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INTRODUCTION
In volcanic hazard evaluation, the classifi ca-

tion of different types of seismic signals plays a 
key role and has been interpreted with caution. 
The shape and characteristics (both in time and 
frequency domains) of the seismograms are 
related to geologic processes like fracturing, 
fl uid oscillation, and melt migration. In active 
volcanic areas, two types of seismic signals are 
identifi ed, together with hybrid earthquakes: 
(1) high-frequency seismicity that becomes 
more frequent during preeruptive phases. These 
seismic events produce high-amplitude P and 
S waves and have frequencies ranging from 5 
to 15 Hz. These events may be caused by sud-
den fracturing or slip on faults, and typically 
occur as swarms (McNutt, 1996, 2000; Chouet, 
2003; Troise et al., 2003). (2) Low-frequency 
earthquakes (LP, i.e., long period earthquakes) 
and volcanic tremor are often recorded prior 
to volcanic eruptions. These events often have 
emergent P waves, weak or null S waves, and 
dominant frequencies between 0.1 and 3 Hz. 
Two kinds of source mechanisms are com-
monly hypothesized: shallow LP events are 
ascribed to resonance of fl uid-fi lled cavities, 
whereas deeper events are ascribed to magma 
movement (Kumagai et al., 2002, 2005). The 
very low frequency events (VLP, i.e., very long 
period, to 10−2–10−3 Hz; Kawakatsu et al., 2000; 
Chouet, 2003; Chouet et al., 2005) are attrib-
uted to fl uid-pressurization processes such as 
formation and collapse of bubbles (Aki and 
Koyanagi, 1981; McNutt, 1996, 2000; Chouet, 
1996). Volcanic tremor is a quasi-continuous to 
continuous low-frequency signal that probably 

takes place from essentially the same mecha-
nism as LP events, when the signal becomes 
continuous (Aki and Koyanagi, 1981; Julian, 
1994; Ohminato et al., 1998). Volcanic tremor 
persists from minutes to days or longer. The 
important difference between volcano-tectonic 
events and LP tremor is that only the stressed 
rock is involved in the fi rst class of signals, 
whereas LP and tremor involve oscillations of 
rock-fl uid systems where fl uids may be of geo-
thermal or magmatic origin. Low-frequency 
earthquakes, VLP, and tremor are considered 
the best indicators of impending eruptions.

In order to consolidate the interpretation link-
ing each type of seismic signal to any specifi c 
geologic process, we assembled an experimen-
tal setup simulating geologically relevant con-
ditions in which a molten layer could intrude 
a bounding rock; acoustic emissions (AE) 
equivalent to seismic signals at laboratory scale 
were recorded during experiments. The seismic 
properties of the assembly during the experi-
ments were also measured using the pulse trans-
mission technique (Birch, 1960). Results bring  
a direct connection between high-frequency 
seismicity and crack formation and propagation, 
and between low-frequency seismicity and melt 
fl ow in open fractures.

Rock fracture and earthquake rupture are 
processes obeying similar statistics for source 
dimensions over more than eight orders of 
magnitude (Hanks, 1992; Zang et al., 1998). 
The Gutenberg-Richter relationship between 
frequency and magnitude of earthquakes also 
applies to experimental rock failure (Meredith 
et al., 1990; Sammonds et al., 1992). Moreover, 
AEs as well as earthquakes abide by power laws 
in time (Ponomarev et al., 1997; Feng and Seto, 

1999) and spatial (Ponomarev et al., 1997; Lei 
et al., 2004) distribution of events. Thus, the 
main goals of AE studies so far have been (1) 
to characterize individual AE events in terms of 
their frequency content, amplitudes, and dura-
tions so that they can be related to the micro-
mechanisms that produce them; (2) to analyze 
the statistics of recorded events to gain insights 
into the deformation processes and their rates; 
and (3) to locate the source of AE events in three 
dimensions to ascertain if the deformation is 
distributed or localized (Lockner et al., 1991).

Previous studies were carried out at room tem-
perature and under low confi nement pressure. 
Under these conditions, AE signals have high 
frequencies and represent either tensile events 
due to the opening of cracks or shear events due 
to the propagation and slip along cracks (Zang 
et al., 1998). The lack of high temperature and 
high confi nement rupture experiments, simulat-
ing seismic signals under volcanic conditions, 
prevented a rigorous inductive-deductive asso-
ciation of seismic features with magma intru-
sion. This study takes advantage of rheological 
studies of partially molten mantle rocks to char-
acterize experimentally the evolution of seismic 
signals during magma migration at simulated 
volcanic stress conditions, both recording AE 
generated within the sample and measuring 
seismic velocities.

METHODS AND RESULTS
Laboratory experiments were carried out in 

an internally heated gas rig (Paterson, 1970) 
(Paterson apparatus, Figs. 1A, 1C) at a confi n-
ing pressure of 300 MPa and to a temperature of 
1200 °C. The sample consisted of a 3-mm-thick 
disk of mid-oceanic-ridge basalt (MORB) glass 
sandwiched between two cylinders of  olivine 
aggregates (Fig. 1B). The olivine cylinders 
were made with oven-dried San Carlos olivine 
powders (<50 μm grain size), which were cold 
pressed into Ni cans (to buffer the oxygen fugac-
ity near the Ni-NiO buffer) and subsequently 
hot isostatic pressed at 1200 °C and 300 MPa 
for as long as 6 h in the Paterson apparatus. The 
synthetic olivine-aggregate samples, after jacket 
removal, were prepared in cylinders of ~10 mm 
length and 13 mm diameter. The glass cylinder 
was made from MORB powders (<15 μm grain 
size), which were cold pressed into Ni cans and 
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subsequently hot isostatic pressed at 1200 °C 
and 300 MPa for as long as 6 h in the Paterson 
apparatus. At these conditions the MORB was 
molten. After quenching to room temperature, 
melt solidifi ed into a homogeneous glass and 
was cut into 3-mm-thick disks.

We recorded several seismograms with the 
pulse transmission technique while hot isostatic 
pressing the MORB powder in order to moni-
tor the P-wave velocity, Vp, variation with tem-
perature up to melting. These seismograms also 
show a decrease in amplitude of the seismic 
waves with increasing temperature (Fig. 2A). 
The dependence of wave amplitude with tem-
perature suggests variations in the seismic prop-
erties of the MORB layer during the experi-
ments described in the following, which were 
conducted within the same temperature range 
(20–1200 °C).

The olivine-MORB-glass-olivine assembly 
was jacketed in an iron tube and introduced in 
the rig with the cylinder axis being vertical. The 
experiment consisted of a heating phase from 
room temperature to 1200 °C at a rate of ~20 °C 
min–1 followed by a stationary phase where the 
temperature was kept at 1200 °C for ~70 min 
(Fig. 2B). AE output was monitored continuously 
throughout the experiment. Sporadic AE activity, 
characterized by relatively high frequency and 
energy, was recorded during heating (Fig. 3A). 
The most likely cause of this activity is thermal 
cracking and dilation of grain  boundaries caused 
by the anisotropic thermal expansion of olivine 
crystals; thermal cracking and opening of grain 
boundaries increased sample porosity. An alter-
native source of high-frequency AE is slipping 
induced by the differential thermal expansion 
along the olivine-rod piston interfaces and along 
the iron jacket–sample interfaces. At ~640 °C 
(~20 min after the start of heating), ~40 AEs 
were recorded, characterized by low amplitude, 
short duration, and low energy (see GSA Data 
Repository Fig. DR11). This temperature corre-
sponds to the glass transition in the MORB glass 
(Giordano and Dingwell, 2003). After the onset 
of melting, a few high-frequency AEs were fol-
lowed by a lower-frequency, long-lasting event 
of smaller and constant amplitude (Fig. 3C). 
The fi rst part of this type of AE signal is charac-
terized by short duration and a broad frequency 
spectrum, like the AE signals generated during 
thermal cracking. The second, long part of the 
AE signals is similar to the low-frequency  seis-
micity (Fig. 3D).
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Figure 1. Experimental 
setup. A: Sketch depict-
ing assembly inside ves-
sel and furnace. Piezo 
elements are subjected 
to confi ning pressure but 
are away from hot zone. 
To maximize shape of 
thermal profi le, both zir-
conia and alumina buffer 
rods were used; these 
two materials have very 
similar acoustic imped-
ance. B: Sample assem-
bly, composed of mid-
ocean ridge basalt glass 
between synthetic olivine 
aggregate. Full alumina 
disks at top and bottom 
isolate sample. C: Exter-
nal view of Paterson rig 
apparatus, with electri-
cal feed through for fur-
nace and thermocouples. 
Black coil is pipe for 
cooling system.
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Figure 2. Experimental data. A: Seismograms recorded during P-wave velocity, Vp, measure-
ments at three different temperatures on sample of pure mid-ocean ridge basalt (MORB) 
glass. Abscissa gives recorded arrival time in seconds, uncorrected for column delay. Veloc-
ity decreases as time increases, because length variations of assembly are minimal (few 
tens of microns). Note decrease of Vp and dramatic decrease of amplitude due to attenua-
tion through melt between 927 °C and 1200 °C. B: Conduction of experiment of olivine and 
mid-ocean ridge basalt (MORB) with time. Line with full squares is cumulative curve of total 
number of acoustic emissions (AE), after fi ltering for noise events. Each square represents 
AE. At 20 min several AEs were recorded at glass transition of MORB glass. Very long last-
ing event of ~400 ms (Fig. DR2; see footnote 1) occurred at 91 min. Threshold was set to 
45 dB at beginning, then at 46 dB after reaching 194 °C, 47 dB after reaching 609 °C, and at 
48 dB at high temperature. (Figure 3A and Figure 3C are AE events shown in Fig. 3.) Line with 
triangles indicates cumulative energy in arbitrary units. Each triangle represents one event. 
Note that most of energy was recorded during heating. At high temperature, events were 
characterized by very low energy. Energy of events increased again during cooling.

1GSA Data Repository item 2007042, Figures DR1 
(acoustic emission of the glass transition) and DR2 
(acoustic emission during the intrusion of melt be-
tween jacket and sample), is available online at www.
geosociety.org/pubs/ft2007.htm, or on request from 
editing@geosociety.org or Documents Secretary, 
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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After removal of the sample jacket, scanning 
electron microscope imaging of sections cut 
perpendicular to the layered assembly showed 
that melt from the basalt layer had migrated into 
the olivine layers through cracks across the top 
and bottom layers (Figs. 4B–4D). We speculate 
that the driving force for melt intrusion is given 
by the surface energy differences of the MORB-

olivine interfaces, since the hydrostatic pressure 
is the same everywhere.

The monitoring of AEs and the subsequent 
microstructural analysis indicate that magma 
migration into cracks generates relatively low 
frequency seismic signals, which have the same 
qualitative waveforms as the natural seismo-
grams related to magma intrusion.

DISCUSSION AND CONCLUSIONS
The fundamental similarity of the physical 

processes involved in generating low-frequency 
seismic signals in volcanoes and in laboratory 
experiments is established by comparing the 
spectral character and frequency scaling (Fig. 3).

1. AEs from thermal cracking during sample 
heating (Fig. 3A) have a markedly monochro-
matic spectrum, like volcanic low-frequency 
earthquakes (Fig. 3B).

2. The long-lasting tremor directly related to 
experimental melt migration (Fig. 3C) mimics 
recorded volcanic tremor (Fig. 3D).

3. Spectrograms of acoustic emission gener-
ated by shear failure (Fig. 3E) are almost iden-
tical to those of volcano-tectonic earthquakes 
(Fig. 3F).

Frequency scaling offers the strongest argu-
ment to assess equivalence of the physical 
processes between laboratory experiments and 
natural volcanic seismic signals. Experimental 
low-frequency events and tremor have frequen-
cies of ~5 MHz for intrusion lengths between a 
few tens and 200 μm. In nature, volcanic low-
frequency earthquakes with dominant frequen-
cies of ~0–5 Hz are associated with fracture 
lengths of hundreds to 1000 m (McNutt, 2000). 
Considering that dominant frequencies of earth-
quakes scale inversely with source dimension 
(Aki and Richards, 1980), one may write d

1
 × 

f
1
 = d

2
 × f

2
, where d

1
, d

2,
 f

1
, and f

2
 are dimen-

sion and frequency of laboratory (1) and nature 
(2). Comparing our laboratory data with typical 
frequency (1–2 Hz) and size (1 km) of low-
frequency  earthquakes, we obtain d

2
/d

1
 = 5 × 

106 and f
1
/f

2
 = 2.5–5 × 106, indicating excellent 

agreement between laboratory information and 
natural cases.

The rapid amplitude decay of the  laboratory-
generated signal indicates that the waveforms are 
not signifi cantly affected by further wave refl ec-
tions inside the column and sample assembly 
(cf. Figs. 3A and 3B). Therefore, long-lasting  
events in laboratory are necessarily associated 
with long-lasting phenomena (cf. the traces of 
Figs. 3C and 3D).

These results provide a direct relationship 
between seismic behavior of rocks and seismic 
signal generation during magma injection and 
fl ow. In particular, melting is accompanied by 
a considerable reduction of wave velocities and 
increasing attenuation of the signal (Fig. 2B).

Magma intrusion is marked by a sequence 
of seismic signals occurring generally in 
dense swarms of very small events. In nature, 
high-frequency earthquakes are followed by 
low-frequency earthquakes that progressively 
merge in continuous tremor. These laboratory 
experiments provide evidence for understand-
ing and discriminating the pattern of preerup-
tive seismicity at volcanoes. They validate on 
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Figure 3. Normalized spectrogram (top) and seismogram (bottom) of (A) acoustic emission 
(AE) produced by thermal cracking; (B) Mount Etna low-frequency volcanic event, 2002–11–
12 23:00; (C) AE of thermal cracking followed by tremor; (D) volcanic tremor at Mount Etna, 
2002–04–11 10:22:21; (E) AE produced from shear cracking of ~10-mm-long fracture in basalt 
from Mount Etna (courtesy of S. Stanchits, GeoForschungsZentrum Potsdam), whereas AEs 
in A and C were emitted from ~100-μm-long fractures; (F) volcano-tectonic earthquake at 
Mount Etna, 2002–03–11 10:20:59. As frequency of AE decreases with increasing fracture 
size, AEs related to melt migration (C) have lower frequency than AEs produced by ther-
mal cracking (A). Note similarities of natural events with microcracking and with tremor 
from experimental melt migration. Natural earthquakes are courtesy of G. Saccorotti (Istituto 
Nazionale di Geofi sica e Vulcanologia, Naples).
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a physical basis the common assumption that 
low-frequency events and tremor indicate shal-
low magma intrusion that eventually leads to 
eruption. This experimental evidence improves 
the recognition of preeruptive seismic patterns 
and encourages new experimental analyses to 
better understand the details of low-frequency 
seismic emission during magma intrusion epi-
sodes, such as the intrusion in colder country 
rocks. Such results should allow a much higher 
reliability of eruption forecasts and thus have a 
strong impact on hazard mitigation.
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Figure 4. Backscattered 
scanning electron (BSE) 
microscope images of 
sandwich sample. Melt 
(glass) has been high-
lighted in pink in four 
BSE images. Black 
mid-ocean ridge basalt 
(MORB) layer in back-
ground fi gure consists 
of homogeneous glass 
and microlites of pyrox-
ene. A: Melt is absent at 
1000 μm from olivine-
MORB interface. B: Melt 
intrusions are oriented 
at 95° and 65° from upper 
olivine–MORB interface. 
C: Melt intrusion ori-
ented at 15° from lower 
MORB–olivine contact 
(white arrows). D: Melt 
intrudes fractures, grain 
boundary edge channels, 
and triple-point junctions 
at ~90 μm from olivine-
MORB interface.
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