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Long-term volcano evolution controlled by lateral
collapse at Antuco volcano, southern Andes, Chile

2% Margherita Polacci® !, Fabio Arzilli3, C. lan Schipper®, Giuseppe La Spina® >,
10

Mike Burton® !, Miguel A. Parada® ©, Juan Norambuena’, Alicia Guevara®, Sebastian Watt®, Hugo Moreno'©,
1

Jorge E. Romero® "

Luis Franco" & Jonathan Fellowes

Beyond the catastrophic environmental effects of large (>1km3) volcanic landslides, their
impact on underlying magmatic systems remains unclear. Chemical variations in post-
collapse volcanic products, alongside dramatic eruptive behaviour transitions reported from
several volcanoes, imply that surface unloading directly influences subsurface magmatic
processes. By combining petrologic data with magma ascent models, we track the post-
collapse (<7 ka) magmatic system evolution of Antuco volcano (Chile). During the pre-
collapse period, low-explosivity eruptions were sourced from a hotter and deeper storage
region. However, the landslide-induced unloading and decompression reactivated a pre-
existing, shallower, silicic magma reservoir, favouring more explosive activity. The pre-
collapse conditions were restored after edifice regeneration over a few thousand years. Since
shallow magma reservoirs are common beneath volcanoes (e.g. in Etna, Villarrica, or Fuji),
similar responses could follow future lateral collapses. These findings are relevant when
assessing volcanic hazards at gravitationally unstable or collapsed volcanoes on a hundred-
to thousand-year timescale.
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lapses, are among the most destructive volcanic phe-

nomena on Earth. Volcanoes are sites of inherent
structural weakness driven by hydrothermal alteration, rapid
growth, heterogeneous mechanical properties, continued magma
intrusions and sub-volcanic basement spreading, all of which are
factors contributing to flank instability and collapse!~3. These
landslides involve unstable parts of a volcano* and produce rapid
mass movements of incoherent and unsorted mixtures of rock
and soil®>. These debris avalanches can move faster than
100 ms~1, travel tens of kms from source, and inundate hun-
dreds of square kilometres3®. Debris avalanches have claimed
hundreds of lives during the last century, with secondary phe-
nomena (e.g. landslide-driven tsunamis) exacerbating these
impacts’. At stratovolcanoes, lateral collapses are a ubiquitous but
infrequent destructive process, shaping the development of vol-
canoes and forming part of long-term (i.e. thousands of years)
cycles of volcano growth and collapseS.

Apart from the avalanches themselves, other immediate
impacts of lateral collapses may involve quasi-instantaneous
decompression of shallow magma plumbing systems and volcanic
aquifers®, triggering violent lateral blasts that devastate the
landscape with high dynamic pressures!?. Rapid decompression
may also destabilise the conduit, thus affecting subsequent
eruptive activity!l. Over a few to tens of thousands of years,
lateral collapses may produce a variety of effects that influence the
entire volcanic plumbing system because of unloading!?-14. These
changes include reconfiguration of shallow magma pathways and
vent relocation!>~20. Changes in the chemical composition and
eruptive behaviour have also been reported because of upper-
crustal reservoir disruption'4. However, testing these relation-
ships is challenging due to the difficulties in reconstructing a
detailed eruptive chronology at individual volcanoes, which is
needed to determine the role of edifice destruction and regrowth
in controlling magma system evolution. As a result of this, the
long-term consequences of lateral collapses are usually not sys-
tematically considered in hazard evaluation”-2!, despite being a
potentially important control on volcano behaviour, mainly due
to the limited knowledge of how edifice collapse and regrowth
influences volcano development!8. There is thus a need for high-
resolution eruption records to be combined with petrological
studies and numerical approaches??, to better constrain the
consequences of lateral collapses on volcano development. We
have identified Antuco volcano, Chile, as the ideal site to inves-
tigate this topic.

Antuco is a stratovolcano of the southern Andes (Chile) that
experienced a catastrophic lateral collapse at 6.9-7.2 ka BP. The
collapse removed nearly 1 km of the cone height and transported
a 6.4 km? debris avalanche that infilled a glacial valley towards the
west, and its age was determined from a small brush branch dated
by radiocarbon at the base of the deposit?3. The volcano was
previously thought to have erupted only basaltic lavas (51-54
wt.% SiO,) during its post-glacial (<17 ka) evolution?42>, How-
ever, recent evidence has reported andesites (61-62 wt.% SiO,)
explosively erupted at around 4 ka BP2, as well as “composi-
tionally anomalous” andesitic lavas!'4 (~58 wt.% SiO,) nearly
3.4 ka ago?2.

To understand how magma storage systems react to unloading
by a lateral collapse, ideally at timescales of thousands of years, we
need to investigate the eruptive products from before, during, and
after a collapse. Several studies have been carried out on collapsed
volcanic islands!727:28 or over decade-long timescales at con-
tinental volcanoes??~3!. These studies report compositional
changes during the post-collapse stage but typically based on
limited geochronologic or compositional data. Here, we utilise
stratigraphically sampled lavas and pyroclasts of Antuco volcano

Volcanic lateral collapses, also called flank or sector col-

representing the last 17ka of activity to characterise their che-
mical, mineralogical and textural properties. This evidence is
exploited to reveal the architecture and storage conditions within
the magma system and to explain the variations in the volcanic
activity after the lateral collapse. Finally, we use a numerical
model of magma ascent to simulate the most likely magmatic
conditions within the volcanic conduit during the collapse, to
explore the immediate reaction of the system to unloading.

Results

Geology and location of the pre- and post-collapse products.
The eruption products described in this work are indicated in
Supplementary Data 1. From its inception at ~150ka up until
17 ka, lavas at Antuco span a wide compositional range from
basalts to dacites (50.9-64.5 wt% SiO,); these products were likely
sourced from a magma reservoir located 2-5km below the old
summit?*. However, limitations of exposure prevent us exploring
detailed trends in this stage of the volcano’s history. From 17 ka
up until the collapse at 6.9-7.2 ka?%, Antuco erupted exclusively
basalts that formed blocky, ‘a‘a or rarely pahoehoe porphyritic
lava flow morphologies. These produced flows with heights up to
30 metres. Many of them display lava tubes in the lower flanks of
the edifice, exposing caves several metres in height. These lavas
were cut by the collapse scar, so were presumably sourced from
the original summit vent of the old Antuco edifice. This unit has
been named “Late Antuco”?* and we collected five samples from
three different lavas stratigraphically spanning the lowermost,
middle, and uppermost parts of the sequence.

We divide the post-collapse stage into an early and late post-
collapse period. During the early post-collapse period, andesitic
lavas reached 10 km west from the current summit, forming flow
units up to 8 m thick and developing notable columnar jointing.
Their maximum age is 3.4 ka, determined from charcoal found in
an underlying paleosol?>. We obtained fifteen new samples from
these lava flows and three additional samples from pyroclastic
units from the post-collapse sequence that are complemented
with thirteen published data in Romero et al.2%. The subsequent
lavas of the late post-collapse stage (<3 ka) are also distributed
west from the collapsed volcano and form the youngest edifice of
Antuco; they correspond to ‘a‘a porphyritic basalts sourced from
the summit cone or lateral fissures in the main cone (Fig. 1), with
flow lengths up to 7km and regular widths of 10-60 m. We
obtained nine lava samples from these younger units for this
study.

Two tephra samples (units p and §) were collected from the
bottom of the pyroclastic sequence east of Antuco (Fig. 2). They
are reinterpreted as corresponding to the Late Antuco stage, rather
than the post-collapse period, based on field observations that
indicate a few thousand years gap between these tephras and
overlying units?3. Pyroclastic rocks associated with the post-
collapse stage (early and late) are easily recognised on the flanks of
both the collapsed and regenerated edifices. Wind-controlled
dispersal led to preservation of air-fall scoria and pumice deposits
mostly towards the east. The early post-collapse deposits with
available geochemistry in the literature are (from older to younger)
units € and El Pino tephras (EPT; Fig. 2) (3.7-4.3 ka; ref. 26) and
these samples (8) are further studied in this contribution. At 10 km
to the west of Antuco, the deposits of dilute pyroclastic density
currents (PDCs) directly overlie the debris avalanche deposit and
underlie the early post-collapse lavas and their minimum age
obtained from charcoal fragments in the uppermost exposures is
3.6 ka3, These deposits are exposed in the Laja river valley walls
and reach a maximum thickness of 5 m; internally, they contain a
fine-to-coarse ash matrix and beds of 20-30cm thickness of
abundant lapilli fragments, as well as cm-thick fine ash beds with
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Fig. 1 Map showing the location of the lava samples collected for this study. Their original locations and those of tephras are also reported in

Supplementary Data 1. The relative ages of the lavas are based on ref. 92.

cross stratified structures. We sampled juvenile lapilli fragments
from the middle and upper parts of the section (c. 2.5 and 5m
from the base). More recently, late post-collapse pyroclastics (6)
extend from 1.2ka to historical times (e.g. Petroquines Tephra,
El Soldado Eruptive Sequence, and Bueyes Tephra; PT, ESES, and
BT, respectively; Fig. 2). Their bulk rock plus occasional glass
groundmass geochemistry are also reported in the literature
(i.e. ref. 26).

Geochemistry and texture of volcanic products. The bulk rock
composition of lavas and pyroclasts was determined using X-ray
fluorescence (XRF) and compared with data from the literature
(Supplementary Data 1 and Methods; e.g. refs. 2632). The
chemistry of groundmass glass in pyroclasts and lavas was
determined by electron probe microanalysis (EPMA; Supple-
mentary Data 2 and Methods). For lava, it was only possible to
measure residual glass between crystals with high-resolution
chemical mapping (see Methods). There are clear compositional
differences when comparing the pre- and post-collapse bulk rock
compositions (Fig. 2a).The pre-collapse (Late Antuco) composi-
tions are exclusively basalts and basaltic andesites, whereas the
post-collapse products cover a broader range extending to more
evolved compositions, with several high silica andesites and tra-
chyandesites during the early post-collapse stage, and mainly
basalts and basaltic andesites for the late post-collapse stage
(Fig. 2a). Similarly, the pre- and late post-collapse glass compo-
sitions are of basaltic andesite composition, whereas a broad
range of compositions from andesite, trachyandesite, and dacite
are observed in the early post-collapse glasses of lavas and pyr-
oclasts (Fig. 2b).

When plotted in a time series, the bulk rock compositions from
the early post-collapse stage show increased SiO,, K,0, Na,O, and
FeO, while CaO decreases compared to the previous and
subsequent stages (Fig. 2¢). Specifically, the bulk rock lavas during

the early post-collapse stage cover a larger compositional range,
from 50.6 to 59.4 wt.% SiO,, relative to pre-collapse lavas. These
changes suggest a period when silica-enriched melts were erupted,
prior to returning to conditions like those that existed before the
collapse. We observe a similar trend for pyroclasts, with tephra
units € to EPT enriched in SiO,, K,O and Na,O compared to
previous or subsequent pyroclastic units. However, there is a
greater variability in the tephra compositions than in the lavas, with
a reappearance of silica-rich compositions in samples the late post-
collapse PT-top and -base units (Fig. 2c), and notably low bulk-
rock silica (~50%; Fig. 2¢) in the early post-collapse QDP unit. In
the latter, the glass data spans from basaltic andesite to dacite, and
we suspect these products may indicate a mixing of bimodal (mafic
and silicic) magma compositions or the simultaneous interaction of
different magmas within the same deposit.

The textural investigation of the Antuco lavas and pyroclasts
reveals seriate textures with different crystal size populations
including phenocrysts (>0.3 mm), microphenocrysts
(0.03-0.3 mm) and microlites (<0.03 mm) (definitions after
ref. 33), which suggest magmas underwent crystallisation at
different pressure and temperature conditions and/or involved
multiple mixing episodes before eruption3*. However, the early
post-collapse PDC samples do not present disequilibrium
textures. The vesicle-free phenocryst contents vary from 18 to
38% in these PDC pyroclasts and the most frequent mineral
phases (in order of abundance) are plagioclase, olivine, and
pyroxene, with minor iron-titanjum oxides. The early post-
collapse lavas never exceed 31% phenocrysts.

Crystal textures and mineral chemistry. At a microscale, the
Antuco samples contain a variety of plagioclase phenocrysts,
encompassing coarsely spongy cellular (sieve) texture either in the
rim (type A) or the core (type B), but also crystals with step or
patchy zoning (type C) and others that are homogeneous
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Fig. 2 Compositional data of Antuco samples. Total alkali versus silica plot for bulk rock (a) and glass (b) showing compositions varying from basalt to
dacite and trachyandesite. Letters represent basalt (B), basaltic andesite (BA), basaltic trachyandesite (BTA), andesite (A), trachyandesite (TA), trachyte
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(Fig. 3a). The pre-collapse lavas (Late Antuco) show holocrys-
talline textures (no groundmass glass present), in which crystals
have heterogeneous sizes. The early post-collapse products have
porphyritic textures that contain scarce (<2 vol.%) plagioclase
phenocrysts (up to 1.5mm), which have tabular shapes and
homogeneous composition. Abundant acicular swallow-tailed
plagioclase and pyroxene crystals, with sizes <70 pm, are observed
in the groundmass. Pyroxene and olivine phenocrysts are euhe-
dral and subhedral. Pyroxenes are homogeneous from a com-
positional point of view, whereas olivine exhibits normal
progressive zoning. The late post-collapse products show por-
phyritic textures. Plagioclase and olivine phenocrysts (sizes up to
2.0 mm) have euhedral shapes. Coarse-sieve dominated plagio-
clase cores, partially resorbed, are exclusively observed in the late
post-collapse stage. External rims around resorbed plagioclase
cores indicate an overgrowth recorded by phenocrysts. We
observe a groundmass that is either holocrystalline or partially
glassy with swallow-tailed plagioclase crystals (<50 pm) and
dendritic pyroxene crystals (<10 um).

Compositionally, the plagioclase crystals of the pre-collapse
and late post-collapse stages have cores with 72-87 mol. %
anorthite (An), whereas the rims are Ange 73, irrespective of the
crystal texture (Fig. 3b; Supplementary Data 3). However, the
early post-collapse plagioclases from the lavas and pyroclasts
show the opposite trend with An-depleted cores and rims
substantially An-enriched (Fig. 3b; Supplementary Data 3).
Another important observation is that the maximum An content
never exceeds 80 mol. % in these samples, in contrast to pre-
collapse and late post-collapse anorthites that may reach up to
84 mol. %. Similar features are seen in the olivine compositions

(Fig. 3¢) from pre- and late post-collapse stages: phenocryst cores
have forsterite (Fo) contents of 67-84 mol. % and the rims reach
Fo_gg, in contrast to the early post-collapse rims with Fo._se.
Unzoned clinopyroxene compositions are almost identical in the
pre-, early post-collapse, and late post-collapse with CaMg-
enriched augite in the cores to augite in the rims (Fig. 3d).

History of magma storage. We estimate the pre-eruptive mag-
matic dissolved water contents (Supplementary Data 4) by
applying the plagioclase-liquid hygrometer (ref. 3°) to our sam-
ples, informed by the most likely conditions governing the shal-
lower magma system of Antuco in ref. 2°. Water content
estimates range from 2.5 to 3.2 wt. % for the pre-collapse pro-
ducts, from 1.4 to 5.1 wt. % for the early post-collapse products,
and from 0.11 to 2.3 wt. % for the most recent eruptions (late
post-collapse). For the whole data series, the median and average
reach ~2.5 wt.% H,0O, thus we consider that value as repre-
sentative of the long-term system hydration at shallow conditions.
To estimate the intensive magmatic conditions of these products,
we used crystal-melt pairs in thermodynamic equilibrium (see
Methods). Applying the feldspar-liquid (Supplementary Data 5)
and the clinopyroxene-liquid geothermometers and geoba-
rometers of ref. 3637 (Supplementary Data 6) and the geo-
thermometers of olivine-liquid and olivine-augite from refs. 36-38
(Supplementary Data 7) we obtained the crystallisation P-T
conditions for cores and rims in these minerals (Fig. 4).
Irrespective of the crystal texture (either oscillatory zoned or sieve)
and measurement position (crystal core or rim), the plagioclases
from the pre-collapse stage indicate a narrow range of temperatures,
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from 1098 to 1115°C (Fig. 4a). Similarly, olivine-liquid and
pyroxene-liquid pairs indicate temperatures in the range
1070-1112 °C and 1029-1070 °C, respectively (Fig. 4b, c). Contrast-
ingly, estimates using olivine-augite thermometers return a range
from 1115 to 1167°C (Fig. 4d). The cores and rims of zoned
plagioclase crystals of the early post-collapse samples (including lavas
and pyroclasts) display the lowest temperatures, ranging from 1009
to 1040 °C, while in the unzoned plagioclase and pyroxene crystals,
temperature estimates vary from ~1000 to 1020°C (Fig. 4a, b).
Finally, higher temperatures are again observed in the late post-
collapse sieve plagioclase rims (1124-1128°C), but especially on
plagioclase cores and zoned plagioclase rims (1128-1183 °C).

The pressures obtained range from 3.2 to 6.2 kbar in the pre-
and late post-collapse samples for all mineral phases. Conversely,
the early post-collapse samples yield two other pressure ranges at
1.4-3.9kbar and <0.8 kbar (Fig. 4a). Using the crustal density
model for the southern Andes of ref. 3%, these P values are roughly

equivalent to storage depths for the pre-collapse and late-post
collapse stages at 12-23 km, whereas the early post-collapse
depths are 0-3.0 km and 5.3-14 km (Fig. 4a, b).

Discussion and conclusion

A change in the composition of distinct volcanic products post-
dating large-scale lateral collapses (>1.0 km3) has been previously
documented in several other mafic volcanoes. For example, the
compositionally narrow basaltic-andesitic magmas of Ritter Island
(Papua New Guinea) were followed by a variety of basalts-to-
rhyolites soon after its 1888 tsunamigenic collapse (ref. 4; volume
of 4.0-4.2km?3). In St. Lucia and Pitons du Carbet (Martinique,
collapse <20 km3) post flank-collapse magmas are also more dif-
ferentiated and crystalline than the pre-collapse ones*!. Similarly,
andesitic lavas of San Pedro volcano (southern Andes) were sub-
stituted by voluminous dacitic lavas containing basaltic inclusions
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after a 4.0km?3 collapse*2. A corresponding pattern is observed at
collapsed oceanic islands such as Fogo volcano (Cape Verde), with
a 10ka-long eruptive period of highly differentiated residual
magmas after a huge lateral collapse (130-160 km3), followed by
the restoration of conditions comparable to the pre-collapse stage
since 60 ka?’. Unlike these examples, small-scale lateral collapses
(0.2-1.0km3) are not usually followed by such compositional
changes’” 1! and some do not change their eruptive styles at all after
collapse?V. In this respect, the Antuco collapse (6.4 km3) offers a
good case study from which detailed evidence of the eruption of
compositionally distinct volcanic products postdating its lateral
collapse were collected. Our stratigraphically controlled sampling
and the combination of different analytical techniques offers a
unique chance of reconstructing long-term volcano development
after edifice collapse.

To understand the driving forces behind the compositional
change of Antuco, as a potential analogue for other arc strato-
volcanoes affected by large-scale lateral collapses, it is necessary to
consider the impact of collapse on magma storage conditions.

The normal zoning of olivine crystals, as well as step-normal
zoning of plagioclase observed in the pre-collapse and late post-
collapse stages, are indicative of crystallising melts that followed a
liquid line of descent during cooling*>#4. Sieve textures in plagio-
clase crystals are ubiquitous within the volcanic products of the late
post-collapse stage, whereas they are present only at the rims of
plagioclase crystals within the pre-collapse samples. Sieve textures
are usually interpreted as produced either by magma decompres-
sion during ascent or magma mixing processes*’. In this regard, the
disequilibrium textures probably result from episodic rapid crystal
dissolution induced by decompression during mafic magma ascent
(generally ~52 wt.% SiO,) within the deep magma system (storage
depths of 12-23 km), and elevated temperatures (1124-1183 °C).
Hence, we suggest that the primary processes driving magma
evolution in the system is cooling-driven crystallisation within a
convective reservoir, interrupted by ascent-decompression events
triggering crystal resorption-dissolution textures. These textures
are absent within the early post-collapse plagioclase crystals,
however the observed patchy zoning textures have been repro-
duced in cooling experiments** by small amounts of undercooling
(e.g. 40°C; using Ang, feldspar), and modest cooling rates (i.e.
5.55x 1074 °C s~L; with Any, feldspar). Reverse zoning patterns
shown by early post-collapse plagioclase crystals may represent
decompression crystallisation or convection within a reservoir at
temperatures from 950 to 1020 °C%, which agrees with our esti-
mated temperatures. Moreover, the pressures we obtain show that
these silicic magmas preserved in lavas (up to 59 wt.% SiO,) and
pyroclasts (up to 62 wt.% SiO,) may have evolved in a shallow
reservoir at <3.0 km. The more silicic nature of this reservoir is also
supported by the plagioclase and olivine crystal compositions,
which display lower anorthite and forsterite than for the pre- or late
post-collapse stages. In this respect, the early post-collapse products
indicate the stagnation, evolution, and late-stage decompression
(either by ascent or by the unloading produced by the collapse) of
relatively ‘cold’ magmas at shallow conditions, compared to those
magmas erupted in the pre-collapse and late post-collapse stages.

To offer more insights into the effect of decompression of
Antuco’s magma, we utilise two complementary theoretical and
numerical approaches.

The loss of the cone material during collapse reduced the
overburden pressure on the magma system, as expressed in the
following form:

o*m,:/pxgxdz (1)
0

Here, p is the density of the cone, assumed to be between 2000
and 2700 kg m—3 (the latter is the highest for a compact vesicular

basalt; Schon, 2015), g is gravity acceleration and z is the mini-
mum loss of material thickness, which in this case is 0.9 km at the
volcano summit, according to ref. 23. We therefore obtain
decompression magnitudes between 0.18 and 0.24 kbar. Com-
paratively, the 1980 collapse of Mt. Saint Helens eliminated
0.6 km of the volcano summit and displaced nearly 2.5 km? of its
flank, unloading the system by 0.25-0.3 kbar47:48, From experi-
mental data, these unloading magnitudes are enough to trigger
water exsolution and increase the plagioclase liquidus tempera-
ture in basalts, thus imposing an effective undercooling, crystal-
lisation, and rising melt viscosity*®. The enhanced crystallisation
of mafic magmas not only changes the bulk rheology but also
affects degassing efficiency, enhancing explosivity>°.

Using the bulk rock compositions of our samples in addition to
the temperatures obtained with the plagioclase-liquid thermo-
meter, because these record the broadest range of temperatures in
the dataset (Fig. 4a), we calculated the melt viscosity of the
magma with the model of ref. 1. We calculated that the melt
viscosity increased from 10! to 103 (Pa s) during the early post-
collapse stage in comparison to older and younger samples
(101-10% Pa s). Moreover, the bulk magma viscosity (considering
crystal content) increased from 10% to 10° in the early post-
collapse stage, according to the model of ref. 2 (Fig. 5). Hence,
there is an empirical argument to support a rise in the magma
viscosity after the lateral collapse. Conversely, the density calcu-
lated as in ref. 33 is lower for the early post-collapse magmas,
which would have favoured ascent via system decompression.

The evolution of Antuco volcano offers another line of evi-
dence in support of an unloading driven control on erupted
magma compositions. The data of ref. 2> shows that andesitic
lavas erupted at Antuco between 66 and 52 ka, and also during
later stages of the pre-collapse edifice at 29.5+7.5 and
15.5+5.5ka (Supplementary Discussion 1). The decreasing fre-
quency of andesitic eruptions (ie. relatively differentiated
magma) through time was accompanied by an increase in the
volume of the volcanic edifice from ~45 km? to 55 km?3, during a
period where glaciation would also have added to surface loading.
Before the collapse, the Late Antuco stage built another 3-6 km?
of exclusively basaltic products. This final volume is comparable
to that removed by the avalanche (6.4km?3, ref. 23), and the
collapse-driven unloading is therefore compatible with the re-
establishment of conditions that previously allowed more differ-
entiated magma to erupt.

There is a possibility that the collapse “reactivated” a shallower
reservoir that already existed before the collapse. As shown in
Fig. 4a, the source of the less differentiated pre-collapse and late
post-collapse magmas corresponded to a hot and deep mafic
reservoir, compared to the more differentiated (andesitic) early
post-collapse magma sourced from a colder (~1000°C) and
shallower region at <3 km depth.

To investigate the influence of the collapse on the magma
ascent dynamics, we used a 1D steady-state model of magma
ascent in a cylindrical conduit®®>>. The equations of the model
controlling the fluid dynamics of magma ascent within the con-
duit have been illustrated by ref. *°. To describe the magma ascent
dynamics at Antuco volcano, appropriate constitutive equations
(describing the specific rheological, solubility, outgassing, and
fragmentation behaviour, together with equations of state for
each component) have been also taken into account. Since our
model is 1D, we cannot simulate exactly the magma ascent
dynamics in complex plumbing systems. However, this is well-
suited to describe the magma ascent dynamics of the shallower
part of the plumbing system, where it is reasonable to assume a
vertical cylindrical conduit. Furthermore, our model is steady-
state, therefore it cannot reproduce the evolution of the eruption
within short timescales (i.e. in the order of minutes). However, it
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Fig. 5 Conduit dynamics of Antuco volcano. Evolution of (a) pressure, (b) temperature, (¢) exsolved gas volume fraction, (d) dissolved volatile content,
(e) mixture velocity, (f) mixture viscosity, (g) mass eruption rate (MER), and (h) Deborah number. The numerical results are retrieved from the conduit
model for the pre- (blue line) and early post-collapse (red lines) situations of Antuco volcano, considering the pre-collapse composition is basaltic and the
early post-collapse is andesitic. Only the upper 5 km of the conduit are shown for the basalt simulation which ascends from 15 km (Supplementary Fig. 2).
The red dashed line corresponds to the unloaded edifice with a conduit 900 m shorter. That scenario is the only one able to produce an explosive eruption

for the given conditions and shows a comparatively higher mass flow rate.

can be used to describe the magma ascent dynamics of long-
lasting eruptions, where the dynamics occurring within the
conduit have a much shorter timescale than the timescale of the
eruption. Notwithstanding its limitations, it accurately describes
most of the processes occurring during magma ascent towards
surface, producing a realistic description of the magma ascent
dynamics during volcanic eruptions. Indeed, this model, and its
previous developments, have been used in the past to describe the
magma ascent dynamics at several volcanic systems (such as Etna,
Stromboli, Kilauea, Sunset Crater; refs. °>>~>) [La Spina et al.,
2016, 2017, 2019, 2021, 2022], so it is a perfect tool to investigate
magma ascent dynamics at Antuco Volcano.

A more detailed description of the constitutive equations is
reported in the Methods section. The initial conditions repre-
sentative of the pre- and post-collapse stage of Antuco eruption
have been inferred from the petrological data obtained within
this work.

For the pre-collapse stage we simulated a deep (4 kbar) and hot
magma reservoir (1130 °C) of basaltic composition (50.6 wt.%
SiO,) with 38 vol.% crystal content and 15km conduit length
(Supplementary Data 8). The early post-collapse stage was
simulated using an andesite magma (59.4 wt.% SiO,) stored at
1.5 kbar (i.e. at 5 km depth; ref. 2°) with a temperature of 1000 °C
and a 31 vol.% crystal content, but with a conduit length of only
4.1 km due to the collapse. Finally, to simulate the recovery of the
volcanic edifice with time, the conduit length was restored to
5km, ie. the corresponding depth of an andesitic magma at
1.5kbar (Supplementary Data 8). The H,O content for both
stages was set to 2.5 wt.%, which is representative of the long-
term system hydration at shallow conditions, as we suggested
previously. For the different scenarios proposed, we ran the
model considering conduits with radius of 5 and 10m (as
observed in the field from dykes intruding the pre-collapse edi-
fice; ref. 99). The solutions with conduit of 10 m radius are shown
in Fig. 5 (for a better comparison we plotted only the shallower
5km of the conduit, even for the pre-collapse stage ascending

from 15 km depth), while those obtained assuming 5 m diameter
are illustrated in Supplementary Fig. 1.

In Fig. 5a, b we illustrate the evolution of the pressure and
temperature as magma ascends towards the surface. Due to the
low H,O content (ie. 2.5 wt.%), magma is undersaturated at
depth, and volatile exsolution and expansion start to occur at
~3km depth for the basaltic magma and ~2km depth for the
andesite magma (Fig. 5¢, d). The basaltic magma ascends from
15km depth towards the surface at low rates (Supplementary
Fig. 2: from 0.06 at depth to 0.2 ms~! at the vent of the conduit)
in about 60 h (Fig. 5e blue solid line; 18 h if we consider the upper
5km of the conduit), increasing in viscosity from 10% to 10°Pas
(Fig. 5f blue solid line) and erupting effusively at 5.6 x 10*kgs~1.
For the andesitic magma stored at 5km depth that underwent
sudden unloading by the collapse (i.e. with a conduit length of
4.1km), the ascent rate is much faster (Fig. 5e; from 0.2 to
25 m s~ 1) reaching the surface only in 5 h. In that case the magma
viscosity is higher (Fig. 5f; 10°-108 Pas) and the magma erupts
explosively (magma fragmentation is triggered when the Deborah
number within the conduit exceeds 0.01, see Methods section) at
~2x10°kgs~! (Fig. 5g h). Contrastingly, once the volcanic
edifice is restored (i.e. the length of the conduit is set to 5 km) the
same shallow andesitic magma ascends slowly (Fig. 5e;
0.05-0.1 ms~!) at low mass flow rates (Fig. 5f; ~4 x 10*kgs—1),
consistent with the pre-collapse eruption conditions of basaltic
magma, and without triggering fragmentation (Fig. 5h). Lower
ascent rates favour gas/melt decoupling, preventing the formation
of high strain rates, and thus fragmentation®!. Our results do not
intend to demonstrate that andesitic magma erupted explosively
shortly after the collapse, but simply demonstrate that fast ascent
of andesite magma is enabled by sudden decompression, and that
conditions favouring explosive fragmentation are also plausible
under the post-collapse conditions at Antuco. The post-collapse
PDC deposits at Antuco directly overlie the debris avalanche
deposit, and no indication of a time gap has been found between
the two events. It is thus possible that the Antuco lateral collapse
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was very shortly followed by explosive eruption. In a comparable
example, the earthquake-triggered November 1964 collapse of
Shiveluch in Kamchatka was followed by the explosive eruption
of over pressurised andesitic magma minutes to hours later®?, and
we infer that a similar scenario is possible at Antuco. On the other
hand, even though in our simulations we are assuming a constant
crystal content, having a shorter conduit length produces a faster
magma decompression and undercooling. This would lead to
more extensive and more rapid crystallisation (ref. %), increasing
magma bulk viscosity, although enhanced volatile exsolution may
still favour fragmentation®!. For hydrous andesitic magmas with
comparable viscosities to those of Antuco’s early post-collapse
magmas, the observed flow rates characterise sub-Plinian erup-
tions (e.g. ref. ©40%) because of high strain rates®®. This is con-
sistent with some of the tephra deposits found east of Antuco for
this period (e.g. EPT unit, ref. 26). Therefore, we can conclude
that the more evolved compositions and increased pyroclastic
activity observed in the early post-collapse stage are plausibly
explained to result from sudden decompression caused by the
collapse. During the progression of the early post-collapse stage,
the edifice was gradually reconstructed by the explosive activity,
progressively decreasing the relative overpressure. This rebuild-
ing, combined with the exhaustion of over pressurised magma in
the reservoir, may have produced a transition from dominantly
explosive to dominantly effusive behaviour during the late post-
collapse stage, as seen in the stratigraphy from ref. 26, However,
the change to dominantly effusive activity occurred before 3.4 ka,
by the end of the early post-collapse stage, with the eruption of at
least two andesitic lava flows lying on-top the PDC sequence. We
infer that these silicic lavas represent buoyant portions of the
more degassed residual andesitic magma.

In summary, both the petrochemical insights and numerical
modelling illustrate that the decompressing effect of the collapse
can account for the mobilisation of residual melts stored at
shallow conditions (c. 5 km depth; Fig. 6). As shown by the work
of ref. 2°, such a shallow reservoir may have existed long before
the collapse during the Early Antuco stage, allowing the eruption
and shallow intrusion of silicic magmas. Despite all the preserved
silicic magmas for the Early Antuco correspond to lavas, it is very
likely that explosive deposits were vanished by glacial erosion and
are no longer preserved. According to previous numerical mod-
elling of ref. %, andesitic melts can be produced by differentiation
of basaltic melts on ka-timescales in stock-shaped magma bodies.
We suggest that stagnant basaltic magmas may have differ-
entiated in the shallower crust (ca. 5km depth) to produce an
andesitic reservoir. The sudden decompression of the reservoir
enabled the andesitic magmas to ascend to the surface and erupt
explosively, a condition that is reached if a strong decompression
gradient is imposed upon these stagnant magmas. We suggest
that this process would also have depleted the system of these
transient, shallow, evolved magmas in the most recent history of
Antuco. According to ref. 2%, during the late post-collapse phase,
dense mafic magmas have been erupted at 0.65-0.94 km3 ka1,
which represents about twice the estimated pre-collapse fluxes®>.
This led to rapid cone regeneration via dominantly effusive
activity in a few thousand years, and a return to conditions that
closely resemble those of the pre-collapse volcano. It should be
noted that the magma plumbing system beneath Antuco may be
structurally complex and would have developed over hundreds of
thousands of years, a timescale longer than the cycle of destruc-
tion and regrowth considered here?®. After 10 years of seismic
recording, earthquake locations reveal an active area mostly
concentrated around 5km depth beneath Antuco (depths
between 3 and 8km; Supplementary Discussion 2). These
earthquakes may represent a complex structural network
belonging to the magmatic feeding system, with clusters of

seismicity potentially representing the top of the shallow mag-
matic reservoir recognised in this work.

Petrological studies suggest that evolved reservoirs in the
shallow crust (i.e. andesitic-to-dacitic, <10 km depth) can be a
common feature of dominantly mafic stratovolcanoes in arc
systems (e.g. refs. ©7-71) or may develop by fractional crystal-
lisation after periods of prolonged dormancy and edifice
loading’? (i.e. over thousands of years). More importantly, vol-
canoes with edifices higher than 2 km above their base are gen-
erally mafic and usually experience eruptions fed by the
overpressure of a deep reservoir despite developing these more
ephemeral shallow silicic reservoirs’>. The mobilisation of mag-
mas from stagnant shallower reservoirs could entirely modify the
eruptive activity over timescales of thousands of years. This study
of Antuco is important for understanding the magmatic processes
that can occur in volcanoes reaching a critical edifice mass, to
better explain the evolution of those volcanoes that have recently
collapsed, and to refine volcano hazard and risk mitigation
implications at potentially unstable volcanoes. This helps explain
the evolution of volcanoes such as Chimborazo and Tungurahua
(Ecuador), Nevado de Colima (Mexico), Ritter Island (Papua
New Guinea), or the Secche di Lazzaro eruption at Stromboli
(Italy), among others, from which unexpectedly silica-rich pro-
ducts were erupted soon after their lateral collapses®!4. Contra-
rily, other volcanoes have erupted rejuvenated magmas through
predominantly effusive activity after their collapse (e.g. ref. 1474),
probably as being fed by deep-seated reservoirs through mostly
open-vent conduit dynamics, lacking shallower silicic reservoirs.
The change of magma ascent dynamics that occurred at Antuco is
illustrative of the eruption style transition towards an overall
more explosive behaviour that can occur after a lateral collapse on
a mafic volcano. We conclude that such changes in eruptive
behaviour may last for thousands of years, and that collapse
exerts an important control on volcanic evolution and that it can
renew or change a volcanic hazard profile long beyond the col-
lapse itself.

Methods

Sample collection. Field surveys were carried out on in the austral summers
between 2015 and 2021, with the aim of mapping and collecting representative
samples from lava units and tephra fall deposits. We obtained fifteen lava samples
from nine different lava units; each sample is represented by three hand-sized non-
weathered rock fragments for textural and petrochemical investigation. Another
three samples from three different pyroclastic units were also collected following
the same scheme. These complement the existent data in ref. 20 that includes nine
pyroclastic units. In total, this study covers eighteen volcanic units. A similar
approach of exhaustive sample collection on the pre- and post-collapse volcanic
units has been carried out for comparable studies (e.g. ref. 19).

Bulk rock geochemistry. From nine lava samples, bulk-rock compositions were
obtained using ICP Thermo Jarrell-Ash ENVIRO II housed at ActLabs (Canada).
Samples were prepared in a mix of lithium metaborate and tetraborate, within an
induction hob. The melt was immediately poured in a 5% nitric acid and then
mixed to dissolution for 30 min. Seven other samples were analysed by X-Ray
Fluorescence at the Department of Extractive Metallurgy of the National Poly-
technic School of Ecuador (DEMEX-EPN). These correspond to two fresh lava
clasts within the avalanche (a glassy basalt and fresh porphyritic andesite), two lava
flows (pre- and post-collapse lavas, below and above the avalanche, respectively)
and two scoria samples from tephra fall deposits recognised east of Antuco.
Samples were crushed in an agate mortar (1 g) and then mixed with lithium
metaborate. A melted bead was produced by using a platinum melting pot in the
Katanax fusion fluxer. The glass beads were analysed using a Bruker S8 Tiger XRF
instrument and the Spectra Plus software, identifying major oxides (SiO,, Al,Os,
TiO,, MgO, CaO, Na,0, K,0, P,0s and total Fe,O3) with loss on ignition (LOI)
values never higher than 2.06% (Supplementary Data 1). Total Fe,O; was con-
verted to FeO and Fe,0s. Geochemical data were normalised to water and LOI free
basis and was incremented with data found in the literature2®32. Similar meth-
odologies and their resulting datasets have been previously used to compare pre-
and post-collapse eruptive products at collapsed volcanoes (e.g. refs. 1419:41),
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Glass and crystal geochemistry. Representative samples of scoria and lava were
prepared as polished thin sections and/or polished sections mounted in epoxy
resin, to be analysed using the FEI Quanta 650 FEG scanning electron microscope
with energy dispersive X-Ray spectroscopy (SEM-EDS) at the Department of Earth
and Environmental Sciences, University of Manchester (acceleration voltage of 15
kv and beam current to 10 nA).

To investigate crystal phases, and glassy groundmass major element compositions,
we used two electron microprobes (EMPA), which allow collecting accurate
quantitative data from igneous rocks, and have been used extensively to investigate
the products of volcanic eruptions and the evolution of magmatic systems (e.g.
refs. 11,20,26,42,46,65,67,68,70,71,73) 'We used the JXA-8530F FEG from the Photon
Science Institute of the University of Manchester, and the JEOL JXA-8230 at Victoria
University of Wellington. Both instruments were standardised with the same
reference materials and operated under the same analytical conditions. For microlites
and phenocrysts we used plagioclase NMNH115900, Kakanui augite USNM 122142,
and synthetic oxides. Accelerating voltage was 15kV, current of 12 nA, peak/
background count times of 30/15's, and a focused beam to 1 um. Major oxides for
groundmass glasses were standardised against basaltic glass standard VGA-99 or
NMNH 113716-1 for Ca, Mg, Fe; rhyolitic glass standard VG-568 for Si, Al, Na, K;
synthetic oxides for Ti, Mn, Cr. Operating conditions for these were 15kV, 8.0 nA,
peak/background count times of 30/15's, and a beam defocused to 10 um. For
samples with higher amounts of microlites (e.g. EPT-Top, QDP and ANT31), the
beam current was decreased to 5 nA and the diameter to 5 microns for the glass
measurements; however, occasionally abundant microlites made it difficult to
measure glass, thus we produced quant maps (100 x 100px, 0.2microns/px, 200 ms
dwell, ~2.5h per area) to select specific pixels to be measured in the post-processing
stage. To minimise sodium volatilisation during analysis of glasses, Na is measured
first, and at a reduced peak/background count times of 10/5s.

Chemical and textural investigation. During the post processing stage microp-
robe data were visualised along with the images captured via JEOL PC-SEM using
Probelab Relmager ©7°, which allows the location of point and shoot, PointID, and
spectral mapping. The textural investigation of BSE images acquired at the SEM
was carried out using the freeware JMicrovision”%, which allows labelling the
proportions of phenocrysts, glass, and vesicles through image processing techni-
ques via the “Background Extraction” of pseudo-coloured BSE images.

Geothermobarometry. We used pairs of mineral phases and liquid in equilibrium
as a proxy to estimate the pre-eruptive storage conditions: 148 plagioclase-liquid
(Pl-liq), 41 olivine-liquid (Ol-liq), 39 clinopyroxene-liquid (Cpx-liq) and 20
olivine-augite (Ol-Aug) pairs. Crystal data retrieved from EPMA include both
cores and rims and are classified depending on the type of crystal observed as well.
Cations per formula unit (cfu) for all liquid components are calculated as anhy-
drous cation fractions®. Pl-lig, and Ol-liq equilibria are tested using KpAn-Ab (Pl-
liq) = 0.27 + 0.18%¢ and KpFe-Mg (Ol-liq) = 0.3 £ 0.0377. Cpx-liq equilibrium is
tested using the four criteria of ref. 3 with KpFe-Mg (Cpx-liq) = 0.28 +0.03. The
mineral-glass pairs are within 10% of Fe-Mg, DiHd component, CaTs component
and Ti equilibrium according to equation 35 from ref. 3, the DiHd and CaTs
equilibrium and the Ti partitioning model (ref. 37 and references therein; Sup-
plementary Data 6). Clinopyroxene cfu is calculated on a 6-oxygen basis, those
with total cfu outside the range 4.0 + 0.02 were discarded and the method of ref. 78
was used to calculate the ratio of Fe2+ to Fe3 4. Liquid composition used cor-
responds to glass or bulk rock composition depending on the suitability. In general,
bulk rock was used for lavas whereas crystals in pyroclasts are in equilibrium with
their corresponding glasses. For the feldspar-liquid method, the standard error of
estimate (SEE) for T and P are 36 °C and 2.8 kbar, respectively, whereas the
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clinopyroxene liquid has SEEs of 42 °C and 1.6 kbar, respectively>®3’. According to
ref. 7%, the Cpx-liq eq33 from ref. 3 used in this work performs well for arc
magmas and informs good constraints of the magma storage temperature, however
the barometer used (ref. %) is only affordable to distinguish whether a Cpx formed
in the upper crust or not. The olivine-liquid and olivine-augite thermometers
display T SEEs of 29 °C and 6 °C, respectively3%33.

Constitutive equations for the magma ascent model. To simulate the conduit
dynamics experienced by Antuco’s magmas during the pre- and post-collapse
eruptive scenarios, we adopted the 1-D steady state conduit model illustrated in
ref. 5. This model is able to calculate all of the major processes occurring during
magma ascent, such as the temperature changes, viscosity evolution, non-ideal gas
exsolution and expansion, outgassing, and magma fragmentation for an ascending
magma at different depths®. This model has been used in previous works to
characterise magma ascent dynamics at different volcanoes (e.g. refs. °4-56>9). The
governing equations of the model, i.e. the equations that control the fluid dynamics
of the magmatic mixture, have been reported in ref. 3. To describe the magma
ascent dynamics at Antuco volcano we adopted a series of specific constitutive
equations that well represent the rheology, solubility, wall-friction forces, out-
gassing, and fragmentation for this volcanic system.

The viscosity of the liquid mixture (y,) is calculated as the viscosity of the
crystal-free liquid phase (,,,;,) multiplied by a factor (6,) considering the increase
in viscosity due to the presence of crystals®?. Following the model of ref. >! we
estimate y,,.;, as a function of melt composition, water concentration and
temperature. To better describe the viscosity of the crystal-free melt during the pre-
and post-collapse phases at Antuco we used the compositions reported in
Supplementary Data 8. The factor 6., instead, considers the presence of crystals as
described in ref. 81,

1-1—(/1‘S
[1-F(g.&.9)]™"
where
— ﬁ . — ¢t0[
F=(1-&erf m¢(1+¢y) = ol

In previous equations ¢,,, is the total crystal content in the magma (assumed to
be constant for this work), and B, 8, &,y and ¢* are empirical parameters. Here we
used the same empirical parameters (B, 8, £,y and ¢*) as in ref. >3 ie. B= 2.8,
§=13—7y, £=0.0327, y=0.84 and ¢* = 0.274. The total crystal content
assumed for the pre- and post-collapse stages of Antuco is 0.38 and 0.30,
respectively, in agreement with the maximum crystal fractions observed in natural
samples from these stages.

Since there are no information on the amount of CO, present in the Antuco
volcanic system, for this work we considered a single gas component, i.e. only
water. The amount of water dissolved within the melt (x;) has been calculated as
an exponential function of the magma pressure:

x4 = oP°
where ¢ and ¢ are the solubility coefficient and solubility exponent, respectively. In
agreement with ref. % we set o =1.8911 x 1079, and € = 0.5257.
According to magma ascent rate and Reynolds number of ascent (Re), laminar

or turbulent flow regimes may develop. For Re<2000 a laminar flow is assumed,
and the liquid phase friction factor is computed using the Hagen-Poiseuille’s law:

; 64
laminar _ 2%
b, Re
For Re>3000, instead, a turbulent flow regime is considered, and, following the
equation of ref. 82, the friction factor is calculated as follows:

56.291\17°
+ Rel 0712
where Rr is the relative roughness of the pipe and its value is 0.05 according to
ref. >4 In the transitional regime, i.e. when Re is between 2000 and 3000, the

friction factor is a calculated as a linear interpolation between flglm’”“' and fg‘l'b"lm.

60.525
Rel 1105

leulrhulent —=1.613 {ln (0.23R71'1007 _

Above the fragmentation level, gas-wall drag f}, is set to 0.03 as in ref. 83.
£

The efficiency of gas escape during magma ascent is a key control of
explosivity®48°. In the magma ascent model adopted here we only consider the
vertical gas loss, whereas lateral gas escape is not taken into account. In general,
lateral degassing is thought to occur when conduit pressure is greater than
lithostatic pressure and the gas volume fraction exceeds a critical value (usually
assumed to be 0.6)3087. For dome building eruptions, where the pressure within
the conduit is significantly higher than lithostatic pressure, and magma ascent rate
is very low (<103kgs~1), lateral gas loss can be important (e.g. refs. 8488.89),
However, for the type of activity we are describing here, where mass eruption rate
is in the order of 10°kgs~! and conduit pressure is not significantly higher than
lithostatic pressure, it is reasonable to assume, as a first order approximation, that
lateral gas loss is negligible. By looking at the numerical results (Fig. 5¢), we can
also infer that, even considering lateral gas flow, it would have been taking place

just few meters below the vent, where the gas volume fraction exceeds the critical
value of 0.6, and thus not affecting most of magma ascent from depth.

Below the fragmentation level, the relative motion between gas and melt is
described using a permeable gas flow regime (in which gas flows through
interconnected pathways within the melt), whereas above the fragmentation level
we used the drag model for the gas-ash flow adopted by ref. %.

For the permeable gas flow regime, we used the Forchheimer’s law®®, which is a
function of viscous and inertial permeabilities. The viscous permeability (k,) is
calculated as in ref. %0

k = (fthrb)zam
v s 4

where fy, is the throat-bubble size ratio, m is the tortuosity factor, r, is the average
bubble size, and ay is the gas volume fraction. The average bubble size r, is
calculated assuming a constant bubble number density (N,;) as in ref. 8°:

o= ()
b~ \4z
3Ny

The inertial permeability (k;) is calculated using the following equation of
ref. 8

St =
ki =""a,*
i f[) 4
where f; is a friction coefficient. Here we used the following values: fy, = 0.8, m =5,
N;=10" and f, =105,

Finally, magma fragmentation is the process that characterises the transition
from ductile to brittle behaviour of magma. This is thought to occurs when the
timescale of deformation of magma (A;) is much smaller than the Maxwell
relaxation timescale (A,). Specifically, by defining the Deborah number (De) as the
ratio between the Maxwell relaxation timescale A, and the timescale of
deformation A, it has been seen experimentally that magma fragmentation occurs
when is De > 0.0191.

n_ (6w
De=-"=--=""-20.01
L) s
3
Here, y, is the magma bulk viscosity, y is the strain rate and G, is the unrelaxed

shear modulus at infinite frequency of the magma®, which for a basaltic magma
Go, = 10Pa can be assumed.
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