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Explosive super-eruptions can erupt up to thousands of km® of magma with extremely high mass flow rates (MFR). The plume
dynamics of these super-eruptions are still poorly understood. To understand the processes operating in these plumes we used a fluid-
dynamical model to simulate what happens at a range of MFR, from values generating intense Plinian columns, as did the 1991
Pinatubo eruption, to upper end-members resulting in co-ignimbrite plumes like Toba super-eruption. Here, we show that simple
extrapolations of integral models for Plinian columns to those of super-eruption plumes are not valid and their dynamics diverge from
current ideas of how volcanic plumes operate. The different regimes of air entrainment lead to different shaped plumes. For the upper
end-members can generate local up-lifts above the main plume (over-plumes). These over-plumes can extend up to the mesosphere.

Injecting volatiles into such heights would amplify their impact on Earth climate and ecosystems.

Keywords: volcanic super-eruption, eruption cloud, turbulent mixing, volcanic hazard

1. Introduction 2. Method and Simulation Inputs
Explosive super-eruptions eject from several hundreds In order to avoid making unrealistic assumptions, we
to thousands of km® of magma at extremely high flow rates. investigate the plume dynamics using a three-dimensional

Many of these eruptions have had significant impacts to the computational fluid-dynamical code designed to describe the
climate and ecosystems [1]. Explosive super-eruptions cover evolution of volcanic plumes and umbrella clouds [3]. The
areas within hundreds km from the vent with thick pyroclastic code simulates the injection of a well-coupled mixture of
flows, blanket continent-size regions with ash, and inject large solid pyroclasts (ash) and volcanic gas (assumed to be water
quantities of aerosols into the atmosphere. Volatiles injected vapor) from vents of different shapes above a flat surface into
into the stratosphere can alter the Earth climate on a global a stratified atmosphere. The model does not consider particle
scale even causing a volcanic winter that can persist for years to sedimentation and particle decoupling but captures the plume
decades. On the other hand, tephra layers associated with these dynamics.

catastrophic events are invaluable chronological markers across We carried out seven simulations of eruption plumes with
the affected regions. The mass erupted during super-eruptions variable MFR: 10°, 10°%, 10", 10", 10"" kg/s. The tropical
is orders of magnitude larger than the biggest eruptions atmospheric structures were applied to initial atmospheric
experienced in historic times [2]. Estimates of mass flow rates conditions. The other parameters were kept fixed in all of the
(MFRs) during these super-eruptions, obtained from different simulations.

independent approaches, suggest that they are extremely high,

ranging from 10° to 10" kgs. 3. Results
Large explosive eruptions produce Plinian columns when the Simulation results shows that the fluid dynamics of eruption
erupted mixtures of fragmented hot magma and gas entrain air, cloud significantly changes depending on the MFR (Fig. 1).

which heats up and expands making the plume buoyant. Above When the MFR is 10° kg/s, all the ejected material becomes
a critical MFR the eruption column becomes unstable and buoyant to develop eruption column and spreading umbrella
collapses, producing pyroclastic flows that spreads laterally on cloud. Approaching the critical MFR at 10°° kg/s, the high
the ground. At high MFR, the dilute parts of the hot pyroclastic concentrated cloud just above the vent, called as radially

flows can also become buoyant as they also entrain air, suspended flow, becomes unstable producing partial collapses,
forming a co-ignimbrite eruption plume that can rise up to the but the main plume still survives.

stratosphere carrying massive quantities of elutriated fine ash Increasing MFR up to 10" kg/s produces a total collapse
and volatiles. of the radially suspended flow, which generates continuous

fountaining to the ground, feeding pyroclastic density currents

and increasing the radius of the hotter NBR, resulting in a basal
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region (~60 km diameter) from where the large co-ignimbrite
plume will develop (Fig. 1c). In this case, because of the
vigorous rising velocities in the periphery owing to the more
effective local air entrainment, the upper central portion of
such a large plume has a relatively low mass fraction compared
with the outer region. The resulting plume still maintains a
mushroom shape but the plume top has flat, rather than cap.

A further increase of MFR up to 10" kg/s will produce
a larger co-ignimbrite plume (>150 km in diameter). In this
case, the vortices entrain air mainly at the periphery of the co-
ignimbrite plume (Fig. 1d). This allows the periphery region
of the co-ignimbrite plume to become much more buoyant and
increase its velocity. Because of mass conservation, the vertical
velocity in the inner part of the plume decreases. This regime
results in the formation of a sort of toroid umbrella (donut-like
shape), giving to the plume a depressed-cap mushroom shape.
The maximum plume height is in the peripheral region rather
than in the centre, and it reaches to ~50km. Some parts keep
rising up to the mesosphere (60—70 km), which is extremely

higher than previously expected.

a) MFR = 10° kg/s
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Fig. 1 Simulation results for the plumes
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