the sequence. NIST610 and NIST612 
were analyzed as secondary reference materials to monitor instru-
mental drift and assess reproducibility.

Trace element concentrations of pumice glasses were deter-
mined by LA-ICPMS on the same samples analyzed previously by 
EPMA using an Australian Scientific Instruments (ASI) Resolution 
155 laser ablation system coupled to a Thermo Element XR sector 
field ICPMS at ETH Zurich. The laser ablation system was operated 
with a spot size of 29 m, a repetition rate of 5 Hz, and an on-sample 
energy density of 3.5 J/cm2. Trace element concentrations were 
quantified using NIST612 reference glass as the primary standard. 
GSD-1G and ATHO-G glasses were analyzed as secondary standards 
to assess accuracy and reproducibility.

Major and trace element analysis of garnet phenocrysts
Selected garnets from the Pompeii and Pollena eruptions were analyzed 
for major elements using EPMA (table S3). All analyses were performed 
using a JEOL JXA-8200 electron microprobe at the Department of 
Earth Sciences at ETH Zurich using a 15-kV accelerating voltage and 
a 20-nA beam current. Garnets were analyzed for Si, Al, Ti, Ca, Fe, 
Mg, Zr, Na, Mn, V, and Y using natural grossular garnet as calibration 
standard for Si, Ca, and Al; natural andradite garnet for Fe; natural 
pyrope garnet for Mg; and various natural and synthetic reference 
materials for the minor elements. In addition, semiquantitative elemental 
distribution maps (fig. S3) were acquired using the same instrument 
but at 80-nA beam current. Major element compositions of Avellino 
and Mercato garnets were previously reported by Scheibner et al. (31).

Trace element compositions of garnet phenocrysts from all sam-
pled eruptions were determined by LA-ICPMS both on single spots 
(table S4) and continuous line profiles using an ASI Resolution 155 
laser ablation system coupled to a Thermo Element XR sector field 
ICPMS. For spot analyses, the laser was operated with an energy 
density of 3.5 J/cm2, a repetition rate of 5 Hz, and a spot size of 19 m. 
The average Ca concentration determined by EPMA (32 wt %) was 
used as the internal standard, and NIST610 reference glass was used 
as the primary reference material to correct for elemental fraction-
ation and instrumental drift. Data reduction was performed in SILLS 
(45). Complementary continuous line profiles were measured on 
selected garnets using the same instrumentation and operating con-
ditions except for a beam diameter of 13 m to improve spatial reso-
lution. The data were processed for single mass sweeps, and 
uncertainties on line profiles were estimated from the reproducibility 
of equivalent line profiles measured on NIST610.

In situ U-Th geochronology of garnet phenocrysts
U-Th isotopic data were acquired by LA-ICPMS using the methods 
described in detail by Wotzlaw et al. (25) with a brief summary pro-
vided here. Analyses were performed at ETH Zurich using the same 
instrumentation as for the trace element analyses described above. For 
analyses of crystal interiors, the laser ablation system was operated 
with an energy density of 3.5 J/cm2, a repetition rate of 10 Hz, and a 
spot size of 163 m. For crystal surface analyses, the repetition rate was 
reduced to 2 Hz to improve depth resolution, and two squid smoothing 
devices (46) were coupled to reduce signal fluctuations due to the low 
repetition rate. The smaller volume of ablated material, however, re-
sulted in lower count rates and consequently lower precision of the 
surface analyses (Fig. 1). During all analyses, masses 230 and 235 were 
measured in pulse-counting mode, whereas masses 232 and 238 were 
measured in analog mode. 230Th count rates were corrected for con-
tributions from the 232Th peak tail using the abundance sensitivity 
determined from repeat measurements of a high-Th monazite per-
formed during each analytical session (47). Instrumental mass bias 
was determined from the measured 238U/235U relative to the natural U 
isotopic ratio of 137.818 (48). The relative sensitivity factor (RSF) for 
correcting U-Th elemental fractionation was determined from analy-
ses of the 230Th/238U ratio of a secular equilibrium garnet reference 
material (Mali garnet) assuming (230Th)/(238U) = 1 [see (25) for details]. 
The average U-Th RSF over the course of this study was 1.14 ± 0.08 
(1 SD). All U-Th isotopic data are provided in table S5, and fig. S6 
shows results for secular equilibrium garnets analyzed as reference 
materials. U-Th data for garnets from the Pollena eruption were 
previously reported by Wotzlaw et al. (25). Calculations of isochron 
ages and initial Th isotopic ratios were performed in IsoplotR (49).
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2184
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