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Supereruptions1 are the largest explosive volcanic erup-
tions and represent the most catastrophic endmember 
of terrestrial natural hazards2–4. Although rare globally 
(roughly one per 100,000 years1–3), supereruptions reach 
volumes that exceed 1–2 orders of magnitude greater 
than any historic explosive eruption and are, inevitably, 
associated with large-​scale caldera collapse. These cata-
clysmic events offer unique insights into the diversity of 
large-​scale magmatic processes that occur in the Earth’s 
crust5–7. The causes and triggers of such extremely large 
eruptions and the behaviour of their parental magmatic 
systems are often explained in the literature through gen-
eralized models8–17. However, consideration of available 
evidence suggests that there is great diversity in almost 
all aspects of these phenomena, from the timescales of 
magma accumulation and eruption, to the architecture 
of the underlying magmatic systems.

The arbitrary (yet, widely used) term supervolcano4 is 
often used to define a large silicic caldera volcano that 
has generated a supereruption, and is also sometimes 
referred to as a supereruptive centre. However, these 
terms can be misleading, as large explosive eruptions 
are never isolated events in the history of a volcanic 
and/or magmatic system. There are usually records of 

numerous smaller events prior to and following the 
supersized event18–22, except in some cases, such as 
Toba23, Indonesia, for example. Such smaller events 
yield snapshots of the evolving magma system and help 
to constrain what process led to the supereruption. 
However, models for the growth and rupture of magma 
chambers, especially to super sizes13–17, are currently 
hampered by an inability to explain why a magmatic sys-
tem should release small amounts of magma during its 
growth towards giant size. To date, there are no unique 
explanations for the mechanisms, timings and extreme 
volumes of supereruptions.

All large silicic systems (not just those with calderas 
or eruptions of super size) have complex roots that are 
ultimately fed by mantle-​derived basaltic magmas6–8,11. 
Minor amounts of these deeper, less evolved basaltic 
magmas can reach the surface in some eruptions, for 
example, in the form of mafic enclaves or late-​stage 
pyroclastic deposits24–28. Unusually high fluxes of basal-
tic magma are the fundamental control in fuelling the 
supersized magmatic systems7,29,30, through their basic 
role in generating silicic melts through crystal fraction-
ation and/or by melting of crustal rocks. However, the 
controls on whether small to large volumes of silicic 
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magma erupt or stay at depth to build plutons are still 
debated5,31. In addition, there is a growing consensus 
that, for most of their histories, large silicic magmatic 
systems reside dominantly in a largely crystalline state 
termed mush. In this widely adopted mush model10,24,32,33, 
separation of melt-​dominant material into shallow bod-
ies is considered a necessary precursor to rhyolitic erup-
tions (of whatever size). If the mush itself is mobilized 
wholesale by thermal inputs, it can also contribute in 
large volumes to crystal-​rich dacitic or rhyolitic mate-
rial (for example, Cerro Galán, Argentina, and Ongatiti, 
New Zealand).

Although minor amounts of effusive activity gener-
ally occur before or after a supereruptive event to gen-
erate lava flows34, the supereruption record is entirely 
represented by pyroclastic deposits. Even the largest lava 
flows associated with large silicic magmatic systems (for 
example, at Yellowstone18) only reach volumes of tens of 
cubic kilometres. In comparison, pyroclastic products 
of the largest eruptions achieve up to the 1,000–10,000 
cubic kilometres range1. The magmas that are discharged 
in supereruptions are broadly silicic and cover a range in  
compositions from (generally) crystal-​richer dacites 
(65–71 wt% SiO2) to (generally) crystal-​poorer rhyolites  
(71–78 wt% SiO2). Although typically erupted from 
storage bodies at shallow depths (<5–10 km), it has long 
been recognized that these magma compositions reflect 
magmatic systems that span a wide range of depths in 
the local crust (~5–60 km)6–8,11. Two closely linked kinds 
of pyroclastic deposits are important in the Quaternary 
supereruption record: widespread but thin fall deposits 
that can occur on a continental or global scale (Fig. 1) 
and ignimbrite laid down from pyroclastic flows that 
are tens to hundreds of metres thick and extend out 
~100–150 km from source34. In addition, evacuation 
of the vast magma reservoir leads inevitably to caldera 
collapse, and the substantial volumes of eruptive mate-
rial are inferred to accumulate in the resulting caldera 
depression as infill1.

Since 2000, there has been an abundance of new 
field and analytical studies undertaken on individual 

supereruption deposits that make it apparent that there 
is great diversity in these phenomena, in contrast to sim-
plifications required in numerical models. These geo-
logical case studies, when coupled with new geophysical 
approaches and data, provide insights into the behav-
iour of Quaternary supervolcanoes and their patterns 
of unrest and possible eruption that are of great interest 
and relevance to modern society.

In this Review, we highlight the diversity in behav-
iour of the currently established Quaternary (last 2.6 Myr) 
magmatic systems that have led to supereruptions. We 
outline the spectrum of processes and timescales involved 
in the largest scales of silicic magma generation and erup-
tion. First, we emphasize the value of field-​focused stud-
ies combined with petrological data in illuminating the 
nature of past supereruptions and their magmatic sources. 
Second, we highlight the importance of linking geological 
studies of past events with present-​day geophysical inves-
tigations as a guide to the behaviour of modern actual (or 
potential) supervolcanoes. Supereruptions, as defined1–4, 
are simply the largest endmembers of a continuous spec-
trum of volcano behaviour that is recognized as the prod-
uct of multiple processes acting in a complex fashion. As 
a result, multidisciplinary techniques are required to 
understand the processes in and hazards posed by future 
unrest or eruption.

The eruptive record
The record preserved in eruption products is invariably 
the most important source of information about past 
supereruptions and their timing. In particular, studies 
of the resulting deposits and juvenile material collected 
in the field, such as pumice, ash and crystals (Fig. 2a–c),  
are central to understanding the development and 
evacuation of parental large silicic magmatic systems. 
We consider all 13 established Quaternary supererup-
tions (Table 1) and focus on selected examples that are 
documented in detail to illustrate key points about 
the eruptions and their parental magma bodies. All 
supereruptions considered in this Review (Fig. 1) have 
occurred at volcanoes that are positioned on continen-
tal crust. Most are associated with subduction systems 
or major tectonic boundaries, apart from Yellowstone, 
which is associated with an intraplate hotspot (Table 1).

Nature of the eruption products. The nature and pres-
ervation of eruption products strongly influences the 
sampling of deposits and, thus, the information that 
can be gained about the magmatic source. Pieces of lava 
or individual pumices in pyroclastic deposits represent 
parcels of juvenile magma, so that compositional diver-
sity or uniformity in the crystals and groundmass reflect 
those within the parent magma body. In contrast, com-
positional variations within bulk samples of pyroclastic 
rocks can reflect mechanical enrichment or depletion 
in crystals35, or incorporation of lithic material36 during 
eruption (Fig. 2a,b), and, therefore, might not reflect the 
magmatic source. If the groundmass material is glassy, 
it can be considered to represent quenched melt. Often, 
however, the groundmass will have crystallized (devit-
rified) during slow cooling and no longer reflect the  
original melt composition.

Key points

•	Field studies demonstrate that supereruptions show great diversity in their style, 
rapidity of onset, duration of eruption, triggering mechanisms for eruption onset 	
and caldera collapse.

•	The magma reservoirs from which supereruptions are sourced are comparably 
diverse, with examples of both single and multiple bodies, each of which can be 
compositionally zoned or convectively mixed.

•	Past supereruptions serve to define a supervolcano, but this arbitrary term does not 
constrain the modern or future behaviour of that particular volcano.

•	Geophysical imaging of magma storage regions at modern, large silicic volcanoes 
(including supervolcanoes) is broadly consistent with petrological inferences, 	
but imaging resolution is insufficient to identify small, melt-​dominant bodies capable 
of supplying eruptions.

•	Large silicic volcanoes often undergo periods of unrest, consisting of elevated 
seismicity, ground deformation and gas emissions. Monitoring of these systems must 
contend with the challenge of differentiating ‘normal’ unrest from pre-​eruptive signals.

•	Further work is needed to better understand the processes that cause these 
long-​lived magmatic systems to accumulate eruptible magma bodies and the 
subsequent tipping points that cause these to erupt.

Caldera
A topographic depression 
formed through the collapse  
of the Earth’s surface, owing  
to the withdrawal of large 
volumes of magma from the 
upper crust.

Supervolcano
A volcanic centre that has 
produced one (or more) 
supereruptions in the past, 
also referred to as a 
supereruptive centre.

Mush
A framework of crystals 
(>50–60 volume %) with 
interstitial melt, which forms  
a strong skeleton that can no 
longer easily flow or erupt, 
owing to its high viscosity.

Melt-​dominant
Material separated out from 
the crystal mush, consisting  
of <40–50% crystals, that can 
flow and is eruptible, but which 
has a short lifetime within the 
upper crust.

Magmatic systems
Entire regions within the crust 
and upper mantle that feed the 
volcanic system, including  
the melt-​dominant body  
or bodies and mushy, 
non-​eruptible material.

Fall deposits
Deposited from high (tens  
of kilometres) buoyant 
atmospheric plumes of ash, 
dispersed by winds over 
thousands to millions of square 
kilometres; individual deposits 
are millimetres to metres in 
thickness.
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Ignimbrites commonly contain large enough frag-
ments of juvenile material (pumice: Fig. 2a) so that the 
full nature of the magma parcel can be determined, but 
many ignimbrites were emplaced hot enough to compact 

back to solid rock under loading (weld) and devitrify, 
such that the pumices are flattened to lenses (fiamme: 
Fig. 2c) that are challenging to sample intact. In con-
trast, fall deposits (especially the large distal blankets 
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Fig. 1 | Location maps of Quaternary supereruption locations and associated caldera outlines. The supereruptions 
reviewed here come from sources roughly circling the Pacific Ocean, in association with active tectonic plate margins or 
hotspots. Satellite images of the source calderas are from Google Earth, with caldera outlines marked by dashed magenta, 
blue and yellow lines. Caldera outlines and eruptive ages are shown for Aso-4 (refs28,191) from Aso (Japan); Bishop24,36 from 
Long Valley (USA)22; Huckleberry Ridge18 and Lava Creek18 from Yellowstone (USA); Otowi68 and Tshirege99 members of the 
Bandelier Tuff from Valles (USA)58; Los Chocoyos39 from Atitlán (Guatemala); Cerro Galán56 from Cerro Galán (Argentina); 
Ongatiti55 and Kidnappers97 from Mangakino (New Zealand); Whakamaru54 from Whakamaru (New Zealand); Oruanui57 
from Taupō (New Zealand); and Oldest Toba23 and Youngest Toba23 tuffs from Toba (Indonesia). The mapped extents of 
selected fall deposits are shown by black dashed regions on the world map for Aso-4 (ref.191), Lava Creek37, Whakamaru42 
and Youngest Toba38 eruptions. Images for Aso, Long Valley, Yellowstone, Valles, Cerro Galán and Taupō Volcanic Zone: 
map data ©2021 Google, Landsat/Copernicus. Images for Toba and Atitlán: map data ©2021 Google, SIO, NOAA, U.S. 
Navy, NGA, GEBCO Image: Landsat/Copernicus.

Ignimbrite
Deposits from concentrated, 
ground-​hugging pyroclastic 
flows, typically metres to 
hundreds of metres thick, 
covering up to thousands to 
tens of thousands of square 
kilometres.
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deposited coevally with the ignimbrites37–39) are rapidly 
quenched against the surrounding air, meaning that they 
preserve largely unaltered glass compositions40–43. These 
deposits are dominated by ash-​sized shards and loose 
crystals, which, when coupled with their layer-​by-​layer 
deposition, can yield an unambiguous chronology of any 
compositional diversity or zonation within the original 
magmatic system6,7,44.

Timing of individual eruptions. For individual explosive 
eruptions in general, a commonly held view based on 
historical examples is that the larger the event, the faster 
the eruption rate, and, hence, it has been suggested that 
supersized events might not last much longer than small 
events3,45. Some refer to even the largest events as occu-
pying ‘hours to days’18, yet, there is often a lack of field 
evidence to constrain such conclusions. For example, 
studies of size grading in deep-​sea ashes were used to 
suggest durations of days to weeks for the Youngest Toba, 
Indonesia, and Los Chocoyos, Guatemala46,47, eruptions.

The relative timing of ignimbrite emplacement dur-
ing an eruption can be constrained by observing if there 
are any direct links between fall deposition (that can 
be modelled through plume dynamics48–50) and coeval 
ignimbrite generation. In the case of the Bishop, the 
incoming of the Glass Mountain rhyolite lithics36 are 
used to link fall deposits and ignimbrite (Fig. 2d,e) and 
demonstrate that they were coevally emplaced51. Using 
estimates of fall deposit deposition times, the Bishop 
eruption can then be inferred to have occupied roughly 
1 week24,51. Longer durations (months to years) for the 
Bishop eruption were inferred from the presence of 
zones of lower welding intensity (rock density) in the 
ignimbrite that were assumed to represent periods of 
cooling52, but such variations can be shown to have 
no chronological significance if temperatures of the 
emplaced materials were not uniform53 (Fig. 2e).

Typically, the large-​scale emplacement of ignimbrite 
and the onset of caldera collapse are widely inferred to 
be coeval36. As such, examples such as Youngest Toba23,38, 
Whakamaru54, Ongatiti55 and Cerro Galán deposits56, all of 
which lack initial fall deposits, are inferred to have begun 
abruptly, with collapse of the chamber roof occurring 
from the start of the eruption. Other supereruptions com-
menced with fall deposits vented from single or multiple 
vents. The transition into caldera collapse might then have 
occurred gradationally (Oruanui) or likely rapidly (Bishop, 
Tshirege, Otowi, Huckleberry Ridge), as the chamber roof 
began to collapse along ring fractures36,51,57–59.

There is also a range of timings of eruptive phases 
within individual supereruptions. Some, like the Bishop, 
Youngest Toba and Cerro Galán, show no evidence in 
their deposits for substantial time breaks, whereas others 
show evidence for spasmodic activity. For instance, the 
first fall unit of the Oruanui eruption was deposited, then 
enough time elapsed (some months57) for the distinctive 
white ash to be reworked by burrowing animals before 
fall unit 2 was emplaced (Fig. 2f). Subsequent activity 
also included three pauses long enough for the eruption  
plume to dissipate and minor erosion to occur57.

Early activity of the Huckleberry Ridge eruption 
occupied some weeks on the basis of wind reworking 
of the initial fall deposits60 (Fig. 2g). This activity was 
followed by three ignimbrite members (A–C) being 
emplaced without hiatuses internally, but with their 
mutual contacts showing evidence of time breaks 
(Fig. 2h). In particular, along the Teton River gorge near 
Newdale, Idaho, member A was emplaced over a weak 
substrate that deformed under the load, distorting the 
welding fabric in the ignimbrite into domical folds 
cored by the remobilized underlying sediments. There 
was enough timing for this process to occur and the top  
surface of member A to partially cool, such that member B  
was chilled against it and is not deformed, suggesting a 
break of weeks to months. Members A and B together 
then had largely cooled in this area before member C 
was emplaced and was chilled against the underlying 
material to deposit vitric (glassy) material, suggesting a 
break of years to a few decades26. In most of the examples 
we consider here, however, this level of detail has not yet 
been determined, or is very challenging to interpret from 
the limited exposures available (for example, at Toba).

Bracketing eruptive events. Preceding and/or subse-
quent volcanic activity can supply information on the 
state of the magmatic system before and after the main 
supereruptive event. However, evidence of any preced-
ing activity (particularly of lava domes) is sometimes 
destroyed during caldera collapse. For example, thou-
sands to ten thousand years prior to the main climactic 
event, the Huckleberry Ridge system had a precursor 
lava dome18. There were also multiple explosive and 
effusive eruptions before the Oruanui, Lava Creek  
and Otowi eruptions18,21,61,62. All the other supereruptions 
we consider had no preserved precursors.

Subsequent eruptive events that follow the climactic 
supereruption represent the recovery time of the mag-
matic system and these are more commonly preserved in 
the geological record. Hence, in this Review, we are able 

Fig. 2 | Field and textural relationships in supereruption deposits as guides to 
eruption characteristics. Panels a–c show the spectrum of textural characteristics of 
ignimbrites, illustrating the types of materials present (juvenile and lithic) and the  
effects of welding due to high emplacement temperatures. Panels d–h show how 
characteristics of the boundaries between ignimbrite and/or fall units can indicate the 
relative time sequences of eruptions, for example, either no time break (d,e) or a distinct 
time break or prolonged deposition (f–h). a | Non-​welded Bishop ignimbrite (Glass 
Mountain, California), with individual pumices (sampled for analysis) and lithics set in an 
ash matrix24. b | Incipiently welded Ongatiti ignimbrite55 (near Hamilton, New Zealand), 
showing two kinds of silicic pumice (pumice 1, pumice 2), juvenile mafic and lithic clasts. 
c | Strongly welded Bishop ignimbrite (Aeolian Buttes, California), with the pumices 
flattened into black glassy fiamme53, making them hard to sample. d | A thin wedge of 
non-​welded Bishop ignimbrite51 (Ig1Eb) enclosed in fall material at Chalfant, California, 
that can be demonstrated from the consistent influx of distinctive Glass Mountain 
rhyolite lava36 lithics to be equivalent to and coevally emplaced with >70 m of densely 
welded ignimbrite ~15 km away (shown in panel e). e | >120-​m-​Thick densely welded 
Bishop ignimbrite in Owens Gorge, California. The density (equivalent to degree of 
welding) minimum does not occur at a horizon of any stratigraphic significance and 
cannot be associated with a prolonged time break52, as the coeval fall deposits were 
continuously emplaced51. f | Early fall deposits of the Oruanui eruption near Taihape,  
New Zealand, showing the reworking (time break) between fall units 1 and 2 (ref.57).  
g | Early fall deposits of the Huckleberry Ridge eruption at Mount Everts, Wyoming, 
showing ripple bedding indicating wind reworking and prolonged deposition59,60.  
h | Field evidence for time breaks during the emplacement of ignimbrite members in  
the Huckleberry Ridge Tuff26 in the gorge of the Teton River, Idaho. Height of exposure 
from valley floor to the top of the ridge is 80 m.

Juvenile material
Material that is newly 
discharged at the Earth’s 
surface in an eruption.

Lithic material
Pre-​existing (country) rocks 
caught up as fragments in  
the deposits of explosive 
eruptions.

◀
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to more thoroughly evaluate the larger dataset of subse-
quent activity. For instance, the first eruptions after the 
Youngest Toba event were effusive, occurring 5–15 kyr 
later63, post-​Oruanui explosive activity came about  
5 kyr later19 and Bishop effusive activity came no more 
than ~17 kyr later20. The magmas erupted after these 
short time breaks (from decades to ~5–20 kyr) generally 
show evidence for magmatic rejuvenation, sometimes 

in the form of hotter, crystal-​poor rhyolite (for example, 
after the Bishop20) or as dacitic material that composi-
tionally resembles the feedstock magma for subsequent 
rhyolite generation (for example, after the Oruanui19). 
An extreme short-​timescale case is the Mangakino mag-
matic system in New Zealand, which evacuated a com-
positionally similar large (200-​km3) ignimbrite (Rocky 
Hill) only decades after the Kidnappers supereruption64.

Table 1 | Quaternary supereruptive events and their summary features

Eruption, 
volcano, 
country

Eruption 
age (ka)

approx. 
volume 
of 
magma 
erupted 
(km3)

tectonic 
setting

thick­
ness of 
crust 
(km)

number 
of silicic 
magmas 
tapped

Petrological 
estimates 
of minimum 
storage 
depth (km)

magma 
temper­
ature (°C)

Silica 
range of 
erupted 
magmas 
(wt%)

State of 
the magma 
body at 
time of 
eruption

Early fall 
deposits 
(with no 
ignimbrite)?

time 
break(s) 
within 
the 
eruption?

refs

Oruanui, 
Taupō,  
New 
Zealand

25.4 530 Subduction 
and rifting

15 Single 
homogenous 
with foreign 
intrusion

4–8 790–840 73–77 
(53–63)

Cooling Yes Yes 25,57,61,74, 

114,130,183

Youngest 
Toba Tuff, 
Toba, 
Indonesia

74 >2,800 Subduction 
and 
strike-​slip

30–40 Multiple, 
zoned

3–6? 700–780 69–78 Cooling No No 23,38,42, 

43,46,112, 

121,132,189

Los 
Chocoyos, 
Atitlán, 
Guatemala

75 730 Subduction 40–50 Single(?), 
zoned or 
multiple(?)

Not 
determined

800–950 70–78 Not 
determined

Yes No 39,47,190

Aso-4, Aso, 
Japan

86 >600 Subduction 
and rifting

30–35 Single, 
zoned

8–15 810–910 66–71 
(50–56)

Mixing No Yes 28,191,192

Whakamaru, 
Whakamaru, 
New 
Zealand

350 >1,500 Subduction 
and rifting

15–25 Multiple <6 720–820 70–77 
(53)

Warming No No 42,54,70, 

100,122

Lava Creek, 
Yellowstone, 
USA

631 1,000 Hotspot 48 Uncertain 3–10 820–880 74–77 Recharging No? Yes 18,37,62, 

101,102,193

Bishop, 
Long Valley, 
USA

765 >600 Rifting 30–40 Single, 
zoned

4–8 700–840 73–78 
(57–72)

Recharging Yes No 24,36,51–53, 

75,105,106, 

113–116,134, 

183,194,195

Kidnappers, 
Mangakino, 
New 
Zealand

1,000 1,200 Subduction 
and rifting

15–25 Three 4–5.5 770–840 71–77 Cooling Yes No 44,64,97,128

Ongatiti, 
Mangakino, 
New 
Zealand

1,210 500 Subduction 
and rifting

15–25 Single, 
homogenous

4–6 770–840 66–73 Warming No No 55,128

Tshirege 
(Bandelier), 
Valles, USA

1,240 >400 Rifting <30 Single, 
zoned

5–6 650–900 70–76 Recharging Yes No 27,58,95, 

99,196

Otowi 
(Bandelier), 
Valles, USA

1,610 <550 Rifting <30 Single, 
zoned

5–6 700–880 76–78 Recharging Yes No 58,68,95, 

104,196

Cerro Galán, 
Cerro Galán, 
Argentina

2,080 630 Subduction 55–60 Single?, 
zoned

4–8 790–820 68–71 Recharging No No 56,96,131

Huckleberry 
Ridge, 
Yellowstone, 
USA

2,080 2,500 Hotspot 48 Multiple 4–8 800–950 66–78 
(50–66)

Cooling Yes Yes 18,26,37, 

59,60, 

102,114, 

129,183

Not included here is the Oldest Toba Tuff23, as very little information is known about it. The Tshirege member of the Bandelier Tuff58 is included as its volume 
approaches or might exceed the supereruption threshold. The silica range of erupted magmas indicates those of the main body or bodies tapped during the 
eruption, and, where present, the additional ranges in brackets are of minor, less evolved components.
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In contrast, there are substantially longer gaps 
(100–200 kyr) in the eruptive record at Yellowstone 
between the Huckleberry Ridge and Lava Creek erup-
tions and their respective oldest known younger (effu-
sive) events18. Magmas erupted after these longer time 
breaks (like at Yellowstone18,65,66) are of comparable 
composition to the main events and it appears that the 
longer dormancy period allows for a fuller recovery of 
the magmatic system to rhyolitic eruptive compositions. 
In all cases, however, the whole crustal-​scale magmatic 
system undergoes change after the supereruptive event, 
with evidence for renewed influxes of deeper seated, less 
evolved magmas and assimilation of existing mush and 
country rocks around the magma reservoir19,20,67.

Cyclic activity of caldera systems. There is a wide spec-
trum of longer-​term behaviour (that is, over tens to hun-
dreds of thousands of years) within the eruptive sources 
of the Quaternary examples of supereruptions consid-
ered here (Table 1; Fig. 1). At one extreme, the Bishop22, 
Cerro Galán56 and Los Chocoyos39 supereruptions repre-
sent, by far, the largest volume events at their respective 
volcanic centres and there were no other eruptions of 
a size large enough (typically over ~10 km3) to induce 
caldera collapse. In contrast, the Valles58,68, Yellowstone18 
and Toba23 centres have each seen two supereruptions, 
plus at least one additional eruption large enough to gen-
erate caldera collapse in the last two cases. The Aso-4 
eruption represents only the youngest (86 ka) and larg-
est (>600 km3) of four caldera-​forming events focused 
within an 18 × 25 km area at that centre28. The four  
New Zealand examples (Table 1; Fig. 1) collectively are 
encompassed within a geographic area of similar size 
to the Yellowstone system (~120 × 60 km) but repre-
sent discrete multicycle foci of magma generation and 
eruption69. All four supereruptions were followed by 
additional, smaller but still caldera-​forming eruptions: 
Kidnappers after only one to two decades64, Whakamaru 
by about 10 kyr (ref.70), Oruanui by about 23.5 kyr (ref.19) 
and the Ongatiti by about 30 kyr (ref.69). In two of the 
New Zealand cases, the younger, smaller caldera-​forming  
events discharged almost identical magmas (Kidnappers55,  
Whakamaru54), whereas in the Oruanui example, the 
younger eruptions involve a magmatic system that  
generated contrasting compositions19.

The controls on these complex relationships have not 
been fully explored, although models have been pro-
posed to relate eruptive compositions and the growth of 
magmatic systems to sizes capable of caldera-​forming 
(although not super-) eruptions71,72. However, there are 
demonstrable temporal variations in such key param-
eters as mafic magma supply rates into the system 
roots22,30 and external tectonic controls in building and 
releasing large volumes of magma25,60,73,74 that render 
generalized modelling problematic.

Supereruptive magmatic systems
Views on the nature of large silicic magmatic systems 
have changed over the last few decades from that of 
a unitary, long-​lived, melt-​dominated magma body 
to complex configurations of pre-​eruptive magmatic 
generation and storage11 (Fig. 3). These new views arise 

from five lines of evidence considered in the following 
subsections.

Long-​term generation and mush storage. Silicic mag-
mas are now widely inferred to be generated and stored 
over the long term (tens to hundreds of thousands of 
years) in vertically extensive, crystal-​rich mush zones, 
rather than within large melt-​dominant bodies, which 
are now thought to be short-​lived features (centuries 
to thousands of years). Earlier models had the issue of 
how to separate crystals from melt to drive the frac-
tionation processes7,75. The now widely adopted mush 
model reversed the process to separate the melt from 
the crystals, which is dynamically much easier10,22,32,33. 
Enhancements of the mush model consider the pro-
cesses of reactivation and/or melt extraction from the 
mush and the relevant timescales involved76–79. However, 
the mush model is not universally accepted80 because of 
disparities between modelled and actual trace element 
abundances in some ignimbrites, although alternative 
explanations for these disparities are now available79,81.

The area of caldera collapse can provide an estimate 
of the areal extent of the evacuated portion of the mag-
matic system82, but this approach can be misleading if 
there is peripheral slumping and/or lateral drainage of 
magma57,83–85. If the caldera area is divided by the erupted 
volume, the average vertical extent of the melt-​dominant 
body or bodies can be estimated and, typically, is on the 
order 1–3 km (ref.6). These bodies can then be positioned 
in the crust using storage pressure estimates from melt 
inclusions or mineral geobarometry86 or thermodynamic 
calculations of phase equilibria87,88.

Mostly beneath (but also around) the melt-​dominant 
bodies tapped during the eruption, there is the mush 
zone of intruded materials trending towards less evolved 
compositions (ultimately to the mantle-​derived basaltic 
melts30). This deeper zone has long been recognized6,7 
but is now commonly referred to as a ‘trans-​crustal 
magmatic system’11. The architecture of this column 
can only be inferred for Quaternary systems19,89,90, 
but from older examples where the crustal cross sec-
tion has been exposed, these magmatic systems are 
compositionally zoned overall with complex inter-
nal geometries91–93. Processes in deeper parts of these 
systems, where intermediate composition magmas 
(andesites or dacites) are generated, are inferred from 
surface erupted compositions22,94,95 and considered  
from numerical modelling8,9. A large degree of magmatic 
differentiation (from basalt to andesite or dacite) occurs 
within these lower crustal regions, prior to the estab-
lishment of pre-​eruptive melt-​dominant magma bodies8.  
However, the petrological record from these lower crus-
tal regions is limited by the fact that the majority of the 
crystal cargo will remain in lower crustal mushy mate-
rial or is diluted by later crystals formed in the midcrust 
to upper crust from the much larger volumes of more  
differentiated melt.

Through the identification of distinct crystal tex-
tures and populations in erupted products, it is pos-
sible, in some cases, to identify the relative extent of 
crystal growth within both the crystal-​rich mush and 
the melt-​dominated regions of the magmatic system25. 
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Single compositionally stratified body 

Multiple melt-dominant bodies (compositionally distinct) a

b

c Single unzoned body (compositional variation through mixing or rejuvenation)

Examples: 
• Huckleberry Ridge 
• Kidnappers 
• Whakamaru 
• Youngest Toba

Distinct melt-dominant bodies 

Mush zone

Mush zone

Pre-eruptive or
syn-eruptive mixing of
mafic magmas,  for
example: 
• Whakamaru 
• Huckleberry RidgeMafic magmas

Cumulate
rejuvenation, 
for example, Aso-4

Limited transport of crystals
between mush and melt- 
dominant body, for example, Bishop

Pre-eruptive or syn-eruptive mixing 
of mafic magmas, for example, 
Aso-4 

Syn-eruptive rhyolite mixing, 
for example, Oruanui

Cumulate
rejuvenation 
and transport 
of crystals and
melt, for example, 
Ongatiti

Pre-eruptive or syn-eruptive mixing of mafic 
magmas, for example, Oruanui Mush zone

Mafic magmas

Mafic 
magmas

More evolved

Less evolved

Base of crust

Base of crust

Base of crust

Fig. 3 | Endmember pre-eruptive magmatic storage configurations for Quaternary supereruptions. All three examples can be 
considered as trans-​crustal magmatic systems, with mafic magmas intruding the lower crust and extensive, deep mush zones6–8,11,12. 
a | Multiple melt-​dominant bodies that could be sequentially or simultaneously tapped during the eruption. Each body can be 
compositionally distinct, have unique crystal cargoes and be either homogenous or zoned. b | Single, compositionally stratified 
melt-​dominant body. Compositional stratification (crystal content, melt composition) of the body is reflected within the deposits.  
c | Single unzoned melt-​dominant body, with compositional variations arising through pre-​eruptive or syn-​eruptive mixing of other 
magmas (mostly more mafic than the main evolved storage body) or rejuvenation and melting of underlying cumulates (mush) by 
hot mafic magmas. Quaternary examples of supereruptions for each type of system and process are given where inferred from 
detailed petrological and geochemical studies (see Table 1 for references). These configurations represent endmember examples, 
and processes such as magma mixing and mush rejuvenation are not limited to the examples shown. The configuration of other 
examples discussed in the text (Lava Creek and Cerro Galán) are yet to be fully established, and, so, are not shown here.
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Variations in melt–mush interaction have been inferred 
to take the form of one of the following: mush remobili-
zation and eruption of crystal-​rich magma; remobiliza-
tion and rapid extraction of melts from a mush source; 
or melt extraction from a melt-​dominant body (Fig. 3).

Mush remobilization and wholesale eruption of the 
remobilized mush (plus any separate melt-​dominant 
bodies) produces crystal-​rich (25–30 wt%) rhyolitic 
(for example, Ongatiti55) or less evolved deposits (for 
example, Cerro Galán96 with 35–55 wt% crystals). At one 
extreme (not seen in Quaternary supereruptions), this 
mush remobilization generates very-​crystal-​rich dacitic 
ignimbrites, which are commonly labelled as ‘monoto-
nous intermediates’7. Mobilization of melt and crystals 
from the mush are often inferred to require ‘defrosting’ 
by an input of heat and/or volatiles10,76–79.

Remobilization and rapid extraction of melts (plus 
entrained crystals) from an underlying source mush typ-
ically produces crystal-​poor (<25 wt%) rhyolitic magmas 
that are sometimes not zoned in the chamber32,79,97–102. 
At an extreme, in the Oruanui, the melt-​dominant body 
(with 3–13 wt% crystals) is inferred to have been gen-
erated rapidly in <600 years and mostly in <200 years25 
prior to the eruption. In addition, ~90% of the plagi-
oclase and orthopyroxene crystal cores in the Oruanui 
high-​silica rhyolite pumices are inherited from sources 
that span the entire compositional ranges of those crys-
tals erupted in the whole 2-​Myr history of the Taupō 
Volcanic Zone25. The root zones of the Oruanui sys-
tem, thus, were complex, and the magma incorporated 
crystals that had grown in compositions ranging from 
mantle-​derived basalts to rhyolites that were more 
evolved than those involved in the eruption itself, and 
also included recycled crystals from metasedimentary 
lithologies103.

Transport of melt containing very few crystals from 
the mush zone into the melt-​dominant magma body 
also typically produces crystal-​poor (<25 wt%) zoned 
high-​silica rhyolitic magmas, such as in the Bishop24, 
Tshirege99 and Otowi104 examples. Only a small fraction 
of crystals in the Bishop Tuff, for example, can be linked 
back to the underlying mush: most appear to have grown 
in the melts in which they were erupted24,105 and accu-
mulation of the melt-​dominant body is inferred to have 
been prolonged and piecemeal over tens of thousands 
of years24,106.

The thermal (hence, physical) state of these mush 
systems remains a subject of controversy. There is an 
apparent disparity between the long-​term (tens to hun-
dreds of thousands of years) records for mush systems 
and the short-​term (decades to millennia) records from 
diffusion studies in crystals107. From this disparity, it has 
been proposed that the mush is in a ‘cold storage’ state 
close to or below the solidus (<~650–700 °C for rhyolitic 
compositions) for most of its history107,108. In this state, 
diffusive processes are effectively arrested and melts 
and crystals are remobilized and extracted only shortly 
before eruption107,108. However, this model requires unu-
sual thermal circumstances, for example, once the vola-
tiles are lost from the system as it approaches the solidus, 
the reheating process has to reach the relevant dry soli-
dus temperature in order to remobilize the crystal mush. 

This temperature is much higher than the magmatic 
temperatures of the erupted products and would pro-
foundly affect the record in the crystals by causing disso-
lution of parts of the crystals and growth of new material 
with different (higher temperature) compositions.

The disparities in timescales from the crystal records 
used to propose cold storage remain an issue that 
requires explanation. As an alternative, ‘warm storage’ 
has also been proposed, where the long-​term state of the 
mush entails that up to a few tens of percent melt be 
present109. This percentage of melt is enough to main-
tain some crystal growth, but, overall, the mush is too 
crystal-​rich (>50–60 volume percent110) to readily erupt 
without an additional process such as melt separation or 
remobilization coming into play. Geophysical evidence 
beneath several modern silicic systems (for example, at 
Toba90; Yellowstone89; Laguna del Maule, Chile111) show 
the presence of modest amounts of melt (5–15 volume 
%), more consistent with the warm storage concept.

Conditions of shallow magma storage. There are three 
aspects of the shallow magmatic system during the gen-
eration and storage of eruptible, silicic melt-​dominant 
bodies that are considered here because of their impor-
tance in understanding the diversity of supererup-
tion magmatic systems. The first aspect concerns the 
number of pre-​eruptive magma bodies. In contrast to 
the long held view of single bodies feeding the entire 
eruption (driven by the Bishop Tuff example7,24; Fig. 3), 
improved geochemical data coupled with more detailed 
field studies and sampling have frequently indicated 
the presence of compositional clustering, particularly 
for the largest examples considered here (for exam-
ple, Youngest Toba43,112 and Huckleberry Ridge26,59,60). 
Compositional clustering points towards the simultane-
ous and/or sequential tapping of multiple separate melt-​
dominant magma bodies26,43,44,60,112 that show a spectrum 
of behaviour (Fig. 3).

The Kidnappers44,97, Whakamaru54, Youngest 
Toba43,112 and Huckleberry Ridge26,59,60 deposits were 
erupted from multiple separate magma bodies (Fig. 3a). 
In the Huckleberry Ridge case, not only were the 
melt-​dominant bodies separate but also their root zones, 
whereby the whole eruption represents the evacuation 
of at least four separate magmatic systems26,59,60. In con-
trast, the magmatic systems feeding the Bishop, Ongatiti 
and Aso-4 eruptions appear to have come from single 
bodies24,28,55 (Fig. 3b). For Oruanui, a single large body was 
invaded by a foreign, unrelated, silicic magma during 
the early stages of its eruption25,74 (Fig. 3c). As the con-
figuration of magma bodies at depth strongly interacts 
with (and is influenced by) the crustal stress field, dis-
cerning how many discrete magma bodies contribute to 
an eruption has important implications for long-​term 
magma chamber stability and eruption-​triggering 
mechanism(s)13.

The second aspect concerns the nature and pres-
ence of compositional zonation within the magma 
body, where zonation can occur because of variations 
in the abundance of crystals (increasing downwards) 
or the composition of the melt phase (becoming less 
evolved downwards), or both (for example, Bishop24,105). 
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Although once considered to be ubiquitous6,7, composi-
tional variations in these large eruptions are not always 
present (Table 1), and can arise from a number of possi-
ble causes. Some systems show diversity in compositions, 
but these need not be systematically displayed in the 
eruptive ordering (for example, Oruanui25; Huckleberry 
Ridge26; Youngest Toba112). Other examples preserve 
a degree of orderly compositional stratification in the 
deposits that is linked to zonation in the magma body 
(Bishop24; Aso-4 (ref.28)). The melting of earlier cumulate 
crystals (separated out from the melt in which they 
grew) and/or remobilization of mush material has been 
proposed as a means to account for geochemical and 
isotopic zonations preserved in large silicic deposits79,81, 
and is seen in the extreme trace element variations in the  
Huckleberry Ridge system25. However, in other cases,  
the compositionally distinct melts contributing to the 
zonation appear to be less evolved precursors to the domi
nant more evolved magma24,105. Notably, those systems 
that record a signature of rapid melt extraction from the 
mush system (for example, Oruanui25, Kidnappers64,97) 
lack evidence for compositional zonation within the  
melt-​dominant magma bodies and appear to have been 
vigorously convecting when tapped by an eruption.

The third aspect concerns the depths and condi-
tions for pre-​eruptive magma storage. Although certain 
characteristics appear to be consistent between these 
voluminous eruptions, including the relatively narrow 
apparent range of pre-​eruptive temperature (700–950 °C) 
and minimum storage depths (4–8 km; Table 1), these 
parameters represent transitory states of the magma 
reservoir and could be limited by the methods used to 
evaluate them (Fig. 4). Although crystal-​specific studies 
provide records of the evolutionary history, these records 
are themselves limited to recording conditions where the 
relevant phase is stable. For example, our understand-
ing of pressures, and, thus, depths, of storage are often 
determined by volatile (H2O and CO2) solubility rela-
tionships from quartz-​hosted melt inclusions (for exam-
ple, Bishop113,114). Quartz, however, will only stabilize late 
in the crystallization sequence, meaning that it lacks an 
older history and, thus, will only preserve the conditions 
associated with late-​stage storage115,116 (Fig. 4). Such limi-
tations can be overcome through use of a broader range 
of mineral indicators25,117; however, this requires those 
minerals to be present in the crystallizing magma body. 
In addition, in the Oruanui, 90% of the plagioclase and 
orthopyroxene crystals in single pumices have cores that 
were inherited from older rocks25. Use of crystal abun-
dances in eruption products to model the evolution of 
magmas towards a predicted state where eruption is 
triggered118 is, thus, invalidated if the crystals are inher-
ited. Some systems are more suited to a full reconstruc-
tion of intensive parameters because of the availability 
of large pumice clasts that have experienced limited 
post-​depositional alteration and were rapidly quenched 
upon eruption (for example, Bishop, Oruanui). For those 
systems where these criteria are not met (for example, 
Lava Creek18), our current understanding of magma 
storage conditions are more severely limited.

Integrating these petrological models for the number, 
zonation, temperature and depth of magmatic storage 

regions highlights that the magma reservoirs feeding 
large silicic eruptions are architecturally diverse12,82,119. 
Yet, there is a tendency to classify storage regions into 
either being more ‘tank-​like’ (single large body) or ‘dis-
persed’ (multiple smaller bodies)120. For instance, based 
on the modelled pressure ranges of the storage volume 
versus the caldera collapse area, the Oruanui, Bishop 
and Toba systems are considered ‘tank-​like’, whereas 
the Huckleberry Ridge system is considered more ‘dis-
persed’120. However, variably available data limit the 
application of this approach (particularly in the case of 
the Huckleberry Ridge26) and, to a first order, the con-
figuration tells us little about what came next. For exam-
ple, two ‘tank-​like’ systems120, Bishop and Oruanui, show 
overlapping model storage pressures and temperatures, 
yet, the Bishop ‘tank’ preserved an internal zonation 
(thermal and volatile24,105,112,113) and erupted rapidly and 
continuously, whereas the Oruanui ‘tank’ was remarkably  
well stirred and the eruption was spasmodic25,57,74.

A diversity of timescales. The body or bodies of melt-​
dominant magma that lead to eruption can accumulate 
over a range of timescales, from tens of thousands of 
years down to centuries24,64,106,117,121,122. Development  
of the overall magma system can be quantified through 
radiometric age-​dating of preceding eruptions, which, 
ultimately, shows that the activity associated with 
supereruptions might date back hundreds of thousands 
of years22,95, but can be as short as a few tens of thou-
sands of years61. These timescales highlight a contrast 
between the longer-​term history of the magmatic sys-
tem, during which processes of mafic influx, assimila-
tion (of country rocks or earlier crystallized products  
of the system) and fractionation occur, versus the shorter 
timescales for physical assembly of eruptible magma 
bodies. Assessment of the magmatic histories preserved 
in eruption products involves two methods that yield 
complementary perspectives. The first is U–Pb or U–Th  
techniques used to date crystallization ages of U-​rich 
and/or Th-​rich accessory phases that are commonly 
present in the rhyolites that form the dominant volume 
of melts tapped in supereruptions (Box 1). The second 
is diffusion geochronometry, which assesses the rela-
tive timing of formation of a compositional boundary 
through the consequent time-​dependent diffusive relax-
ation of this boundary within crystals. These bounda-
ries and extracted timescales can be linked to specific  
processes through detailed petrological study.

Absolute age dating of accessory phases (princi-
pally zircon, but also other U-​bearing and Th-​bearing 
accessory phases123–125) has shown that records of large 
silicic volcanic systems are relatively short (tens to 
hundreds of thousands of years) when compared with 
their older plutonic counterparts that typically record 
zircon crystallization timescales spanning millions of 
years5,126,127. Among the extensive literature of zircon 
age data, there is a diversity in the age spectra preserved 
within supereruption deposits. Unimodal age spectra, 
with minimal or no recycling of zircons from previous 
magmatic events, are seen in the Bishop106, Ongatiti128 
and Huckleberry Ridge102,129 deposits. These spectra 
reflect mush systems with zircon formed early in the 

Cumulate
Crystals grown in the mush that 
have been separated out from 
the melt in which they grew 
and, hence, can generate 
contrasting compositions  
of melt if reheated.

Absolute age
An age determined by 
measurements of radioactive 
decay in minerals and 
associated with the time period 
since closure of the system.
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geochemical evolution of these bodies, and then con-
tinuing to crystallize. In contrast, zircon age spectra 
from the Oruanui61,130, Kidnappers128, Cerro Galán131 and 
Youngest Toba132 deposits all have multiple peaks, indi-
cating episodic growth or recycling of earlier magmatic 
systems. The lack of recycled zircons within systems 
like Bishop and Huckleberry Ridge suggests that, rather 
than supersizing a pre-​existing magmatic system6,133, 
any earlier magmatic systems are effectively reset. This 
interpretation would imply that the supereruptive events 
required a strong change in storage conditions, such as 

thermal resetting of the system22. On the basis of the 
zircon and other age data, it is apparent that large silicic 
magmatic systems do not accumulate and crystallize on 
any special timescale, and that the amount of magma 
eventually erupted is not simply related to the time over 
which the mush system or its melt-​dominant bodies 
have been extant.

In contrast to absolute age dating, relative age times-
cales inferred from diffusion studies are typically 
more focused on shorter-​lived processes, typically 
<1 kyr. However, relative ages that can be measured 

Earlier crystallization and/or longer residence time

Later crystallization - records later processes

Zircon
Used to determine age (U–Pb,
U–Th) and then infer residence 
time within magmatic systems. 
Trace elements can also record 
long-term evolution processes.

Fe–Ti oxides
Compositional data between 
two pairs is often used to extract 
temperature information. Zoning 
can inform on short timescales.  

Pyroxene
Used for unravelling timescales of 
mixing between changing external 
conditions, based on diffusive 
gradients. Spot analysis can be 
used in geothermobarometers.

Amphibole
Determine temperature and/or 
pressure and melt chemistry
during crystallization.

Plagioclase
Zoning can be used to extract compositional evolution of 
the melt through individual spot analysis, which includes 
estimating the H

2
O content of the crystallizing melt. Some 

plagioclase crystals, however, are inherited (right), meaning 
that they record an older history. 

Sanidine
Used for Ar–Ar age dating on 
the later stages of magma 
accumulation. Also can apply 
diffusion modelling to any rims.

Quartz
Used for pressure restoration through H

2
O and 

CO
2
 measurement in melt inclusions, timescales 

of mixing based on growth zones, sometimes 
temperature based on Ti in quartz. 

Melt 
inclusions

Spot analysis by EPMA, SIMS, LA-ICP-MS or FTIR Diffusional boundary used for modelling timescales 

Fig. 4 | the mineral toolbox for probing the origins and evolution of silicic magmatic systems. The mineral phases 
commonly found in silicic magmas are shown, with indications of their main use in unravelling the pressure, temperature and 
compositional evolution of their respective magmas, or, additionally, the associated timescales of magma accumulation  
and eruption. Cathodoluminescence (zircon, quartz) and backscattered electron (all other mineral phases) images from 
scanning electron microscopy are shown for a selection of mineral phases. The white scale bar in all images is equal to  
100 microns. White open boxes indicate examples of compositional changes where diffusion modelling can be applied across 
the compositional variations represented by the grey tonality. Representative spot sizes are shown in the Fe–Ti oxides panel 
for: electron probe microanalysis (EPMA: blue), secondary ion mass spectrometry (SIMS: green), laser ablation inductively 
coupled plasma mass spectrometry (LA-​ICP-​MS: pink) and Fourier-​transform infrared spectroscopy (FTIR: yellow).

Relative age
An age that is determined, 
typically through 
measurements of diffusion 
profiles in minerals, relative  
to the point of quenching  
by eruption.
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are dependent upon the mineral and element systems 
utilized and the applicable temperatures134,135. These 
studies consider processes such as the extraction of 
melt from the mush and its accumulation into erupti-
ble, melt-​dominated bodies25,64,117, or the disturbance, 

for example, by mafic mixing into a crystallizing silicic 
magma body, eventually leading to eruption100,101,134. 
These timescales are commonly based on modelling the 
relaxation of an originally sharp compositional bound-
ary within mineral phases using diffusion chronometric 
techniques135. Such boundaries are inferred to be gen-
erated by the changes in growth conditions accompa-
nying the disturbance of the mush or transport of the 
crystal between the mush and melt-​dominant body. 
Diffusion-​based timescales require an original step 
boundary to be approximated within the crystal, where 
distinguishing between profiles generated by diffusive 
relaxation versus mineral growth can be problematic135. 
In some large silicic systems, the timescales of destabili-
zation and/or accumulation appear to be on the order of 
decades to centuries prior to eruption, despite the large 
size of the magma bodies25,101. Such short timescales 
appear to apply also to smaller-​scale caldera-​forming 
eruptions of silicic magmas64,98,136, implying that a com-
mon suite of processes can be involved. Other large 
examples, like the Bishop and Youngest Toba, show 
evidence for more gradual changes approaching the  
climactic outburst132,134.

Structural controls on location and eruption dynamics. 
The locations of large silicic systems in the Quaternary 
can be linked, in general, to tectonic setting137. In addi-
tion, although a range of numerical models are available 
that propose why and when these large eruptions occur 
when they do, many of these models treat the melt-​
dominant body as a system isolated from the external 
stress field, then propose singular causes for eruption 
triggering13–17,138. However, there is increasing evidence 
for the role of external tectonic forces in controlling both 
the location of magmatic systems and the dynamics of 
magma accumulation and release16,60,74.

The locations of most systems considered here are in 
convergent margin settings, areas of extension and/or 
strike-​slip tectonics (particularly in the case of Toba139) 
(Table 1). The Bishop deposits were vented from the 
largest of a series of magmatic systems, active over 
several million years, erupting from a transtensional 
region at the juncture of the Sierra Nevada microplate 
and the extensional Basin and Range Province22,73.  
For the four Quaternary supereruptions in New Zealand, 
the interplay between volcanism, magmatism and the 
rift architecture has strongly influenced the position of 
large-​scale caldera collapses140, with caldera–tectonic 
linkages inferred in large eruptions85. Similar consider-
ations also apply to some smaller but active silicic sys-
tems, such as Santorini, Greece141 and Laguna del Maule, 
Chile142.

There are also several lines of evidence for syn-​ 
eruptive tectonic controls on the dynamics of large 
eruptions. The simultaneous and sequential eruption of 
discrete magma bodies during the opening stages of the 
Huckleberry Ridge eruption is inferred to reflect vents 
becoming active through tectonic linkages60. In the case 
of the Oruanui event, concurrent rifting is inferred 
to have modulated the early stages of the eruption, 
as well as permitting the lateral ‘invasion’ of a foreign 
silicic magma from an adjacent, unrelated system into 

Box 1 | Dating accessory phases for magmatic histories

For the purpose of following the growth and development of the magmatic systems 
that feed silicic eruptions, accessory phases (such as zircon or allanite) lend themselves 
to radiogenic absolute age dating. The methods primarily use the U and/or Th decay 
series, as these minerals preferentially include U and Th and exclude Pb during crystal 
growth123–125. Subsequent changes through reequilibration are inhibited by the 
exceptionally slow diffusion rates of Pb through the mineral structure and, so, 
pre-​eruptive ages of crystal growth remain undisturbed197. Various methods can be 
used to date these phases, each with their own advantages and limitations. There is a 
trade-​off between the precision of an age determination and the volume of material 
consumed, such that ultra-​high precisions can normally only be obtained as average 
ages from whole crystals. Thus, the method employed to date accessory phases largely 
depends on the process(es) of interest:

1. � Cross-​sectional in situ analysis of polished grains using secondary ion mass 
spectrometry (with an ion probe125,198,199) or laser ablation inductively coupled plasma 
mass spectrometry200,201 can be used to give analyses of core, intermediary and 
near-​rim domains within single crystals. Combining many analyses can reveal 
inheritance and punctuated growth of these accessory phases. Uncertainties on 
individual analyses are high and these can only be reduced by compiling many tens 
to hundreds of analyses. Estimates of eruption age within uncertainty of 40Ar/39Ar 
eruption ages can be obtained in favourable cases106.

2.	 �Surface profiling by in situ analysis of unpolished grain surfaces can be used to date 
the latest stage of mineral growth, and has also been shown to yield ages within 
uncertainty of 40Ar/39Ar eruption ages193. Individually, these age determinations are 
relatively imprecise, owing to high analytical uncertainty, although multiple age 
determinations can be combined. In addition, the evolutionary history of the magma 
bodies as reflected in crystal growth is not recovered with this method.

3.	 �Chemical dissolution of individual zircon grains for analysis by isotope dilution 
thermal ionization mass spectrometry yields highly precise ages (with analytical 
precision similar to that of 40Ar/39Ar methods102,129,194), but this gives an averaged age 
for the entire mineral grain and obscures any growth history or inheritance.

In situ cross-sectional analyses

In situ surface profiling

Isotope dilution mass spectrometry

Oldest core 
material

Rim analysis an 
average across 
zones

Ablated material-
eruption age

Incident ion or 
laser beam

Mount surfaceSampled pit

Output sample 
for analysis

Complete dissolution 
of zircon crystal
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the supersized Oruanui body74. Caldera formation is, 
in itself, an extreme example of a tectonic event, and 
the shapes of the calderas associated with large erup-
tions often reflect the orientation of tectonic elements 
in the shallow crust143. For example, the shape and 
NW-​SE elongation of the Oruanui structural caldera 
are coincident with a cross-​arc soft linkage, whereas 
the Whakamaru caldera margin to the north (Fig. 1) is  
influenced by a behind-​arc rift140,144.

Geophysical studies of modern large silicic systems. 
Geophysical imaging techniques (Fig. 5a) can provide a 
snapshot in time of the location, size and state of con-
temporary large silicic magmatic systems and ongoing 
processes within them. Combining multiple geophysical 
techniques with geochemical and petrological data from 
past eruptions to constrain interpretations yields our 
best picture of the present-​day state of large (supersized)  
magmatic systems, both quiescent and restless.

Although geophysical surveys demonstrate that 
some supereruptive systems have an active, partially 
molten magma reservoir, none of them show evidence 
for the large, shallow, melt-​dominant bodies (tens to 
hundreds of cubic kilometres) that are inferred to feed 
supereruptions89,139,145,146. However, as melt-​dominant 
bodies are thought to be ephemeral11,12, it is possible 
that they are currently absent within these magmatic 
systems. Estimating melt percentages from geophys-
ical signals is not straightforward147,148 and, typically, 
tomographic results show only an averaged view of the 
subsurface structure149. The resolution is often limited 
to ~5–10 km (Fig. 5), reflecting the seismic wavelengths 
used in such studies and the typical station spacing of 
seismic networks. Therefore, geophysical imaging cur-
rently does not have the resolution to determine whether 
smaller (<10 km3) melt-​dominant bodies, which are still 
capable of producing eruptions19,98, are present or not. 
Outstanding questions, therefore, remain around when 
these melt-​dominant bodies begin to accumulate or 
crystallize back to mush, and what geophysical signals 
(if any) would be detected with current technology.

An ultimate goal is to use modern geophysical meth-
ods along with geological knowledge of past events to 
provide operationally useful forecasts around future 
unrest and eruptive activity; however, this goal often 
remains out of reach. Owing to its location and restless 
nature, Yellowstone is the most extensively geophysi-
cally studied supervolcano150. A large amount of effort 
at Yellowstone has been focused on seismically imag-
ing the magma reservoir, through controlled source 
experiments151, earthquake tomography89,152–154 and 
ambient noise tomography155,156. When combined, these 
studies indicate that the Yellowstone volcanic system 
is underlain by a large silicic upper-​crustal magma 
reservoir organized into stacked sills and an underly-
ing basaltic lower-​crustal magma reservoir (Fig. 5b). 
These reservoirs are crystal-​rich, with the upper-​crustal 
silicic reservoir containing 5–15% melt and the 
lower-​crustal basaltic reservoir 1–2% melt89,154. However, 
the resolution of imagery cannot preclude modest-​sized 
melt-​dominant bodies (up to the 1–10 km3 range) from 
being present at large silicic caldera systems152,157, like at 
Yellowstone89.

Many large silicic systems share common attributes 
with Yellowstone: vigorous hydrothermal systems in the 
near-​surface that are fuelled by more evolved magma 
mush systems in the midcrust that are, in turn, underlain 
by a mafic feeder zone (Fig. 5b). Similar studies at Aso158, 
Toba90,139 and Taupō145 also show evidence, through seis-
mic, gravity and magnetotelluric surveys, that regions 
of partial melt presently reside beneath or close to these 
caldera systems. Long Valley is controversial: contrasting 
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Fig. 5 | Geophysical imaging of supereruptive systems. 
Geophysical resolution is typically on the order of 5–10 km 
and is not sufficient to image localized melt bodies147–149. 
However, these methods have revealed that modern 
magmatic systems have a stratified structure that is broadly 
consistent with constraints from petrological studies.  
a | A schematic cross-​sectional view of a supereruptive 
magmatic system as imaged by geophysical methods,  
such as magnetotellurics and seismology. The cell size is 
indicative of the degree of spatial resolution. The silicic 
mush (see panel b) is dominated by horizontal structures 
(for example, sills, shown as horizontal black lines) and  
the less evolved feeder zone is dominated by vertical 
structures (for example, dykes, shown as vertical black 
lines)90,139,154–156. The crustal thickness (depth to the Moho) 
can be between 15 and 60 km, depending on the local 
setting for each volcano (Table 1). b | Monitoring of 
supereruptive and other centres relies on the detection  
of periods of unrest, often associated with heightened 
seismic activity (hypocentres shown as red filled circles), 
ground deformation (straight black arrows) and/or changes 
to the shallow hydrothermal system (grey spirals)163,165–179. 
However, the majority of unrest episodes do not lead to  
any eruption.
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geophysical and geological evidence is put forward to 
propose146,159 or refute160,161 the presence of magma 
beneath the caldera. These observations of regions of 
partial melt are in accord with the trans-​crustal-​scale 
architecture suggested by geochemical and petrological 
studies on volcanic products7,10–12,19,25,26,95 and also with 
that observed in exhumed ancient examples91–93. Repeat 
and/or continuous geophysical surveys on active systems 
offer the opportunity to monitor any changes in modern 
magmatic systems.

Caldera volcanoes often undergo periods of elevated 
seismicity, ground deformation and gas emission, known 
as unrest (Fig. 5). An important point is that unrest events 
do not imminently indicate an impending eruption and 
that eruptions come in all sizes, even at volcanoes that 
have hosted past supereruptions18,22,162. Although it is 
assumed that all eruptions from large silicic systems 
are preceded by some level of unrest, the vast major-
ity of unrest periods are not followed by an eruption163. 
Monitoring systems at volcanoes worldwide commonly 
include seismic networks, ground deformation mon-
itoring and surficial fluid emissions monitoring. For 
example, the Yellowstone Volcano Observatory issued a 
monitoring plan164 in 2006 that stated that the system in 
place should detect signals that could indicate changes  
in Yellowstone’s magmatic system, including earthquakes,  
ground deformation and/or increased heat, gas or water 
flux. However, such monitoring depends on the ability to 
distinguish between normal behaviour and some tran-
sient change in behaviour (unrest) that could be related 
to magmatic activity.

During the time that Yellowstone has been mon-
itored, there have been numerous unrest episodes, 
including large seismic swarms165–168 and episodes of 
accelerated ground deformation169–171. Similar but less 
vigorous unrest episodes have also been observed at 
supervolcanoes at Long Valley172–174 and Taupō175–177, 
as well as at other large silicic centres, such as Campi 
Flegrei178,179 and Laguna del Maule142,157. However, none 
of these episodes has yet led to a volcanic eruption. 
Therefore, it is imperative that monitoring systems at 
large silicic volcanoes monitor for multiple signals (that 
is, seismic, deformation, gas release etc.), as a change in 
one signal likely does not point to an impending erup-
tion, but simultaneous changes in all signals might point 
to the movement of magma into the shallow crust and 
the possibility of eruption.

Summary and future perspectives
Synthesis of field and petrological studies of super-
eruption products shows that there is great diversity in 
the nature of these events, making it challenging when 
considering the current behaviour of modern systems. 
Supereruptions can start literally with a bang and col-
lapse of the chamber roof or begin gradually, with 
hesitancy before escalating into catastrophic activity. 
Overall, the eruption can be rapid, uninterrupted events 
over a few days or an episodic sequence prolonged over 
decades. Magmas that feed supereruptions can come 
from single or multiple final storage regions, which can 
be zoned or convectively mixed. Magmas are assembled 
into their eruptible states across diverse timescales, in 

extreme cases involving magmatic accumulation rates 
exceeding 1 km3 per year. Our brief Review serves to 
emphasize three points about the present-​day states of 
the large silicic systems that have produced Quaternary 
supersized or other large silicic eruptions.

First, non-​eruptive unrest events at large silicic volca-
noes are one to three orders of magnitude more common 
than the probability of unrest leading to an eruption of any 
size. Petrological studies have, however, highlighted that  
large silicic systems record timescales suggesting  
that extraction and accumulation of eruptible magma 
can occur over periods of only a few years. The abil-
ity of a silicic system to move into a state of eruptive 
capability so rapidly presents challenges in the modern 
instrumented era, and the factors (tipping points) that 
cause unrest associated with sufficient accumulation of 
magma to evolve into eruption remain unquantified180. 
Limited data on silicic magma accumulation rates 
suggest that, once the magma begins to ascend, the 
warning time for eruption onset could only be days to 
months, giving little time for interpretation of changing  
geophysical signals.

Second, further work to improve field-​focused stud-
ies of eruption timings and products and integrate them 
with crystal-​specific reconstructions of the magma 
bodies and numerical modelling remains to be done 
around understanding supereruptive magmatic sys-
tems. There is a marked contrast between the overall 
long lifetimes (hundreds of thousands to thousands of 
years) of large silicic systems versus intermediate times-
cales of eruptible magma accumulation (thousands to 
hundreds of years) versus the short timescales of trig-
gering and eruption (decades to days). These contrast-
ing timescales suggest either a remarkable uniformity of 
behaviour across systems of widely varying sizes or the 
presence of other unknown factors180 that are currently 
overlooked. Evidence for the timing and nature of phys-
ical processes associated with eruptions is scant, yet, this 
evidence is important in assessing the nature of future 
activity and associated hazards. Numerical modelling 
of volcanic behaviours requires further development, 
including better understanding of the role of external 
factors such as tectonic forces and crustal stress states 
influencing magma accumulation, establishing the onset 
and modulation of eruptions and resolving the role of 
the hydrothermal envelope in causing geophysical unrest 
signals. In addition, current numerical modelling of melt 
extraction is still largely based on the formation of a sin-
gle melt-​dominant reservoir, without consideration for 
more complex configurations indicated from several 
petrological studies.

Third, supereruptions in the past define a supervol-
cano but do not dictate the modern behaviour of the 
volcano or help constrain the size of future activity.  
The common perception of a volcano such as Yellowstone 
is that any future event will be catastrophic181, yet, this is  
most improbable. The question then arises whether 
non-​eruptive unrest behaviour can be defined at these 
large silicic systems versus the signals related to an 
impending eruption. Since there have not been erup-
tions at large silicic caldera-​forming systems in modern 
(instrumented) times, this question cannot be answered 
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definitively and there is much room for further work. 
Application of new tools such as machine learning 
algorithms182 in monitoring systems at large silicic 
systems might be able to permit timely interpretation  
of transient signals that reflect the onset of movement of 
stored magma towards the surface on the hours-​to-​days 
timescales indicated from petrological studies60,183. In 
addition, laboratory experiments linking direct meas-
urements of melt percentage and seismic velocity184,185 
will aid in the interpretation of tomographic results 
with respect to the amount of melt available in a 
magma reservoir. There is also a need to improve our 

understanding of non-​eruptive unrest at caldera 
systems163, as these events can cause major societal and 
economic impacts175,186–188. These impacts can be exacer-
bated by public perceptions of supervolcanoes as liable 
to catastrophically erupt (particularly Yellowstone181), 
whereas, in reality, such an event is extremely unlikely. 
Therefore, effective education and communication of 
the nature and frequency of unrest at large silicic systems 
is a key mitigation strategy against the societal impacts 
of future unrest episodes.
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