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Understanding different seismic signals recorded in active volcanic regions allows
geoscientists to derive insight into the processes that generate them. A key type is known
as Low Frequency or Long Period (LP) event, generally understood to be generated by
different fluid types resonating in cracks and faults. The physical mechanisms of these
signals have been linked to either resonance/turbulence within fluids, or as a result of
fluids “sloshing” due to a mixture of gas and fluid being present in the system. Less well
understood, however, is the effect of the fluid type (phase) on the measured signal. To
explore this, we designed an experiment in which we generated a precisely controlled
liquid to gas transition in a closed system by inducing rapid decompression of fluid-filled
fault zones in a sample of basalt from Mt. Etna Volcano, Italy. We find that fluid phase
transition is accompanied by a marked frequency shift in the accompanying microseismic
dataset that can be compared to volcano seismic data. Moreover, our induced seismic
activity occurs at pressure conditions equivalent to hydrostatic depths of 200-750 m.
This is consistent with recently measured dominant frequencies of LP events and with

numerous models.
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INTRODUCTION
The wealth of unrest signals recorded in active volcanic regions—
chief among them seismicity—has been studied intensively for
volcano monitoring purposes for many decades (e.g., Neuberg,
2000). The primary types of seismic activity applicable to volcanic
areas, Volcano-Tectonic (VT) and Long Period (LP), are widely
thought to be associated with fluid movement. Although all types
of seismic signal above are routinely measured on active volca-
noes (Figure 1A), the use of any particular type to better forecast
eruption has thus shown to be unfounded. In particular it was
thought, at one time, that the use of Low Frequency (LF) event
activity (being linked to shallow fluid movement in the edifice)
may lead to more accurate forecasts (Neuberg, 2000). However,
whilst the general hypothesis of fluid/gas movement being impli-
cated in their generation is not in doubt (e.g., Neuberg, 2000;
Saccorotti et al., 2007; Benson et al., 2010), the cause of frequency
dependence, be it resonances in the fluid, fluid-rock interac-
tion or dual phase fluid/gas mixtures (e.g., Kumagai and Chouet,
2001) remains not fully understood. In addition, new evidence
has recently suggested that LP type events may, in certain circum-
stances, be triggered even without fluid present (Bean et al., 2013)
further complicating our understanding of this complex, coupled,
process.

Because of these causal links, an improved quantitative knowl-
edge relating the pore fluid pressure and temperatures required
for fluid to gas transitions at simulated in-situ burial depths may

shed new light on the potential for different families of seismic
signal. It is currently well known that fracturing of dry and fluid
saturated volcanic rocks produces a diverse suite of VT earth-
quakes that are generally referred to as VT type activity, and
these processes have been extensively studied in a well-controlled
laboratory environment (e.g., Smith et al., 2009). In addition,
the presence of fluids have been shown to facilitate the produc-
tion of so-called hybrid activity that features the impulsive onset
of VT events with a lower frequency coda that is more gener-
ally observed in pure LP type events (e.g., Benson et al., 2010;
Harrington and Benson, 2011). Whereas when fluids alone pro-
duce the induced seismic activity, this impulsive onset is usually
absent. However, despite this new data, the effect of different
fluids (e.g., water, CO;) upon the seismic character and the tran-
sition between these different families has yet to be fully explored
despite the implications that different fluid phases might con-
tribute to the different signal character observed (e.g., Fluids
compared to gaseous phases). This is crucial as it is widely appre-
ciated that pressure is likely the primary control on the explosivity
of rising magmas due to its key control upon the amount of
dissolved gas (e.g., Lavallée et al., 2008). Therefore, the ability
to establish (via remote means) the likely existence of different
fluid phases (gas vs. liquid) may yield additional information on
whether a pending eruption is likely to effusive or explosive in
nature. To investigate this hypothesis, we designed an experiment
whereby seismicity was induced through rapid decompression
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FIGURE 1 | (A) Schematic (cartoon) view of a volcanic system illustrating the these two types. Deeper seismicity (zone C) due to resonances within the
likely sources of the various signals commonly detected on the edifice. A conduit and fluid itself may be generated still deeper in the volcanic plumbing
shallow zone (zone A) where fracturing dominates is postulated to exist in the ~ system. (B) Show a schematic of the laboratory apparatus (Instrumented
uppermost part of the edifice (generating Volcano-Tectonic or VT-type Hoek cell by Ergotech Ltd). High Frequency (HF) activity is generated via
activity). This gives way to seismicity due to fluid resonances, known as Low fracturing, analogous to VT activity in the field, and Low Frequency (LF)
Frequency (LF) and Very-Low Frequency (VLF) activity, deeper in the edifice activity is generated by fluid movement (blue arrows) through the damage
(zone B) as well as so-called hybrid activity which represents a combination of ~ zone, analogous to LF events.

of fluid-saturated (water, steam, Nitrogen gas or combination
thereof) fault zones in a sample of basalt from Etna volcano (Italy)
at elevated temperatures.

EQUIPMENT AND METHOD

To achieve the control of pressure and temperature needed,
our experiments use a triaxial testing apparatus fitted with an
internal furnace capable of 200°C installed at the University of
Toronto (Figure 1B). A rubber jacket separates the rock sample
from the confining pressure medium (silicone oil) which is fitted
with an array of 12 piezoelectric sensors (of 1 MHz peak fre-
quency) and in the upper and lower steel platens (2 each) so as
to detect Acoustic Emission (AE) signals, the laboratory proxy
of tectonic earthquakes. This is now a well-established method
in rock physics, however, it should be note that any compari-
son between the recorded AE signal (a voltage) and a seismogram
from a field seismometer is qualitative in nature. This is a result
of the fact that AE sensors cannot currently be calibrated for
an output in terms of velocity or acceleration. However, key
comparisons between field and laboratory datasets can be made
qualitatively via the analysis of the frequency changes with respect
to the scale of investigation via the method of Benson et al.
(2010).

AE signals (voltages) were amplified by using buffered 60 dB
preamplifiers and recorded at a sampling rate of 10 MHz across

the array of 16 sensors. In addition to AE data pore fluid pressure
was measured continuously at a high sampling rate (100 Hz) to
explore the links between measured AE character and the fluid
pressure/phase through time.

The experiments were conducted in two stages. In the first
stage, a standard rock deformation experiment was performed on
intact samples (50 mm diameter x 125 mm length) by increas-
ing the axial stress whilst maintaining constant confining pressure
to create a shear failure plane/damage zone as per the proce-
dure of Benson et al. (2010). In the second stage, the differential
stress was lowered back to a hydrostat to “lock” the fault. The
pore pressure was then vented rapidly (via an electrically oper-
ated solenoid value) through a central conduit specifically drilled
for the purpose in order to stimulate LF events, generated as fluid
moves rapidly through the damage zone previously established
(and imaged). This is termed the “decompression” or “venting”
stage.

Two types of experiment are performed using this protocol,
but using different pore fluids for the decompression. Firstly, a
“saturated” experiment using distilled deionised water at a pres-
sure (Pp) of 20 MPa with confining pressure (Pc) of 60 MPa,
and secondly, an “unsaturated” experiment in which dry nitro-
gen gas was used at 10 MPa, with a confining pressure of 50 MPa.
This yields the same effective pressure (Pegr = Pc — Pp) as the
first experiment (40 MPa); conditions broadly representative of
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those at approximately 1.5 km depth within the Etna volcanic edi-
fice (Benson et al., 2007). In both experiments the experiments
were conducted at a temperature of 175°C to simulate shallow
volcanic conditions. The use of elevated pressure/temperature
conditions with a full 3D AE array is key to the experiments
as under these conditions, water will remain in the liquid phase
even at temperatures beyond its boiling point. Theory shows that
water will boil at a pressure of approximately 2 MPa (Choukrouna
and Grasset, 2007). This allows a single experiment to explore

the effects of both a liquid (water) and a gas (steam) upon
the measured AE, and with reference to the pore fluid pres-
sure through time. The comparison with the same experiment
with solely gas present (Nitrogen) then acts as a calibration to
these data.

RESULTS

Waveform data from the decompression of water saturated
samples at 175°C are shown in Figure2A, together with a
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FIGURE 2 | (A) During our experiment with high temperature (175°C) pore
fluid (water), we observe that as pore pressure (black line) decreases through
2 MPa, the Low Frequency (LF) Acoustic Emission (AE) swarm undergoes a
transition to Very Low Frequency (VLF) activity, seen as a switch from ~90 to
~20KHz. (B) Laboratory data from (A) may be qualitatively compared to LF
data from Nisyros volcano (Caliro et al., 2005). (C) Shows the experiment
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with dry Nitrogen gas, also at 175°C. Here, we observe that as Pore pressure
(black) decreases, only a single AE swarm is triggered, this time at ~20 KHz
and interpreted as VLF type signal. (D) Again, laboratory data from (C) may
also be qualitatively compared to VLF data, also from Nisyros volcano (Caliro
et al.,, 2005). Note that the seismogram data has been normalized to
maximum velocity in (B,D).
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time-frequency-power plot. As pressure decays over approxi-
mately 0.75 s (for clarity, only the latter 0.4 s of pore pressure data
are shown), a “swarm” of AE events is detected. Initial AE activity
is first detected with a pore fluid pressure of approximately 7 MPa,
with the largest events seen when the pressure decays through
approximately 2.5 MPa some 0.1 s later. The clipping of these data,
due to the high magnitude of the events, is neglected for the
purposes of frequency analysis. During this sequence, two power
peaks in the time-frequency spectra are seen, at 80-90 kHz and
at approximately 20 KHz (at approximately 0.15-0.22s, before
the clipped data segment obscures the analysis). However, after
approximately 0.26 s the peak at 80-90 KHz is subdued, and the
power seen in the 20 KHz band increases noticeably, occurring as
the pressure continues to decrease through approximately 2 MPa,
the pressure through which liquid water notionally starts to boil
under these temperature conditions.

To interpret these data, this experiment is compared to the sec-
ond conducted at similar conditions of confining pressure and
temperature but with Nitrogen gas as the pore fluid medium
(Figure 2C). This time only a single swarm of AE activity is seen,
which occurs at a higher pressure (~7.5 MPa) compared to the
water saturated sample. It is of particular note that the frequency
of the maximum power occurs at approximately 20 KHz as in the
earlier experiment. These results allow direct comparisons to be
made between low-frequency seismicity, liquid (water) flow, gas
movement, and their associated signal frequencies in these frac-
ture and damage zones (Benson et al., 2010). The fundamental
similarity of the physical processes involved in generating low-
frequency seismic signals in volcanoes (where pressures and stress
conditions cannot be measured directly) and in laboratory exper-
iments (where we can easily measure pressure and temperature)
is established by comparing the waveforms and spectral contents
to field seismic data (Figures 2B,D). The first order control when
comparing the peaks in Figures 2A,B, a change in frequency from
90kHz to 5Hz or a factor of 18,000, is matched by a change
in scale of the fracture network from ~2cm scale to ~400 m
scale, a factor of approximately 20,000 which is in close agree-
ment in terms of scaling. Similarly when comparing the data
in Figures 2C,D, peak frequencies of 10kHz and 0.5 Hz can be
observed, which compared well to the same change in length scale
(~2 cm to ~400 m), as before. For the purpose of our study, our
interest lies in the known physical changes in state due to water
pressure release or “venting” when comparing the high tempera-
ture system in 2A, where the phase transition present from water
to gas (evidenced from a measured pore pressure) lies coincident
to the change in frequency from ~90 to ~10kHz, to the sce-
nario shown in 2C with no water present showing only the 10 kHz
component.

A simple and robust method to understand these AE swarms,
and by proxy to the similar swarms of seismic events observed
in the field, is to analyse the spectrogram data together with
knowledge of the pore fluid phase and pressure. In the water sat-
urated example, the switch in peak frequency occurs at a fluid
pressure in the range 2-2.5 MPa, which is the pressure at which
the liquid water changes phase to steam at this pressure. This is
a notable result as there have been claims that viscosity plays a

role in the tremor recorded on active volcanoes (Kumagai and
Chouet, 2001). This hypothesis is then verified though com-
parison to data from a guaranteed gas phase which shows an
identical spectrogram, although triggered at a different pressure
of 7.5 MPa. The initial triggering pressure in both cases is similar
(7.5 vs. 7MPa), suggesting that this threshold pressure, or pres-
sure change rate, has an influence on the AE onset as fluid
(whether liquid or gas) is forced to move rapidly though the
fracture damage zone created by the fist part of the experiment.
However, it should also be noted that the physics of the AE signal
between source and receiver involves a complex relationship that
involves not only the source process itself (the fluid flow/sloshing)
but also the impedance contrast between the fluid and the
surrounding rock.

DISCUSSION

To interpret the results in terms of burial depth it is trivial to use a
standard hydrostatic pressure depth model (P = Dpg, where D is
depth, p is fluid density and g is the acceleration due to gravity).
It is possible to equate the pressure drop from the experiments
(Pswarm) to a depth via the density of the liquid of interest. For
water, the initial onset of AE is detected at a pressure of between
6 and 7 MPa, giving a depth of between 600 and 700 m (Pgwarm
of 6.5MPa). For the second swarm, the pressure that resonance
is created occurs at just under 2 MPa, generated by the assumed
liquid to steam transition and equivalent to fairly shallow depths
of ~200 m. Or, alternatively, a delta pressure of ~1 MPa would
yield concomitant hydrostatic depths changes of a few 100 m
around the average hydrostatic pressure depth of 600-700 m. We
use a hydrostatic depth profile as it is likely that pore fluid may
move freely in order to generate the observed signals implying a
permeable matrix.

These depths are consistent with recent field observations of
LP data in different volcanological settings (Saccorotti et al.,
2007; Johnson et al., 2008). In particular, data from Mt. Etna
Volcano shows significant clustering of LP signals in a narrow
volume located beneath the summit craters. Hypocentral loca-
tions indicate a maximum depth of approximately 800 m beneath
the surface, including LP and Very LP datasets from the summit
station depicting pulses with rectilinear motion at depths rang-
ing between 800 and 1100 m, similar, for example, to seismic data
recorded at Nisyros volcano as shown in Figures 2B,D (Saccorotti
et al,, 2007). These LP events observed at Etna are interpreted as
the result of a mass-transport process involving the movement
and associated decompression of gas slugs as they approach the
terminal part of the magmatic column (Figure 1). From this per-
spective, the injection of these fluids into an overlying cavity filled
by either magmatic or hydrothermal fluids at poor gas volume
fraction would drive the periodic pressurization steps of such
a shallow reservoir, thus triggering its resonant, LP oscillations
(Saccorotti et al., 2007).

Finally, we note that the inherent issue of scaling laboratory
data to field scale processes is relatively straightforward by adopt-
ing a straightforward size-frequency relationship (e.g., Benson
et al.,, 2010) to the datasets that consider the likely size of the fea-
ture producing the event (fracture length) and the frequency of
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the seismic or AFE event that results. Using this method we are able
to scale our AE events of 20-90 KHz on the cm (laboratory) scale
to field scale LP frequencies ranging from 0.1 to 10 Hz (Figure 1)
by considering resonators in the 20-2000 m range. This is con-
sistent with scales used in models and generally accepted in
the field.

PERSPECTIVE

With these simple experiments, and a straightforward approach
to an analysis, we have shown that the evolving frequency con-
tent of AE signals in triaxial deformation experiment can be used
to gain an understanding of the physics of the underlying pro-
cess (which cannot be directly observed). The use of these type
of “analog” methods is well established in physical volcanology,
such as the use of long tubes to replicate a magma column, using
bubblers to simulate the nucleation and bursting of gas slugs (e.g.,
Lane et al., 2001). Furthermore, there is also new evidence that LP
events may also be triggered without any fluid, in the poorly con-
solidated topmost layers of a volcanic edifice (Bean et al., 2013).
In this paper and perspective we go further by adding confining
pressure and high temperature fluid/gas in an attempt to better
simulate subsurface conditions.

The laboratory data presented here shows that changes in fluid
phase in fractured rock samples can be detected via laboratory
AE instrumentation, and that these events may be compared to
the changes in frequency and of volcano induced seismicity. This
is achieved by simulating the pressure conditions of the shallow
volcanic edifices, and selecting an elevated temperature whereby
the fluid of choice will exhibit a phase change during pressure
release, equating the trigger pressure thresholds to depths con-
ditions in the shallow Earth. The frequencies of the resonance
is consistent with our early work at room temperature (Benson
et al., 2008, 2010), but adds an important link in that the switch
in frequency occurs are almost exactly where the phase transition
from water to steam occurs, and this behavior (i.e., gas inducing
resonance of lower frequency) is subsequently verified by using
Nitrogen gas directly. It is likely that no laboratory setup will ever
be able to fully reproduce the actual pressure and temperature
found at depth in a volcanoes, and allow full 3D seismic record to
be measured due to the sheer technical challenges faced. In addi-
tion we acknowledge that the comparison of laboratory sourced
waveform data to real field seismograms will always contain a
subjective element, especially when data are “clipped” (neglected
for the analysis presented here). However, laboratory rock physics
experiments (whereby parameters may be directly controlled and
measured) represent an unique approach to monitor changes
with pressure and over time of relevance for volcanic edifices,
and how they are manifested in the many geophysical signals
detected on the surface of volcanoes may be achieved. A spe-
cific challenge remains in better calibrating the plethora of models
(e.g., Kumagai and Chouet, 2001) that introduce two phase fluids
such as “dusty gasses,” or “gassy liquids” that are almost certainly
present in real volcanoes but, at present, can only be investi-
gated via numerical models and have not yet been tested in the
laboratory.

We conclude that: (a), in general the sources of LP events are
not open to the surface but are likely to be triggered by fluid

movement driven by pressure changes associated with degassing
and/or magmatic fluid movement. This idea may be further clari-
fied in terms of the detected AE energy (radiation pattern) that
results from the fluid/rock interaction, which triggers the res-
onance. This is, in turn, a product of the velocity (pressure
gradient) of the fluid, which in this experiment we were able to
measure. (b), both fluid-induced and gas-generated events occur
at depths (~750 m and less) commonly inferred for hypocentre
depths on active volcanoes (Saccorotti et al., 2007), and finally
(c) lower frequency activity is more likely to be produced by an
apparently lower density fluid, be it free gas at very shallow lev-
els or gas solution/dissolution (driving sloshing fluid) at deeper
levels.
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