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Burst Conditions of Explosive Volcanic
Eruptions Recorded on Microbarographs

Meghan M. Morrissey* and Bernard A. Chouet

Explosive volcanic eruptions generate pressure disturbances in the atmosphere that
propagate away either as acoustic or as shock waves, depending on the explosivity of
the eruption. Both types of waves are recorded on microbarographs as 1- to 0.1-hertz
N-shaped signals followed by a longer period coda. These waveforms can be used to
estimate burst pressures and gas concentrations in explosive volcanic eruptions and

provide estimates of eruption magnitudes.

Since first photographed during the 1975
eruption of Ngauruhoe Volcano in New Zea-
land (I), atmospheric shock waves and con-
densation clouds marking their passage in the
near field of the source have become well-
recognized features of explosive volcanic erup-
tions (2—4). Occurrences of shock waves were
documented in video footage of the 1992
eruptions of Mount Spurr, Alaska, where the
shocks were observed propagating through the
column of ash in a series of flashes occurring
within the plume (4). These flashes represent
short-lived clouds produced by the propaga-
tion of shock waves through the local atmo-
sphere, which momentarily condenses water
vapor. A vigorous ejection of a mixture of hot
gases and rock fragments characteristic of a
vulcanian eruption followed the flashes. Air
waves accompanying vulcanian eruptions are
recorded on microbarographs as N-shaped sig-
nals followed by a longer period coda. Here we
use numerical simulations to demonstrate
how the amplitude and waveform of atmo-
spheric pressure waves may be used to esti-
mate both burst pressure (or preexplosion gas
pressure) and gas concentration of ejecta for
discrete, explosive eruptions. Recognition and
analysis of such pressure signals may aid in the
detection of explosive eruptions and subse-
quent ash plumes in remote areas.

The types of eruption signals recorded
on microbarographs (Fig. 1, A to E) range
from sharp N-shaped waves, such as that
observed at the onset of the 1883 eruption
at Krakatoa (5), to long-period oscillations,
such as those recorded during the 15 June
1991 eruption at Mount Pinatubo (6). The
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spectral peaks associated with the latter
type of disturbance have been interpreted as
the characteristic periods of the acoustic
and gravity modes of the atmosphere trig-
gered by a continuous flux of thermal ener-
gy from a Plinian eruption (7-10).
N-shaped waveforms are commonly associ-
ated with acoustic disturbances produced by
discrete explosive eruptions (Fig. 1).
Within the past 25 years, a variety of
numerical models have been used to estimate
the burst pressures of vulcanian eruptions
from observed maximum ejecta velocities
(11-15). Early models based on the Bernoulli
equation (11, 12) overestimated burst pres-
sures by an order of magnitude because they
neglected the compressibility of the gas phase
(13) in the solid-gas mixture. In these and
later models, the gas phase is H,O, which
makes up >90% by weight of total gas ex-
solved from magma situated at depths shal-
lower than 3 to 4 km. More recent models
have taken into account not only gas com-
pressibility (13, 14) but also the relative mo-
tion of ejecta of variable sizes and the air
through which the ejecta travel (15). In the
most recent model (15), burst pressures were
estimated as functions of gas concentration for
a given travel distance, launch velocity,
launch angle, and diameter of ejected frag-
ments. Like the earlier models (11-13), this
latter model was applied to the 1975 Ngauru-
hoe eruption, the classic example of a vulca-
nian eruption. Burst pressures ranging up to
10 MPa for gas concentrations of between 2 to
6 weight % H,O were calculated for ejecta
parameters measured in photographs. The ac-
curacy of this model depends primarily on
how well ejecta parameters are constrained.
Here we introduce an alternative method for
independently estimating the burst pressures
and gas concentrations based on the wave-
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forms of atmospheric disturbances produced
by the Ngauruhoe eruption and other docu-
mented vulcanian events (2, 3, 8, 9).

Most models of atmospheric response to
explosive eruptions are concerned mainly
with the far-field signals and use either a
point-compressive source or a point-injec-
tion source with a source -duration ranging
up to a few minutes (7, 8, 16, 17). Al-
though such models are useful to estimate
the magnitude of large-scale eruptions, they
provide few details about the eruption. As
demonstrated in (5), explosive eruptions
generate pressure disturbances that undergo
refraction and attenuation as they propa-
gate through the atmosphere (7) and can
excite acoustic-gravity modes at periods
larger than 30 s (8, 16). To extract infor-

A 5 kPa
: . o 3 hours

Fig. 1. Examples of microbarograms obtained for
eruptions at (A) Mount St. Helens in 1980 at 54 km
(7); (B) Sakurajima Volcano, Japan, in 1989 at 5
km (2); (C) Mount Pinatubo in 1991 at 21 km (8);
(D) Ruapehu Volcano, New Zealand, in 1995 at 9
km (9); and (E) Mount Tokachi in 1988 through
1989 at 3.5 km (3). The locations of the micro-
barographs are relative to the vent. All of the on-
sets of the waveforms are characterized by an
N-shaped pulse. The peak-to-peak pressure (in
kilopascals) represents the difference between
the maximum and minimum pressures of the
pulse. In (C), more than nine N-shaped pulses
occurred before the long-period oscillation related
to the Plinian phase of the eruption, which lasted
for more than 6 hours. The pulses are assumed to
be related to discrete, precursory explosive
events. Only 5 of the 13 pulses recorded at Mount
Tokachi in 1988 through 1989 are shown; all data
are included in Fig. 3C.
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mation from the waveform regarding the
physics of an eruption, it is best to study the
signal closer to the source, where the wave-
form is simple and sharp (18).

Using results from numerical simula-
tions, we demonstrate how preeruption
conditions in the conduit might be mani-
fested in the waveform of the atmospheric
disturbance. Our numerical model is an ad-
aptation of the numerical code DASH
(dusty air shock), which solves the Navier-

Stokes equations in cylindrical coordinates .

for a mixture of gas and solid particles by
means of an explicit multifield finite differ-
ence representation (19). The governing
equations consist of a system of eight cou-
pled, nonlinear, partial differential equa-
tions, in which closure is achieved by the
inclusion of the thermomechanical equa-
tions of state for the respective phases, and
the heat and momentum transfer functions.
DASH calculates the spatiotemporal varia-
tions of pressure, density, velocity, and in-
ternal energy in a hot, gas-solid particle
mixture expanding from the exit plane of a
conduit into an unconfined, cool, stratified,
isothermal atmosphere (19, 20). Details of
the code and its applications are given in
(19-24).

To simulate the discharge of a conduit
flow into the atmosphere, a cylindrical cav-
ity is set up at the lower boundary of the

Fig. 2. (A to D) Snapshots (at
left) of the pressure field in the
atmosphere for a simulated
eruption with a burst pressure of
5 MPa and a solid-to-gas mass
ratio of 1 (50 weight % H,0).
The computational domain ex-
tends to an altitude of 1 km and
a radial distance of 1 km. The
color scale is proportional to the
magnitude of pressure with red
representing the highest pres-
sure and blue denoting the low-
est pressure. The red shell rep-
resents the shock wave formed
during the initial discharge of flu-
id from the conduit. The blue-
green and green-yellow shells
inside the red shell represent the
trailing expansion and com-
pression waves, which reestab-
lish the pressure behind the
shock wave to atmospheric
pressure. The red dot below the
trailing compression wave rep-
resents the front of the dis-
charging fluid. To the right of
each snapshot is a horizontal
pressure profile extending to a
distance of 1 km from the vent
axis at an altitude of 50 m. The
amplitude of the N-shaped
wave associated with the shock
wave decreases as it travels away from the vent.

REPORTS

computational domain. The conduit walls
are assumed to be perfectly rigid, and the
appropriate boundary conditions are applied
for rigid reflectors. The fluid mixture inside
the conduit is initially at rest and is pressur-
ized according to the weight of the lava
dome cap (13). During the burst phase of the
simulated eruption, which is marked by the
instantaneous removal of cap rock, flow con-
ditions at the exit plane of the conduit are
choked; hence, the exit velocity is equal to
the sound speed of the mixture. Choked
conditions at the vent prevail until the con-
duit pressure decays to atmospheric pressure.
The eruption terminates when the supply of
fluid inside the conduit is exhausted.

In all simulations, the conduit geometry
is scaled according to the parameters esti-
mated for Sakurajima Volcano (2). Our
model uses a mixture of steam and 1-mm-
diameter particles with a density of 2350
kg/m>. To limit the number of gas phases in
the model, we have assumed that the atmo-
sphere is steam with a sound speed of 440
m/s. The gas and particulate phases are
assumed to be in thermal equilibrium (20)
at 950°C initially, the solidus temperature
of andesitic magmas commonly associated
with vulcanian eruptions (15). In one sim-
ulation (Fig. 2, A to D), a shock wave
formed instantaneously in the atmosphere
at the onset of discharge. The shock wave
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was initially coupled to the ejecta front
but separated from the plume after 0.6 s
when the plume reached its maximum al-
titude (19). The shock wave is character-
ized by a sharp increase in atmospheric
pressure (Fig. 2). The pressure dropped
below atmospheric pressure behind the
shock front, forming an N-shaped wave.
As the N wave propagated away from the
vent, the peak-to-peak amplitude of the
signal decayed, and a trailing compression
wave developed that increased the pres-
sure behind the shock front back to atmo-
spheric pressure (Fig. 2, B to D).
Comparisons of four simulations with
different burst pressures (Fig. 3A) show
that the peak-to-peak pressure Py of the
atmospheric wave is a function of the
burst pressure Py. For example, the wave
produced by an eruption with P, = 0.2
MPa yielded P, = 0.005 MPa at a distance
of 100 m and altitude of 50 m, whereas an
eruption with Py, = 1.0 MPa yielded P, =
0.015 MPa at the same location. The re-
lation between Py and Py, may be used to
estimate Py, from measurements of the air
wave, as demonstrated in Fig. 3, B and C.
The values of Py derived from the micro-
barograms in Fig. 1 fall within the set of
decay curves illustrated in Fig. 3C, suggesting
burst pressures of 0.1 to 1 MPa for Mount
Tokachi, 0.2 to 5 MPa for Sakurajima, and
0.2 to 0.5 MPa for Ruapehu. The average P,
from the 1991 Mount Pinatubo explosive
events corresponds to P, > 5 MPa. The
value of Py for the shock waves recorded
during the 1975 Ngauruhoe eruption (1)

corresponds to burst pressures of 5 to 6 MPa,
which are within the range of the burst
pressures estimated from the trajectory paths
of ejected clasts (15). Similar data are not
available for the other simulated eruptions.

The rise time of the atmospheric wave
depends on the amount of H,O in the
discharging rock particles—steam mixture
(Fig. 3D). The rise time for a steam-rich
mixture (95 weight % H,0O) was much
faster than that of a particle-rich mixture
(5 weight % H,0). This sensitivity of the
waveform to gas concentration reflects the
amount of energy dissipation in the plume
and is also a function of the sound speed of
the discharging mixture, all of which vary
with the solid-to-gas mass ratio of the
mixture (20). For the steam-rich mixture
in Fig. 3D, the initial sound speed of the
mixture (875 m/s) was greater than the
sound speed of the atmosphere (440 m/s),
and the pressure wave was a shock wave
characterized by a sharp N-shaped wave-
form. For the particle-rich mixture in Fig.
3D, the initial sound speed of the mixture
(170 m/s) was less than the sound speed of
the atmosphere, and the pressure wave was
an acoustic wave characterized by a
weaker N-shaped waveform. As illustrated
in Fig. 3E, the propagation speeds of the
pressure waves related to different H,O
content either decelerate or accelerate to
converge to the sound speed of the atmo-
sphere at short distances from the vent. If
the atmosphere were air, the curves would
converge to 340 m/s instead of 440 m/s.
Within 500 m from the vent, the waves

Fig. 3. (A) Pressure-time T T 6 . r
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to a distance of 1 km from the vent at an altitude of 50 m.
These waveforms are derived from the simulated eruption
shown in Fig. 2. The values of P, measured in these wave-
forms are fitted by a power law from which the curves in (C)
are derived. (C) Decay curves of P for distances ranging up
to 20 km from the vent for the four simulations shown in (A).
The symbols represent the data in Fig. 1, A to E. (D) Pres-
sure-time plots obtained at the same receiver location as in 0
(A, derived from simulations with a fixed P, = 0.5 MPa for
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different gas concentrations. The rise time of the waveform
decreases with increasing gas concentration. (E) Wave speed of pressure disturbances obtained from
simulations shown in (D) plotted along a profile extending to a distance of 500 m from the vent at an
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travel at characteristic speeds that vary as
functions of the H,O content.

Although the signatures of the simulat-
ed atmospheric waves are simple in com-
parison to the data (Fig. 1), our results
illustrate the type of information that can
be extracted from various parts of the
waveform. The amplitude of the impulsive
onset of the waveform is indicative of the
burst pressure of the mixture discharging
from the vent and provides useful infor-
mation for the detection of an explosive
eruption and for an estimation of the
eruption magnitude. The rise time of
waveforms recorded on microbarographs
located within 1 km of the vent can be
used to constrain the gas concentration in
the eruption column. Pressure sensors are
inexpensive and can easily be incorporat-
ed into existing monitoring networks (25).
In contrast, other methods to measure gas
concentrations in eruption plumes such as
correlation spectrometry require expen-
sive equipment, which prevents their use
in a permanent monitoring network.

The waves following the impulsive
onset in many of the microbarograms in
Fig. 1 are not reproduced by our simula-
tions and may represent a combination
of path effects or additional minor bursts
or acoustic emissions from trapped expan-
sion waves reverberating in the conduit
as observed in laboratory and numerical
experiments (5, 26). Expansion waves did
occur in the conduit during simulated
eruptions. However, their amplitudes were
quite small (<0.1 MPa) as shown in Fig.
4 A to C (the same information is
shown on a magnified scale in Fig. 4, D

to F).

Air wave
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Fig. 4. (A to C) Pressure-time histories at three
different depths in the conduit for the simulated
eruption shown in Fig. 2. (D to F) Same pres-
sure-time histories shown at a magnified scale to
enhance the amplitude of decaying pressure os-
cillations associated with the trapped waves.
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Deciding Advantageously Before Knowing the
Advantageous Strategy

Antoine Bechara, Hanna Damasio, Daniel Tranel,
Antonio R. Damasio*

Deciding advantageously in a complex situation is thought to require overt reasoning on
declarative knowledge, namely, on facts pertaining to premises, options for action, and
outcomes of actions that embody the pertinent previous experience. An alternative pos-
sibility was investigated: that overt reasoning is preceded by a nonconscious biasing step
that uses neural systems other than those that support declarative knowledge. Normal
participants and patients with prefrontal damage and decision-making defects performed
a gambling task in which behavioral, psychophysiological, and self-account measures
were obtained in parallel. Normals began to choose advantageously before they realized
which strategy worked best, whereas prefrontal patients continued to choose disadvan-
tageously even after they knew the correct strategy. Moreover, normals began to generate
anticipatory skin conductance responses (SCRs) whenever they pondered a choice that
turned out to be risky, before they knew explicitly that it was a risky choice, whereas
patients never developed anticipatory SCRs, although some eventually realized which
choices were risky. The results suggest that, in normal individuals, honconscious biases
guide behavior before conscious knowledge does. Without the help of such biases, overt
knowledge may be insufficient to ensure advantageous behavior.

Ina gambling task that simulates real-life
decision-making in the way it factors uncer-
tainty, rewards, and penalties, the players are
given four decks of cards, a loan of $2000
facsimile U.S. bills, and asked to play so that
they can lose the least amount of money and
win the most (1). Turning each card carries
an immediate reward ($100 in decks A and B
and $50 in decks C and D). Unpredictably,
however, the turning of some cards also car-
ries a penalty (which is large in decks.A and
B and small in decks C and D). Playing mostly
from the disadvantageous decks (A and B)
leads to an overall loss. Playing from the
advantageous decks (C and D) leads to an
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overall gain. The players have no way of
predicting when a penalty will arise in a given
deck, no way to calculate with precision the
net gain or loss from each deck, and no
knowledge of how many cards they must turn
to end the game (the game is stopped after
100 card selections). After encountering a few
losses, normal participants begin to generate
SCRs before selecting a card from the bad
decks (2) and also begin to avoid the decks
with large losses (1). Patients with bilateral
damage to the ventromedial prefrontal corti-
ces do neither (1, 2).

To investigate whether subjects choose
correctly only after or before conceptualizing
the nature of the game and reasoning over the
pertinent knowledge, we continuously as-
sessed, during their performance of the task,
three lines of processing in 10 normal partic-
ipants and in 6 patients (3) with bilateral
damage of the ventromedial sector of the pre-
frontal cortex and decision-making defects.
These included (i) behavioral performance,
that is, the number of cards selected from the
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good decks versus the bad decks; (ii) SCRs
generated before the selection of each card
(2); and (iii) the subject’s account of how
they conceptualized the game and of the strat-
egy they were using. The latter was assessed by
interrupting the game briefly after each sub-
ject had made 20 card turns and had already
encountered penalties, and asking the subject
two questions: (i) “Tell me all you know about
what is going on in this game.” (ii) “Tell me
how you feel about this game.” The questions
were repeated at 10-card intervals and the
responses audiotaped.

After sampling all four decks, and before
encountering any losses, subjects preferred
decks A and B and did not generate signifi-
cant anticipatory SCRs. We called this period
pre-punishment. After encountering a few
losses in decks A or B (usually by card 10),
normal participants began to generate antici-
patory SCRs to decks A and B. Yet by card 20,
all indicated that they did not have a clue
about what was going on. We called this
period pre-hunch (Fig. 1). By about card 50,
all normal participants began to express a
“hunch” that decks A and B were riskier and
all generated anticipatory SCRs whenever
they pondered a choice from deck A or B. We
called this period hunch. None of the patients
generated anticipatory SCRs or expressed a
“hunch” (Fig. 1). By card 80, many normal
participants expressed knowledge about why,
in the long run, decks A and B were bad and
decks C and D were good. We called this
period conceptual. Seven of the 10 normal
participants reached the conceptual period,
during which they continued to avoid the bad
decks, and continued to generate SCRs when-
ever they considered sampling again from the
bad decks. Remarkably, the three normal par-
ticipants who did not reach the conceptual
period still made advantageous choices (4).
Just as remarkably, the three patients with
prefrontal damage who reached the concep-
tual period and correctly described which
were the bad and good decks chose disadvan-
tageously. None of the patients generated an-
ticipatory SCRs (Fig. 1). Thus, despite an
accurate account of the task and of the correct
strategy, these patients failed to generate au-
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