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Abstract

Over an 18 hinterval in April 1994, the tremor at Lascar volcano, Chile, was characterized by a spectrum with narrow peaks
at a fundamental fregency of about 0.63 Hz and more than 25 overtones at exact integer multiples. This harmonic tremor was
recorded at four three-component, high-dynamic range stations during the deployment of the Proyecto de Ifmestigacio
Sismolayica de la Cordillera Occidental 94 (PISCO’94). Usually this tremor’s source is modeled as the resonance of a
fluid-filled crack or organ pipe-like structure in the volcano.

The resonance of a real, physical structure, however, can produce neither as many overtones nor such exact multiples as those
observed in the harmonic tremor at Lascar. Harmonics also occur in a spectrum if the source signal is repetitive but nonsinu-
soidal. Fluid dynamics offers at least three realistic source models for harmonic tremor which produce repetitive, nonsinusoidal
waveforms: the release of gas through a very small outlet (the soda bottle model), slug flow in a narrow conduit, and von
Kéarman vortices produced at obstacles. These models represent different flow regimes, each with its own characteristic range of
Reynolds numbers. For each model the fundamental frequency of the tremor is related to the Reynolds number for the flow.
Combining the Reynolds numbers for each model with typical kinematic viscosities for the possible fluids present in a
volcano—magma, water, steam, air or some combination, at appropriate temperatures and pressures—provides limits on
such physical parameters of the volcano as the dimensions of the flow conduit and the flow velocity of the fluid generating
the tremor. If any single one of these three models is actually the process in the volcano which generates harmonic tremor, then
the tremor is caused by movements of water or gases in the hydrothermal system near the volcano’©s20f@&Isevier
Science B.V. All rights reserved.
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1. Introduction small portion of the “seismic spectrum” of a volcano.
More commonly, seismic signals from volcanoes

Some seismic signals generated by volcanoes look appear to be generated continuously by some source
like those known from earthquake and explosion seis- within the volcano. These signals, which often vary in
mology. These events are probably produced by amplitude and frequency content, are called volcanic
extensional or shear fractures in the volcano or by tremor. While the source of tremor is still poorly
explosions. Such signals, however, represent only a understood, it is present in some form at all active

volcanoes and must be generated by movement or

. _ ) ) pressure fluctuations due to a physical or chemical
USi.orTr:IipgTg;gs_azcétir_%zzQ?zagﬁr_glgsﬁfsaﬁ}&rgda, CA 94563, hrocess inside the volcano. Understanding volcanic
E-mail addressgeo_enterprise@compuserve.com tremor will therefore provide insights into these

(M. Hellweg). processes. Unfortunately, parameters derived from
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Fig. 1. Semilog power spectrum (black line) of a 10 min interval of harmonic tremor beginning at 02:35 UTC on 18.APR.94 recorded on the E
component of station LA2. The spectrum was calculated using 10.24 s windows and 50% overlapping. Vertical lines are drawn at multiples of
the frequency of the first peak, 0.63 Hz. The lower line is the power spectrum of a ten minute interval for the same component starting at 01:30
UTC, before the beginning of the harmonic tremor.

seismic tremor recordings can usually be related only methods. She finds that this tremor’'s polarization
indirectly to the variables of state in a volcano. From offer no conclusive clues to the location of the source.
observations of a new type of harmonic tremor At a given station the polarization direction is differ-
characterized by a sharply peaked spectrum consistingent for the fundamental and for each overtone. In

of a fundamental frequency and numerous integer
overtones (Fig. 1) | develop new fluid dynamics
models for the source of volcanic tremor. Rather
than investigating the coupling of these models to
the medium in detail, | concentrate on flow processes
at the source.

During the deployment of a network of seis-
mometers in northern Chile as part of the “Proyecto
de Investigacin Sismolgica de la Cordillera Occi-
dental ‘94” in early 1994 (PISCO’94, Asch et al.,
1995, 1996), this unusual harmonic tremor was
recorded at Lascar volcano (Fig. 2). On 18 April, for
example, such tremor was recorded over an 18 h
period. This continuous signal has a fundamental

and many superimposed overtones. For long intervals,

the frequency of the fundamental changes very little,
although occasionally it rises or falls by up to 30%

(Fig. 3). Regional earthquakes (arrows) have no
apparent effect on the tremor’s frequency. In contrast
to this tremor at Lascar, harmonic signals with over-

addition, the polarization for a specific frequency, as
measured at the four stations of the PISCO'94’s
Lascar network at any given time, cannot be recon-
ciled with a single wavetype. Neither the amplitudes

of the unfiltered nor of bandpass filtered seismograms
give a coherent picture of the source. The spectral
amplitudes of individual overtones at a given time

appear to be uncorrelated.

The seismogram characteristic which is most
consistent across components and stations is the
fundamental frequency of the harmonic tremor.
Hellweg (1999) demonstrates, using both phasor-
walkout diagrams and plots of the reduced instan-
taneous phase of the Hilbert transform, that frequency
changes occur at the same times and at the same rates
at all stations. The frequencies of the overtones also
follow the frequency of the fundamental exactly,
f,(t) = nfy(t). In some segments of the spectrograms
more than 25 overtones can be observed. There are
two aspects of the overtone development that are

tones observed at other volcanoes appear as thehighly unusual. When resonance occurs in bodies

extended coda of volcanic events (Kamo et al.,
1977; Mori et al., 1989; Schlindwein et al., 1995;
Benoit and McNutt, 1997; Hagerty et al., 1997; Lees
et al., 1997; Neuberg et al., 1998).

Hellweg (1999) provides a thorough analysis of
Lascar’'s harmonic tremor using new analysis

such as organ pipes, there are seldom more than
three or four harmonics present. In addition, when
they exist, the theoretically calculated frequencies of
higher order(n = 25) resonances are rarely matched
precisely by measurements. In practice, the geometry
of a resonator sampled by short wavelengths
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Fig. 2. Thirty seconds of harmonic tremor at all Lascar network stations. Here the broadband seismograms for station B12 are bandpass-filtered
between 0.5 and 20 Hz and resampled to 50 Hz. Data for the short period stations have been lowpass-filtered and resampled to 50 Hz. The N-
and E-components are offset for clarity.

corresponding to high frequencies is not the same astime with only small changes in the frequency of the
that sampled by the fundamental. As a result, the fundamental. It appears to be a sequence of repetitions
frequencies of the overtones are shifted slightly with of a waveform, which changes only slowly (Fig. 2).
respect tanf;. The changes in the shape of the waveform are related
Harmonic tremor continues for several hours at a to variations of the fundamental frequency, the
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amplitude of the cycle, the tremor’s frequency content the result of some systematic change at the source,
(amplitudes of overtones) and its polarization. Since which must be explained by the model. Models for
the fundamental frequency is the same at all stations, the source of harmonic tremor must therefore be able
it must be a characteristic of the source. The universal to produce waveforms with the following character-
presence of energy at the overtone frequenciesistics:
indicates that they are also generated at or near thes The signals have a well defined periodicity and
source. steep slopes at some point during the cycle, like
These characteristics of harmonic tremor signals  square or saw-tooth waves;
constrain the source process. The presence of numer-e the model must allow the length of the cycle to
ous overtones and their exact relationship to the  change over the time frame of minutes; and
fundamental indicate that the source is not likely to o the process must be “non-destructive”, since it
be the resonance either of a single crack (Chouet,  continues for hours with no apparent external effect
1996; Benoit and McNutt, 1997; Neuberg et al., on the volcano.
1998) or of the gas in an organ-pipe-like structure in
the volcano (Schlindwein et al., 1995; Gasc4997).
Julian (1994) suggests that such signals are generated. Models
by non-linear flow conditions in a crack-like conduit
which induce large movements of the conduit walls.  Many of the flow processes studied in fluid
The waveform generated by the source must have dynamics satisfy these criteria. They are repetitive
non-linear qualities. Thus, the source may be a non- and may continue for hours, as long as the reservoir
linear vibration, such as a sound source with ampli- of fluid at the source is large. There are several fluids
tudes that exceed the range for which the linear in any active volcano that may be involved in flow
assumptions of acoustics are valid. It could also be a processes: magma, water, either in the form of liquid
cyclic phenomenon with rapid transitions between or steam, and other gases such as @@l SQ. Three
two or more quasi-steady states (Rayleigh, 1945). regimes which convert a continuous flow into pulsa-
Both these possibilities suggest that the source is tions that may be transmitted to the medium are eddy
present in the fluid phases of the volcano, rather shedding (Faber, 1995), slug flow (Tritton, 1988) and
than the solid edifice. If, for example, the source the “soda bottle”. In general, flow is described by the
amplitudes in a solid were to exceed the range of Reynolds number:
linearity over a long time interval, the solid would
eventually break or rupture. Waves generated by Re— u_d
ruptures are well known in earthquake seismology
and look nothing like harmonic tremor. Similar
logic applies for the hypothesis of a cyclic source whereu is the flow velocity,d a measure of the char-
phenomenon in a solid. acteristic dimension of the flow and= %/p is the
Changes in the fundamental frequency of the kinematic viscosity of the fluid (its shear or dynamic
harmonic tremor also provide clues to characteristics viscosity divided by its density). Depending on the
of the source. While they might be produced by a flow geometry, the characteristic dimension may be
change in the speed of sound along the propagationthe cross-section of an obstruction, the diameter of the
path, this is unlikely to occur over an interval of flow conduit or some other length parameter. The
seconds. Doppler shifting of a constant frequency three models can be distinguished on the basis of
source due to motion toward or away from the stations the range of Reynolds numbers in which they occur.
is can be ruled out for two reasons. The stations lie in Eddy shedding occurs when the Reynolds number lies
different directions from the volcano and would there- between 18and 16 (Faber, 1995). Slug flow begins
fore observe different frequency changes. Besides, thein model flow systems if the Reynolds number is
polarization remains constant for long intervals about 2300 (Tritton, 1988), while the Reynolds
(Hellweg, 1999), indicating that the source location number for the soda bottle model must be very low,
remains the same. Probably the frequency changes areon the order of 1 (Faber, 1995).

D
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3. Eddy shedding

Eddies or vortices are a common feature of flow
past bluff objects. As the flow velocity increases, the
eddies are likely to detach from the object, forming a
von Karman vortex street. As each eddy develops and
detaches, it imparts a force to the object and produces

a sound pulse in the fluid. Because the eddies are shed

regularly and with alternating vorticity, the sound
pulses appear as periodic oscillations of a sound
field with a characteristic frequency (Morse and
Ingard, 1968). In some cases, the sound may be
coupled into a feedback mechanism, producing reso-
nance and very large sound amplitudes. As many as
10 harmonics have been observed (Morse and Ingard,
1968). Although fluid dynamics studies mainly
concern themselves with the behavior of vortices
behind cylinders, Hogan and Morkovin (1974)
observed vortex formation at 9.5Hz behind a
0.0013 m step when air was flowing at 3.3 m/s and
Ljatkher et al. (1980) describe self-induced vibrations
in a dam spillway that generate recorded amplitudes
greater than 0.5 mm/s in an instrumented structure
more than 2.5 km away. Vortex resonance is also
associated with the formation of jets (Morse and
Ingard, 1968).

When the Reynolds number is lo@Re< 10), a
fluid flows smoothly and evenly around an object.
As the fluid's velocity increases, the flow separates
from the object and eddies develop on its downstream
side. At still higher velocitie§Re > 100), the eddies
are shed regularly, at a frequendy, given by the
Strouhal number:

For all practical purposeSt= 0.2 when 16 < Re<
10° (Tritton, 1988; Faber, 1995).

For a von Kaman vortex street, the characteristic
frequency fk, is given by Eq. (2). Taken along with
Eq. (1), this equation can be solved for the flow velo-
city, u, in terms of frequency, the Reynolds number
and the kinematic viscosity:

fK vRe
St

Fig. 4 shows the velocity (color) for a range of
Reynolds numbers and kinematic viscosities if the
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Fig. 3. Spectrogram of two hours taken from the E-component at
station LA2. The data are resampled to 25 Hz. The spectrogram is
calculated using data windows 10.24 s long and 50% overlapping.
Arrows mark regional earthquakes.

vortex shedding frequency is taken to be the funda-
mental frequency of the harmonic treméy,= f; =
0.63Hz The Reynolds number range for which
vortex resonance occurs is indicated by cross-hatch-
ing. Colored bars show typical kinematic viscosities
for dry air, water and steam at one atmosphere pres-
sure and various temperatures, for steam at 200 atmo-
sphere pressure and for andesite melt at several
temperatures (Murase and McBirney, 1973). The
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pressure of 200 atmospheres corresponds to a deptHlow at 5-50 m/s through with characteristic flow
below the surface of about 800 m. Using Eq. (2), corre- dimensions of 5-50 m in order to generate vortices
sponding characteristic dimensions have been calcu-that would detach every/fi = 1.6 s On the other
lated and are plotted as labeled, white contour lines.  hand, the order of magnitude for velocity (0.1—
If eddy shedding is the source of harmonic tremor, 5 m/s) and obstacle size (0.05-0.5m) for water
then Fig. 4 provides clues to the fluid involved, as well at 100C, superheated steam or dry air at one
as the location and size of the obstacle causing the atmosphere are very reasonable for sustainable
eddies. If, for example, the fluid is steam at high pres- activity in a volcano.
sure, the obstacle would range in size from 4 mm to  Assuming the tremor is caused by eddy shedding in
4 cm at flow velocities of 1-10 cm/s. At the opposite a flow of steam, air or water near the volcano’s
end of the range of kinematic viscosity, even the most surface, changes in the frequency may result from
fluid andesite melt, assuming it retains the character- changes in the flow velocity, in the viscosity of
istics reported by Murase and McBirney (1973), must the fluid or in the geometry of the obstacle. It is

Von Karman Vortices (f=.63 Hz)
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Fig. 4. Flow velocities for the eddy shedding model as a functioRednd kinematic viscosity when the eddy frequency 0.63 Hz. The flow
velocity, denoted by color, is calculated using Eq. (3). The colored bars give typical kinematic viscosities for several fluids which may be
encountered in a volcano. Eddy shedding occurs viReies within the cross-hatched region. The white lines show the flow dimension for the
given constellation of kinematic viscosity aR& given the eddy frequency.
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Fig. 5. Relationship of flow velocity to frequency. In @gis held constant and flow velocities are given for various kinematic viscosities taken
from the range for air, steam and water at atmospheric pressure. In (b) the kinematic viscosity is held constant and flow velocities are given as a
function of shedding frequency for several valuedRef

improbable that the geometry of the obstacle would flow velocity and tremor frequencies. For this model,
change rapidly and still allow the tremor to continue. changes in the fundamental frequency on the order of
Fig. 5a shows how changes in the fundamental 30%, as observed in Fig. 3, would be caused by
frequency relate to changes in the flow velocity at changes in the flow velocity.

constant Reynolds number when the kinematic visc- Shed vortices produce sound waves in two ways.
osity changes. In Fig. 5b the relationship between flow First, the eddies produce density variations in the
velocity and frequency at various Reynolds numbers fluid, in particular when they come into contact
is shown for constant kinematic viscosity. Relatively with conduit walls, and are therefore sources of
large changes in the kinematic viscosity or the sound waves. Secondly, each time an eddy is shed
Reynolds number produce only small changes in the from the object, it produces a force on the object.
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Table 1
Fluid Density Velocity Dimension Force
(kg/m®)  (m/s) (m) assuming
length of
1m(N)
Steam (2 10" Pa) 660 0.05 0.01 0.008
Steam (108C) 06 1 0.5 0.15
Steam (40€C) 03 1 0.5 0.08
Water (100C) 960 1 0.5 240
Andesite (1400C) 2500 5 5 1.5 10°

T

The force per unit length due to shedding on a

cylinder of diameted is given by Morse and Ingard R Tamiinar Tow s
(1968):

< l >
F ~ bi?/2, )

. . . . Fig. 6. Model system showing the cycle of generation of turbulence
where b is a dimensionless constant and its range, slugs. Time increases from top to bottom. Initially, laminar flow in

05=b =2 has been determined experimentally. the conduit has reached a Reynolds number at which turbulence is

This force is similar to the force due to the Magnus generated at the intake. The turbulence slows the flonRattere-

effect. It is actually a time-varying force on the fore_decreases,'so that the fluid behind the turbulent section or slug
. . again flows laminarly. As the turbulent slug progresses through the

Cy“nde_r thatincreases as the.vortex forms and reaChesconduit, it lengthens because its forward end progresses more

a maximum when the eddy is shed. In the volcano, rapidly than the average flow velocity while the rear end is slower.

each impulse to the obstacle as an eddy is shed will Eventually the slug leaves the end of the conduit and the flow

propagate in the medium as a seismic wave. For the Vvelocity increases until a new slug is generated.

flow velocities and dimensions given in the previous

paragraph, Table 1 gives the force due to eddy

shedding calculated using Eq. (4) on a cylinder of PiP€ flow to completely turbulent flow (Ginzburg,
1m length. These values can be taken only as a 1963; Tritton, 1988). In this case, the slug is a region

rough estimate of the minimum order of magnitude of turbulence in the pipe t_hat is sepgrated from other
for the force as they do not take resonance into turbulentsegments by regions of laminar flow. Re
account. This can intensify the force by several orders fOr this type of motionis calculated using the diameter
of magnitude. In addition, it is highly uikely that ~©Of the pipe or conduitd, as the characteristic dimen-
the obstacle producing the eddies is a cylinder. Sion. Turbulent slugs form only if the ratio of the
While many papers describe observations and experi- '€ngth of the pipe}, to its diameter id/d > 50. In
mental evidence of damage due to eddy shedding,a‘_jd't'on’_ for a given pressure gradlent, the flqw rate
there are few measurements of the forces involved Will be higher if the flow is laminar and lower if the
and little theory that can be applied to calculating flow is turbulent.

exact forces. Blake (1986) reports that, under appro- magine a situation, as in Fig. 6, where the flow in
priate geometric conditions, the forces due to eddy the pipe ata certain Reynolds number is laminar and

shedding can exceed the values predicted using Eq_the pressure difference between the reservoir and the
(4) by four orders of magnitude. outlet remains approximately constant. Experiments

have shown that when the Reynolds number

increases, usually due to an increase in the flow

4. Turbulent slug flow velocity, turbulence develops at the intake (Ginzburg,

1963; Tritton, 1988; Faber, 1995). Turbulence moves

Intermittent turbulence or turbulent slugs are some- through the pipe at a lower velocity than the laminarly
times observed in the transition from purely laminar flowing fluid slowing the incoming fluid down.
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Behind the turbulence, the flow becomes laminar intermittency factor as:
again and the turbulent region forms a slug, which T | | Ur Ur
progresses through the pipe. Since its front and rear T, = .= (u— - E)(T) =I- (u—> (6)
edges propagate at different velocities, the front at a R F i
higher velocity,ug, than the “center” of the slug and whereT; is the interval of turbulent flow. If, for a
the rear at a lower velocityg, the slug becomes given configuration, the velocities of flow in turbulent
longer as it progresses. When the front end of the and laminar regions are taken to be constant, and the
slug has left the pipe, the region of laminar flow change between the regions virtually instantaneous,
behind it grows, until the rear of the turbulent slug the variation of flow velocity can be modeled as a
has left the pipe. At this point, the velocity of the flow square wave.
can again increase until a new turbulent slug is gener-  For slug flow to occur in a volcano, a long narrow
ated at the intake. The cycle begins again. conduit must separate the two reservoirs of the fluid. If
Propagation velocities of the front and rear of slugs the volcano is not erupting and an internal reservoir is
have been studied experimentally. Tritton (1988, c.f. connected with the atmosphere, the fluid flowing may
figure at p. 286) shows the ratios af andug to the be water or gases. It is also possible that an appropri-
mean flow velocityu, as a function ofRe Table 2 ate conduit connects two magma reservoirs, allowing
gives values ofir/uy andug/u, for several Reynolds  magma to flow between them. The parameters which
numbers and the corresponding intermittency factor, define this model are: (1) the characteristics of the
the fraction of time that the motion is turbulent fluid; (2) the pressure difference between the reser-
(Tritton, 1988). At Reynolds numbers around 2300, voirs; and (3) the dimensions (length and diameter)
at which turbulent slugs begin to form; andug are of the connecting conduit.

very close tau,, and slugs do not grow while flowing The two parameters that can be measured from the
through the system. harmonic tremor seismograms are: the fundamental
The slug flow process is definitely cyclic wiff, frequency,f;, along with the overtone frequencies

the period of one cycle, being determined by the and the shape of the spectrum (Fig. 1). Fig. 7
length of the pipel, and the velocity of the rear of compares the power spectrum of a 10-min interval

the slug,ug, i.e: of harmonic tremor (from Fig. 1) with the power
spectrum of a 13% square-wave. There is a strong
Te= L (5) correspondence between the spectra of the measured
Ur and theoretical time series, leading to the inference

that the seismogram may be produced by a source
At the same time, the cycle can be described by the function with an intermittency of 13%. The Reynolds
number for flow with an intermittency of 13% is listed

Table 2 in Table 2.
TakingRe= 270Q Eq. (1) can be used to relate the

Ré Ul UelUy® Intermittancy flow velocity to the conduit size and the kinematic
2300 0 viscosity of the fluid (Fig. 8). Colors again denote
2500 0.88 0.96 0.08 the flow velocity. The cross-hatched area corresponds
2675 0.87 1.00 0.13 to the range of reasonable conduit sizes for a volcano,
2750 0.85 1.05 0.19 while the kinematic viscosities of andesite melt, water
2888 gsg 14215 g'gg (100°C), steam at various temperatures and pressures,
5000 0.65 148 056 and dry air at several temperatures are marked for
6000 0.60 1.48 0.59 reference by colored bars.
7000 0.55 1.48 0.63 Eqg. (5) gives a further constraint on the geometry.

2 Reynolds number. If, as for harmonic tremor at Lascdy,= 0.63 H; aqd

b Relative velocity of rear of slug. we take l/d = 50, then ug = 50f;d = 31d. This is

¢ Relative velocity of front of slug. plotted in Fig. 8 as a white bar marked with the

d

Intermittancy, the fraction of the time the flow is turbulent. frequency. It gives the correspondence between
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Fig. 7. Comparison between the power spectra of harmonic tremor (black, taken from Fig. 1) and a 13% square wave (lower curve).

conduit size and flow velocity, if the period of point. In a region of turbulence the pressure gradient
slug flow cycles isTgs=16s If the kinematic will be steeper than where the flow is laminar, because
viscosity of the fluid is of the order of 16 m?% the net movement of fluid through the conduit is less
s, as it would be for steam under high pressure than during laminar flow (Ginzburg, 1963; Tritton,
(about 1 km depth), the conduit would be only 1988; Faber, 1995).
several centimeters in diameter, and the flow velo- In this model, the harmonic tremor signal measured
city would be about 0.01m/s. Estimates for at the stations of the Lascar network is caused by
conduit size and velocity at kinematic viscosities changes in the fluid’s pressure which occur when
of about 10°m?s, in the range for air, water and the flow changes from laminar to turbulent. In princi-
steam at various temperatures and atmosphericple, these pressure variations act as a variable force on
pressure, which would correspond to near-surface the conduit walls (Wallis, 1969; Chouet et al., 1997).
hydrothermal activity, require conduit diameters Practically it is difficult to estimate the relative
on the order of tens of centimeters and flow velo- volumes and flow velocities of laminar and turbulent
cities around 1 m/s. According to this model, the fluid as a function of the cycle and it is therefore
flow velocity for even the least viscous andesite extremely difficult to estimate the amplitude of the
melt (~5x1072m%s at 1400C) is close to forces on the medium during slug flow.
100 m/s. This is highly unlikely in a volcano
that is not erupting.

Thus, if the slug flow is the correct model for the 5, Soda bottle
source of the harmonic tremor recorded at Lascar
Volcano, the source is most likely to be near the  When a system such as a volcano is closed to the
surface, and the fluid generating the signals is atmosphere, the liquids, either magma or water in the
steam, water or gases rather than magma. Variationshydrothermal system, must be saturated with gas.
in the flow parameters during observations of slug When such a system opens rapidly, as would be the
flow (Tritton, 1988) should have two effects: the inter- case in a volcanic eruption, the rapid and explosive
mittency and the period of the cycle changeResand degassing which takes place is similar to what
Ug/Ur change. In a slug flow regime, the pressure at happens when a bottle of champagne is opened
any given time and point along the conduit depends on suddenly. If, on the other hand, the opening is very
whether the flow is mainly laminar or turbulent at that small, gases can only escape slowly. This may give
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Slug Flow (Re=2700)
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Fig. 8. Flow velocities for the slug flow model as a function of conduit size and kinematic viscosRgfer270Q The flow velocity, denoted

by color, is calculated using Eg. (1). The colored bars give kinematic viscosities for fluids which may be encountered in a volcano. Conduit
diameters may be reasonably expected to lie within the cross-hatched region. The diagonal white region marks configurations for which the slug
flow cycle would have a period af = U/f; = 1/0.63 Hz

rise to a cycle of pressure drop and bubble formation after the first bubbles appear, the formation of new
like that which can sometimes be observed when a bubbles ceases. In the meantime, gas continues to
bottle of carbonated water is opened only slightly escape through the small opening or “vent” at the
(Soltzberg et al., 1997). cap and the existing bubbles rise toward the surface.

Fig. 9 shows a series of pictures taken of a bottle of When all the bubbles have reached the surface they
soda water after its cap was opened a small amount.can no longer contribute to increase the pressure in the
Initially, the gas escapes slowly with a hissing noise, volume above the water, so the pressure again begins
and the pressure in the gas volume above the waterto fall as gas continues to escape. In contrast to a soda
decreases. Bubbles, which form throughout the water bottle, in a volcano the reservoir of gas-saturated
when the pressure has dropped enough, rise to the topmagma or water is usually large, and may, for the
during an interval depending on the size (depth) of the purposes of a simulation, be considered to provide
bottle. The volume of gas in the bubbles compensatesan infinite supply of gas allowing the tremor to
for the pressure decrease after opening, so that shortlycontinue for a long time.



194 M. Hellweg / Journal of Volcanology and Geothermal Research 101 (2000) 183—-198

-0 t increasing —

Fig. 9. Photograph sequence of two bubble cycles in a slightly opened bottle of soda water. The bottle is opened on the left, and time increases
toward the right. The photographs show an interval of about 10 s.

To quantitatively describe the processes in the larly at high temperatures such as would be
slightly opened soda bottle several assumptions areexpected in a volcano, may be described using
necessary. Fig. 10 shows sketches of a soda bottlethe ideal gas law:
during an interval when there are no bubbles and at

a later point in the cycle when bubbles have formed, pV = nRT= mT = mRT orp = pR'T @

indicating the variables involved. The gas, particu- gas
Lagq Paq
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Fig. 10. Sketch of soda bottle showing parameters used in Eq. (12).
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where My, is the molecular mass of the gas and differential equation for the pressure:
R’ = R/Mgas M is the mass of gas in the volumé

/ /
at the top of th_e bottle and is its density. The mass = — i‘/_kp(p —pa) + Poly
flux may be written as: 0 0
__9K o> aKpa 2
RTm=pV + pV. (8) __V—op + Vo P+ C,= —CPp” + CPp + Cp.

12
If we assume that the volume of the gas-filled region
does not change, thah= V, andV = 0. The change
in pressure in the gas-filled region depends, as would
be expected, on the mass flux:

where ¢, = gk'/V, and ¢, = ¢,p, are constants for
the soda bottle, and may vary slowly as a function
of time in a volcano. The final constant:

RT
/ / %=~y Qﬁbub’ (13
p= Em— E[me + mo] 0
Vo Vo is zero if no bubbles are present. If the bubbles

rise with constant velocityg, may be related to
the kinematic viscosity of the liquid by setting
Stoke’s law equal to the bubbles’ buoyancy and
solving for the velocity:

/

Vo

[—pau + 5,QU). ©

In this equationr, is the mass flux due to gas escap-
ing from the vent or cap and is the product of the
density of the gasp, times the cross-sectional area
of the vent,q, and the velocity of the gas, m, is the

. RTQ _ 2ur’g
= p
b Vo b gy

14

Thus, it is inversely proportional to the kinematic

mass flux due to gas entering the gas-filled region
from the bubbles that form in the liquid. It can be
described by the mean density of the gas in the

viscosity of the liquid and depends, in addition, on
the bubbles’ density, their rise velocity, and the
geometry of the chamber.

bubbles:

P = ”b<

Eq. (12) must be solved numerically for two cases.
When no bubbles are presemt, = 0, and the gas
pressure dropsc, becomes a non-zero constant
which controls the rate of pressure increase when
bubbles are present. Fig. 11 shows solutions for
the cross-sectional area of the liqui@, and the several different initial conditions in a soda bottle.
mean ascent velocity of the bubbles,. It is not As ¢, increases, that is with decreasing kinematic
unreasonable to assume that the geometric para-Viscosity, the bubbles rise more quickly and the
meters, such a€) and g, remain constant over amplitude of the pressure oscillations increases
several degassing cycles in either a soda bottle dramatically. To produce the oscillations observed
or a volcano. Further, we may assume that the at Lascar, with a fundamental frequency of 0.63 Hz,
Velocity of the escaping gasy, is proportional the quuid which is degassing must have a low viscos-
to the difference in pressure between the interior ity, and is most likely to be water near the
of the bottle or volcano and the outside (Ginzburg, surface at relatively low overpressure. Soltzberg

4

3 rgpgas>, (10

1963): et al. (1997) approach this problem differently, using
different assumptions. Quantitatively, however, their
u=k(p— pa). 11 results also confirm the cyclic degassing behavior

demonstrated here.

Although this description of the soda bottle
Inserting these values into Eq. (8) and using Eg. phenomenon is highly simplified, the model generates
(6) for the density of the gas gives a non-linear non-linear waveforms (Fig. 11) which bear a



196 M. Hellweg / Journal of Volcanology and Geothermal Research 101 (2000) 183—-198

8 . - .

Ppas (atm)

0 I I 1
0 5 10 15 20
Time (s)

Fig. 11. Pressure oscillations in a soda bottle with a small vent. The curves’ initial conditions are marlgd=Foaindc, = 10, the maximum
pressure overshoots the original pressure.

resemblance to the seismograms of harmonic tremorand

at Lascar. They are produced by pressure variations r—a

inside the reservoir during the bubble formation cycle. s=1t —

Under the simple assumptions used for solving Eq. (12),

the pressure changed by more than a factor of 2.0. A pulse of finite durationt, can be simulated by
Achenbach (1975) gives a relationship describing

the wavefield generated by pressure changes in a ,°

spherical cavity of radius\ in a homgeneous, iso-

tropic and linearly elastic medium. If the pressure

change is a step functio®(t) = PoH(t) with H(t)

CL

the Heaviside function, then the displacement §
potential is: E
1 A%, !

U (r, = — — 2
P (r, 1) du T a]

X[1— (2 — 20) Y2exp(— xs)sin(gs + MH(S) (15)

where « is the speed of longitudinal waves in the 0
medium,o is the Poisson’s ratiqu is the shear modu- Source radius (m)
lus, andy, ¢ andA are defined as:

Fig. 12. Displacement amplitude due to a pressure pulse at 4000 m
1— 20 a 1— 20 a2 distance in a spherical cavity of radiasn a homgeneous, isotropic
i 2_ - =7 7 and linearly elastic medium calculated using Eq. (14). The dashed
1-o0)?2 A%’ line is the root mean square displacement amplitude measured at
station LA2. The solid lines are for pressure differences between the
A= cot‘l(l — 20) vz (/4 = \ = m/2), interior of the sphere and the environment of 3, 5 and 7 atm.
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superimposing the displacement potential for a models occur in specific regimes of flow as described
pressure change of equal but opposite magnitude aby the Reynolds number. Reis lower or higher, as it
time 7 after the initial pressurization. Using = would be during other flow regimes, the same flow
4000m «=1000ms, o0=03 and u=2X geometry will generate other types of signals. The
10%°N/m?, Fig. 12 plots the expected displacement sound associated with turbulent flow systems, for
as a function of the source radius, for Po =3, 5 example, is broadband noise (Tritton, 1988; Faber,
and 7 atm, the pressures used in the calculations for 1995). Thus, these models may be applicable at
Fig. 11. The root mean square displacement measuredmost volcanoes and may, in addition, explain the
at LA2 is also plotted as a dashed line. It intersects the continuous “background” tremor as part of the same
lines for all three pressures at a radius of about 20 m. phenomenon.
This indicates that, under the simplifying assumptions Is one of these models more realistic than the
used here, fluctuating pressure of the order of magni- others? The period and amplitude for each model
tude described above in a sphere with a radius of 20 m depend on a trade-off between flow geometry and
could produce the harmonic tremor seismograms velocity as well as the viscosity of the fluid involved.
measured at Lascar. As is indicated by Figs. 4 and 8, a suite of these three
parameters can generate the same frequency. Perhaps
with further investigation of the coupling between the
6. Conclusions source and medium, an aspect of harmonic tremor
recordings addressed only minimally in this descrip-
Observations of harmonic tremor such as that tion, the models can be distinguished.
recorded at Lascar Volcano in April, 1994 are still
relatively rare. Nonetheless, because the source
models usually used to explain tremor generation Acknowledgements
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