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Eruption cyclicity at silicic volcanoes potentially
caused by magmatic gas waves

Chloé Michaut', Yanick Ricard?, David Bercovici® and R. Steve J. Sparks*

Eruptions at active silicic volcanoes are often cyclical. For
example, at the Soufriére Hills volcano in Montserrat!, Mount
Pinatubo in the Philippines?, and Sakurajima in Japan?,
episodes of intense activity alternate with repose intervals
over periods between several hours and a day. Abrupt changes
in eruption rates have been explained with the motion of a
plug of magma that alternatively sticks or slides along the
wall of the volcanic conduit®®. However, it is unclear how the
static friction that prevents the plug from sliding is periodically
overcome. Here we use two-phase flow equations to model a
gas-rich, viscous magma ascending through a volcanic conduit.
Our analyses indicate that magma compaction yields ascending
waves comprised of low- and high-porosity bands. However,
magma ascent to lower pressures also causes gas expansion.
We find that the competition between magma compaction and
gas expansion naturally selects pressurized gas waves with
specific periods. At the surface, these waves can induce cyclical
eruptive behaviour with periods between 1 and 100 hours,
which compares well to the observations from Soufriére Hills,
Mount Pinatubo and Sakurajima. We find that the period is
insensitive to volcano structure, but increases weakly with
magma viscosity. We conclude that observations of a shift to a
longer eruption cycle imply an increase in magma viscosity and
thereby enhanced volcanic hazard.

Periodic cycles of ground deformation, seismicity and eruptive
activity have been recorded at a number of active silicic volcanoes,
most notably at the Soufriere Hills volcano (SHV), Montserrat,
in 1996-1997, Mount Pinatubo, Philippines, in 1991 (Fig. 1) and
Showa crater, Sakurajima volcano, Japan, in 2008-2010. Recurrent
inflation and deflation of SHV (inferred by tilt measurements) with
periods between 6 and 30 h were accompanied by seismic swarms
(Fig. 1). This pattern persisted for months during 1996-1997
(ref. 1). The cycle peaks correlated with significant eruptive events,
such as pyroclastic flow instabilities, explosive vulcanian eruptions
or rapid dome growth. Measurements of ground deformation were
used to predict time of increased volcanic hazards®. From 21
September to 22 October 1997, 74 vulcanian explosions occurred
with an average periodicity of 10 h (ref. 7).

Following the 1991 Mount Pinatubo eruption, low-frequency
seismicity increased and developed into discrete periodic events
7-10h long (Fig. 1), similar to the periodicity recorded at
SHV. Periodic seismic activity was also long-lasting and often
accompanied by intermittent explosive activity’. At Sakurajima,
repetitive vulcanian explosions with a timescale of hours are also
associated with precursory inflation and seismicity".

During both the Pinatubo and SHV eruptive events, tilt and
seismic amplitudes decreased rapidly with distance from the
summit™?, suggesting a shallow pressure source probably located
in the volcanic conduit. At SHV and Sakurajima, the pressure
source depth is estimated to be of several hundreds of metres
up to 2km on the basis of the comparison of tilt data with
deformation models along with petrological studies of deposits®®
or on strain meter data’.

Different competing mechanisms have been proposed to explain
cyclicity. Previous work suggests that whereas volatile exsolution
and microlite crystallization lead to rheological stiffening of the
magma, which resists extrusion, gas pressurization below this plug
drives extrusion and explosive activity!. Other models propose a
competition between gas escape, which reduces the flow pressure,
and gas exsolution, which increases it’. Fluxes in SO, release
increased with inflation amplitude at SHV, suggesting that gas
accumulation provided the pressure source!®'!. At Sakurajima, the
inflation ended with a gradual decrease in SO, emission over several
hours before an explosion, indicating a simultaneous pressure
increase due to gas and magma accumulation at depth along with
sealing of a surface magma layer”.

Stick—slip behaviour of a stiffened plug sliding along the conduit
walls and driven by pressure build-up at depth in the compressible
magma is a popular mechanism to explain abrupt changes in erup-
tion rate at silicic volcanoes*”. When the ratio between the driving
pressure in the magma below the plug and the normal stress exceeds
the static friction, slip begins and the driving pressure decreases
until it drops below the slip surface strength and the plug sticks
again*’. This plug mechanism leads to a wide range of oscillatory
patterns but does not predict a specific and regular period. Various
mechanisms have been added to the plug model to explain the
observed repetitive cycles of hours to days, including magma com-
pression forced by influx into the conduit*, volatile diffusion from
supersaturated melt into gas bubbles® and elastic wall deformation”.
However, after an explosion, the thick plug is disrupted and the
models require its rapid regeneration to explain the occurrence of
the following cycle. Magma cooling is far too slow; thus, degassing
is probably involved in plug formation® although the implied
formation time is unknown. Furthermore, in most models, the
predicted periodicity is related to conduit and plug geometry and
slip surface strength®. However, time-dependent effects such as
conduit erosion, wall heating by friction, or even dome collapse'
should lead to large variations in cycle frequency, which are not
observed. In addition, conduit and plug geometries probably differ
from one volcano to the next. A challenge is thus to explain both the
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Figure 1| Observed cyclicity at two different silicic volcanoes. a,b, Cycles recorded at the Soufriére Hills volcano, Montserrat, modified from ref. 1. Cyclic
deformation of the edifice indicated by tilt meters installed on Chances Peak (CP1and CP2) correlates with real-time seismic amplitude measurements
(RSAM) and triggered earthquakes with an average periodicity of ~6 to >20 h, in January (a) and May (b) 1997. ¢, Low-frequency seismic activity at

Mount Pinatubo, July 1991, shows a periodicity of 7-10 h, modified from ref. 2.

regularity of repetitive sequences of dome growth and explosion,
despite changes in volcano structure, and the occurrence of a com-
parable periodicity range at a number of different volcanoes>*!>13,

Here we show that gas waves of growing amplitude and specific
wavelengths and periods are naturally produced in an ascending
gas-rich viscous magma by the competition between magma
compaction, which squeezes the pore space, and gas expansion
during ascent (Fig. 2).

Gas segregation from magma is controlled by gas buoyancy,
resistance to gas percolation through magma and deformation of
the magma matrix, or magma compaction, which squeezes the pore
space. Compaction has mainly been used to study melt expulsion
from partially molten mantle, with two incompressible phases'*'>.
The application of two-phase physics to vesicular magma shows that
compaction expels gas (if assumed incompressible) from regions
that are 1-10 times the compaction length!*-1¢:

/vLka
Mg

(1

where p,, and p, are magma and gas viscosities and ky is a
reference permeability; this expression assumes that permeability is
dependent on gas volume fraction ¢ according to k(¢) = ky¢" with
n =2 (different values of n do not alter our results; Supplementary
Information). The compaction length reaches 1-15m, for u,, =
107-10"° Pas and ky = 107°~10""2 m? (see ref. 16). In general,
compaction expels lighter fluid from a mixture in the form of

buoyant pulses or solitary waves with higher fluid content; but, in
the absence of fluid compressibility, these waves neither grow nor
decay; thus, no unique wavelength is naturally selected from all
possible excited waves'*'®.

However, in a bubbly magma, gas is highly compressible; thus,
gas pulses can grow or decay by gas expansion or compression. For
short waves, stresses from magma compaction, which act to squeeze
out fluid, are large enough to compress the gas and thus damp
the waves. For longer waves, compaction is weaker, permitting gas
expansion and wave growth during ascent; however, for very long
waves, the pulse volume is spread out and the gas can escape, leading
to weaker pulse growth. Wave growth is therefore maximized at
an intermediate wavelength, which is associated with a dynamically
favourable wave; the surface oscillations induced by this wave
possibly lead to the observed periodicity.

Solving the mass and momentum conservation equations for
the two phases and linearizing to first order leads to a dispersion
relation describing the growth rate and velocity of the unstable wave
as a function of its wavelength £ (Supplementary Information).
When gas expansion is neglected, the wave growth rate is uniformly
zero, whereas when compaction is neglected, all waves grow equally
by expansion (Fig. 3a); in neither case is there a preferred, selected,
wave. When both gas compression and magma compaction are
considered, a maximum growth occurs at a particular wavelength
L max that delineates the dominant wave.

The value of L., is controlled by three dimensionless
parameters: the background gas fraction ¢, the background gas to
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Figure 2 | Alternation between gas-rich and degassed magma layers. The
competition between compaction and gas expansion induces unstable
waves of gas in volcanic conduits and periodic behaviour at the surface.
The shortest perturbation wavelength £ is 100 to 1,500 m, resulting in a
surface periodicity £/W of 1-100 h, with W =10-50mh~", the magma
ascent velocity. Right: at SHV, the observations of clast density versus
depth before eruption (quench pressure) suggest the presence of a gas-rich
layer at depth and porosity variations over a length scale comparable to the
predicted selected wavelength, modified from ref. 8.

magma density ratio py/ o, and most importantly the ratio between
the characteristic pressure in the expanding gas ( megZ, where C, is
gas sound speed) and the characteristic pressure exerted on the gas
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by compaction (p,,g8, where g is gravity and § is compaction length
given by (1)), noted g = ng /g8. However, the growth rate shows
a broad maximum with a dominant wavelength range that stays
between ~108 and 10°§ despite large changes in the parameters
(Fig. 3 and Supplementary Fig. S2). Hence, for § between 1 and
15 m, the shortest gas wave that can expand freely has a wavelength
between 100 and 1,500 m (Fig. 3).

To study the system’s full nonlinear evolution over the
conduit length, we numerically solved the conservation equations.
Calculations confirm the linear theory and show that, in the
compressible-gas case, waves with wavelengths of a few hundred
8 quickly become dominant over all possible fluctuations (Fig. 4)
and grow over the conduit length. Similar waves with a dominant
wavelength occur in a flow of suspended bubbles in magma, as
opposed to permeable magma, demonstrating the robustness of
this process. Calculations also show that the same wavelength
range is selected when accounting for gas exsolution proceeding at
thermodynamic equilibrium (Supplementary Information).

Opverall, given natural fluctuations in gas and magma flux, our
proposed mechanism should select waves with wavelengths between
100 and 2,000m depending on magma viscosity (Figs 3 and 4).
The wave speed is close to the eruption velocity (Supplementary
Information), which generally averages 10-50 mh™! as for SHV in
1996-1997 (ref. 1). These wavelengths correspond to periods of ~1
to 100 h between gas pulse arrivals at the surface (Fig. 3b), depend-
ing on magma viscosity and ascent rate, which is the typical period-
icity observed in Montserrat, Mount Pinatubo and Sakurajima. Gas
overpressure oscillates with the same periodicity (Fig. 4). Moreover,
changes in the observed periodicity are associated with magma
viscosity variations at SHV, as predicted by our theory. Before 15
July 1996, effusive activity at SHV was characterized by extrusions of
spines and whalebacks, whereas vigorous extrusion of much less vis-
cous magma occurred from mid-July to September 1996 (ref. 17);
indeed this episode showed a decrease in the seismic pattern period-
icity, from days down to several hours'®. During early January 1997,
the periodicity recorded by tilt meters was the shortest on average,
6-8h (ref. 1; Fig. 1) and the extruding lobe exhibited the most fluid
behaviour'. Then in May 1997, a large vertical spine erupted and
the period was larger than average, that is 12 to >20h (Fig. 1), even
though the eruption rate was similar to that in January'®.

3,000 100
2700f $0=02 190
ko = 1073 m2
2,400f  C,=600ms" 80 o
- -1
2100, W=30mh 70 32
QO
=}
1,800 60 =
@
1,500 50 o
a
1,200 40 3
N
900 30 =
0
600 20 <
300 110
O I I O
107 108 109 1010

Viscosity (Pa's)

Figure 3 | Dominant wavelength of the perturbation predicted by the theory. a, Growth rate normalized by § /W versus wavelength of the perturbation for
two different values of ¢g. Without magma compaction, the growth is independent of wavelength (solid black lines). Without gas expansion, the growth

rate is zero (horizontal dashed line). The range of dominant wavelengths is 1025-1035. We use pum =107-10" Pass, Hg = 10> Pasand ko =10""-10""2m

2

(refs 16,21,22); hence, § ~1-15m, po ~ 10-500 kg m*3, pm = 2,500 kg m~3 and Cg =600-700m s~1: hence g = g8/C§ =5x102-5 x 10% and
a = (ugWW)/(kopmg) = 0.1-100 (the parameter a only slightly plays on the instability growth rate; Supplementary Information). b, Dominant wavelength

and period as a function of viscosity.
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Figure 4 | Gas fraction and overpressure profiles obtained from numerical calculations. The time-dependent basal gas fraction is a sum of 7 sinusoidal
perturbations. a, Excess gas fraction relative to the steady-state profile assuming incompressible gas, that is, a constant pg in Supplementary Equations

(1)-(4) and (8) (Supplementary Information). b, In the compressible gas, one wavelength, growing from 200 to 3003, is rapidly selected. ¢, Gas fraction
steady-state (thick line) and time-dependent (thin line) profiles. d, Gas overpressure (P — Pr,)/(pmgé) in excess of the steady-state profile. We assume
$o =0.1and pp = 0.08pm =200 kg m~3 at the base, no exsolution, § =3.65m, W=10mh~",« =1.1, 8 =13400, it =108 Pas and pmgs ~ 9 x 104 Pa.

Abrupt changes in eruption rates are possibly best explained
by a failure mechanism near the surface such as stick—slip
rheology or magma fragmentation, which would be achieved
when the critical overpressure!® or gas fraction is reached in
the conduit. The shallower gas-rich layer occurs at a depth less
than one wavelength (that is, <2km, Fig. 2) and shows a higher
gas overpressure relative to the steady-state profile in its upper
half (Fig.4). This pressurized gas-rich layer could provide a
preferred location for the pressure source and for earthquake
nucleation through its interaction with the conduit wall or overlying
plug. Furthermore, compaction of the degassed surficial magma
layer provides a possible way of stiffening a surface plug. At
Sakurajima, plug disruption by gas leakage a few minutes before
eruption suggests a process involving gas pressure build-up to
a plug failure threshold. This observation, and the reduction
in SO, flux accompanying inflation from a pressure source
depth of ~1km, both illustrate that simultaneous shallow gas
accumulation and plug formation by compaction probably drive
the system”.

The time interval between cycles of inflation, seismic swarms
and eruption at SHV, Montserrat, remained remarkably consistent
during its main eruptive phase in 1996-1997: between 6 and
30 h. Other silicic volcanoes such as Mount Pinatubo?, Sakurajima
volcano®, Mount Unzen!>?® or Mount St Helens!? exhibit compa-
rable oscillations of a few hours to a day. Our analysis shows that
expanding gas waves with wavelength 100-2,000 m are naturally
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