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Temporal evolution of large esplosive eruptions
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Abstract - We propose a simple physical model for the temporal evolution of
large explosive volcanic eruptions, based on the sudden decompression of a
magma reservoir at shallow depth. The magma is water-saturated and the sudden
decompression results in vesiculation that drives it out of the chamber. The
viscoelastic response of the magma chamber walls plays an important role in
controlling the style of the eruption. A temporal increase in the magma dischar-
ge rate is predicted when relaxation times are longer than 10’s. The eruption
ends when the chamber becomes sufficiently underpressured and collapses. We
investigate the influence of the magma chamber geometry on the eruptive dynamics
and the role played by the initial decompression and the gas bubble density. We are
able to correctly reproduce the pattern of magma discharge rate and the duration of
the May 18, 1980 eruption of Mt. St. Helens (Washington, U.S.A.).

1. Introduction

Large explosive eruptions are mainly characterized by a magma discharge increasing with
time, later followed by a waning activity phase. The data collected during the three major
explosive eruptions of the latest years (Mt. St. Helens 1980, EI Chichon 1982, Mt. Pinatubo
1991) highlight the recurrence of three main features: a) a high volatile content of the magma,
b) a magma discharge increasing with time, ¢) occurrence of deep seismicity (10-15 km)
underneath the volcanic edifice at the end of the eruption, probably signalling the collapse of the
magma chamber.

Wilson et al. (1980) suggest that the style of an eruption is mostly controlled by the
geometry of the conduit and the physical properties of the magma. Woods (1995) and
Vergniolle (1996) improved this model considering multiphase flow effects; the magma
discharge rate variations are mainly controlled by the magma volatile content. Wilson et al.

Corresponding author: S. De Angelis, Dipartimento di Fisica, Universita degli Studi “ROMA TRE”,
Via della Vasca Navale, 84, 00146 Roma, Italy; phone: +39 0655177301; fax: +39 065579303; e-mail:
deangelis@neve.fis.uniroma3.it

© 2002 OGS

101



Boll. Geof. Teor. Appl., 43, 101-108 DE ANGELIS et al.

(1980) and Carey et al. (1990) explain increasing magma discharge rate as consequence of
the erosion and widening of the conduit. Over the last few years, Scandone (1996), Scandone
and Giacomelli (2001), Bower and Woods (1997), Folch and Marti (1998) have suggested
that the temporal evolution of explosive eruptions is controlled by the rheological behaviour
of the magma chamber and by diffusive growth of bubbles in a gas saturated magma when
decompressed. According to the model proposed by Scandone and Giacomelli (2001), explosive
eruptions are driven by the growth of gas bubbles by diffusion of water from the melt. In this
paper, we further develop this model by considering a magma chamber of finite dimensions,
enclosed in a pseudo-rigid rock and connected to the surface by a conduit; the conduit geometry
is considered variable during the eruption.

2. The model

We consider a cylindrical magma chamber enclosed in a country rock that behaves as a rigid
body on the time scale of the eruption (Scandone and Giacomelli, 2001). The magma is water
saturated. The pressure in the magma chamber P(z) is the sum of a constant lithostatic term and
a variable magmastatic contribution function of the depth z:

P(Z):prock‘g'Htap-'-pm.g' (Z'Htop) (1)

where H,,,

of the magma inside the chamber and of the sorrounding rocks and g is the gravity acceleration.

is the depth of the upper surface of the reservoir, p,, and p,,, are the mean densities
The saturation content of water in the magma is given by Henry’s solubility law:
x(2) =y - VP() e

where k varies depending on the dissolved volatile species (k=2 for H,O). When the magma
chamber is instantaneously decompressed, the volatiles exsolve and expand, leading to
nucleation and diffusive growth of gas bubbles. On the basis of the analytical asymptotic model
of Navon and Lyakhovsky (1998), the radial growth of the bubbles is given by:

2D py @@-x@) , 2 Dn p,

R(t,7) =
9 0. ) 37,0 p, @

1
(2%, + x)) - log ( A—:- z)]2 (3)

where D is the diffusion coefficient, 1 is the mean viscosity of the melt, AP is the pressure
difference between the bubbles and the surrounding melt, x, and x; are the initial and final
concentration of water, p,, and p, the mean densities of the melt and of the gas, P, the final
pressure. The growing bubbles attain a final radius Ry in the time .

The bubbles’ growth causes an increase in volume of the magma-gas mixture and its
emission out of the chamber. The velocity of growth of the bubbles strongly controls the magma
flow rate. The volumetric increase of the magma-gas mixture as function of time will be (for
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spherical bubbles):

Hiop

V(t):g-n-Nd-JA-R(t,z)3-dz (4)

base

where A = 7t - 1 is the cross sectional area of the chamber. The volumetric discharge rate will be
simply given by the time derivative of the V(#) function:

d
Q) = L (5)

The time-dependent density of the magma-gas mixture can be obtained by a simple mass
conservation equation:

pm Vcham = p (t) : (Vcham + V(t)) =
(6)
Vchum

- p (t) :Vcham + V(t) pm

3. Results

We analyze the influence of volume and depth of the magma chamber, the number density
of bubbles and the decompression of the system on the temporal evolution of the eruption.
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Fig. 1 - Magma Discharge Rate for different aspect ratio of the chamber. The volume of the reservoir is 10" m® . The
top surface of the chamber is at depth 6 km. The vertical extent and the cross-sectional area for the plotted curves are
10> m and 10° m* 10* m and 10° m*; 10* m and 10" m”.

103



Boll. Geof. Teor. Appl., 43, 101-108 DE ANGELIS et al.

-

) —H =5

“E 7000 o 2 KM

AT A Htop_ 9 km
6000~ | —— - H_=11km

2

1 R

[: VUUY =

o

)]

5 4000

S

3000 -

0y

E 2000 |

o

g 1000

T T T
0 10000 20000 30000
Time (s)

Fig. 2 - Variations of the discharge rate with time. The volume of the chamber is 10'® m® with a 10 km vertical extent;
the depth of the upper surface of the chamber is 5 km, 9 km and 11 km for the plotted curves.

Fig. 1 shows the influence of aspect ratio of the magma chamber on the volumetric erup-
tion rate. We consider chambers with a fixed volume of 10 km’, at depth 6 km with different
cross-sectional areas. The system is decompressed by 15 MPa.

Fig. 2 shows the influence of the depth of the chamber on the magma discharge rate; the
different curves are for a volume of 10 km”, a vertical extent of 10 km and depth of 5,9,11 km
for the top surface of the reservoir.
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Fig. 3 - Magma Discharge Rate for different number densities of bubbles. The chamber volume is 10" m?, with

vertical extent 10 km and the upper surface to a depth of 6 km. The curves show different patterns of the discharge
rate for Ng=10'", 10" and 10" m™.
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In Fig. 3 we investigate, for a fixed geometry, the influence of different values of the bub-
ble number density on the eruption rate. We consider a 10 km® chamber, at depth 6 km, with
vertical extent 10 km. The system is decompressed by 15 MPa. The three curves illustrate the
volumetric eruption rate for values of N, 10'’, 10" and 10" m’.

4. Discussion

The model in this paper provides an important insight into the analysis of the temporal evo-
lution of large explosive volcanic eruptions. Previous time-dependent models were based on the
hypothesis of an elastic behaviour of the magma chamber walls. In our model, we consider a
pseudo-rigid response of the wall rocks with relaxation times longer than the eruption duration.
The typical time of an explosive eruption is strictly related to the growth velocity of gas bub-
bles by diffusion from the melt (i.e. their growth time). Number densities 10' < N, < 10" result
in growth times 10" < < 10° s. Since typical values for the relaxation times of the wall rocks
are of the order of 10° to a good approximation, we can model the magma chamber as a rigid
envelope. We suggest that the mechanical behaviour of the rocks sorrounding the magma
chamber controls the mechanism of the eruption. An elastic response of the chamber walls
produces a high pressure gradient between the chamber and the surface (the stress applied
to the chamber walls in this case closely approached the lithostatic load) during the first sta-
ges of the eruption and a following gradual decrease of the overpressure that does not permit
significant vesiculation; this is typical for long-lasting (days to months) effusive eruptions.
On the other hand, in the case of a pseudo-rigid behaviour of the chamber walls (that do not
accommodate the pressure variations of the magma-gas mixture), the expansion of a volatile
phase drives the magma out of the chamber; this is typical for short-lasting (hours to days)
explosive eruptions.

Our simulation produces temporally increasing magma discharge; the rate of increase
is controlled by the geometry of the chamber, the number density of bubbles and the initial
decompression of the system. We observe the following three main facts.

1. For a given volume, and in a fixed time period, shallow chambers of large cross-sectional
areas produce much larger eruptions than deep reservoirs of small cross-sectional areas (Fig.
1). Chambers of large aspect ratio tend to erupt with a higher discharge rate since the magma
is located at shallow depths where most of the volatiles are easily exsolved because of the
low value of the lithostatic pressure.

2. The discharge rate is sensitive to the chamber depth; deeper chambers produce slower
increase in the eruption rate. In the deeper chambers, the lithostatic pressure is greater and it
takes longer for the volatiles to exsolve (Fig. 2).

3. For a given chamber geometry and initial decompression, variations in the number densi-
ty of bubbles can lead to significant changes in the eruption rate. Larger number densities
result in a faster increase in the discharge rate (Fig. 3). Values of N;> 10" - 10" m™ cause
a fast growth of the bubbles that result in a large volumetric increase with time. Values
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of N;< 10" - 10" m™ cause a slower growth of the gas bubbles and a smaller volumetric
increase with time.

We noted that the eruption ends when the chamber is sufficiently underpressured and
the wall rocks fail, sealing the reservoir and turning back to the original pressure conditions.
The failure of the rocks depends on local factors as the regional stress field and on the depth
and geometry of the magma chamber. In chambers of large aspect ratio it is not unusual that
underpressuring leads to caldera formation.

5. Simulation of the May 18, 1980 event at Mt. St. Helens (Washington, U.S.A.)

On May 18, 1980, at 08:32 a.m. P.D.T., a magnitude 5 earthquake at Mt. St. Helens
triggered a huge landslide of the north flank of the volcano. The landslide caused a
decompression of the hydrothermal system and resulted in a lateral blast that devasted a 650
km? area. About 30 minutes after the blast, debris falling from the unstable crater and lasser
vesiculating dacitic magma were explosively ejected in a dark coloured eruption column that
ranged from 14 to 16 km in height above the volcano. The eruption column lightened in colour
and became more energetic at about noon as a supply of gas-rich magma was reaching the
surface; pumiceous pyroclastic flows were later observed northward from the crater. After the
pyroclastic flow phase a 19 km high Plinian column was again observed. The eruptive activity
began to decline in the late afternoon (at about 5:30 p.m.) and ended during the night.

In the simulation of the eruption, we consider a cylindrical magma chamber at a depth
of 6 km, and a cross-sectional area of 10’ m* with a total volume of the deep feeding system
estimated in 10'° m’. The system is suddenly decompressed by an amount of 20 MPa because
of the failure of the north flank of the volcano. We use a diffusion coefficient D = 10" m™s™
and a bubble number density N = 10'" m™ based on experimental data (Navon and Lyakhovsky,
1998).

We obtain from the model a magma discharge rate increasing with time and a total duration
of the eruption of 10.5 hours compared with the observed 9 hours duration (Christiansen and
Peterson, 1981). The magma discharge rate was experimentally estimated by a technique that
makes use of the height of the eruption column (Harris et al., 1981). The relationship between
the magma discharge rate Q and the column height H is:

1
H=82-0°

The theoretical curve correctly fits the experimental data except for the period of pyro-
clastic activity when the reduced height of the eruption column leads to underestimating the
actual discharge rate. Soon after the pyroclastic flows the eruption increases again and the
“experimental” data of discharge rate come back to values comparable to the theoretical ones.

In Fig. 4 we show a comparison between theoretical and experimental data together with
seismicity accompanying the eruptive process. The occurrence of deep volcano tectonic

106



Temporal evolution of large explosive eruptions Boll. Geof. Teor. Appl., 43, 101-108

: T a
Theoretical Curve : )
10000 + ©  Experimental Data H i
"= 8000 :
E
©
]
T 5000 -
v
)
5 g
3 5
2 ]
2 -
E, 2000 - ksl
Lo}
3 5
0 & :
T T T T T : T

T
1] 10000 20000 30000 40000
Time {sec. from the beginning of the eruption)

b)

Onset

TIME PERICD

one  twoe  three  four  five
h*___:
: N

I _
— E— -1
E m
~ ol _
']_: m
[N
w 12+ -
& m
15 -
I8 —
{
[4

Fig. 4 - a) Simulation of the May 18, 1980 eruption at Mt. St. Helens, theoretical and experimental discharge rate;

b) seismicity accompanying the eruption (scale along bottom of figure is U.T.C. hours; time period indicated is from
May 18, 1980, 08:00 a.m. to May 19, 1980, 06:00 a.m. ).

seismicity (10-15 km) beneath the volcano during the final stages of the eruption suggests that
the whole eruptive process probably ends by a collapse of the magma chamber sealing the
system and restoring the initial pressure conditions.

6. Conclusions

This paper highlights the role played by the magma chamber geometry on the temporal
evolution of large explosive volcanic eruptions. A major conclusion is that shallow chambers of
a large cross-sectional area tend to erupt with a higher rate than deep reservoirs of a small cross-
sectional area during a fixed period of time.
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We simulated the May 18, 1980 eruption at Mt. St. Helens (Washington, U.S.A.) and
obtained a good fit of the experimental data; in particular, the theoretical temporal increase of
the discharge rate matches well with the evolution of the phenomenon. We, moreover, predict
the duration of the eruption, its ending, and the peak values of the discharge rate.

Our model investigates the influence of geometrical and physical parameters of the magma
chambers on the temporal evolution of an explosive eruption; as a first order approximation, we
consider the reservoir connected to the surface through a narrow conduit of variable geometry
according to the eruptive flow characteristics. In our opinion, coupling the present model with
a non-stationary model of conduit flow would provide a useful mean to further understand the
transition between the Plinian phase and the pyroclastic flow emplacement.
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