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Abstract Microfractures occurring in a rock sample that are called acoustic emission (AE) events show
some similar features to earthquakes. However, it remains to be shown whether or not AE equate to
ultramicroearthquakes. In this study, we show the existence of magnitude �7 level earthquakes based on
seismological analyses of AE source parameters. Advances in multichannel, broadband, high-speed continuous
recording of AE under seismogenic pressure conditions has facilitated increasingly robustmeasurement. Source
parameters of AE show that AE events satisfy the same scaling relationship as natural earthquakes in which
seismic moment is inversely proportional to the cube of corner frequency. This result suggests that both
millimeter scale fractures and natural earthquakes of kilometer scale ruptures are highly similar as physical
processes. Hence, AE events can be interpreted as ultramicroearthquakes having a magnitude of about �7.
These results demonstrate that laboratory observation is an effective approach in studying natural earthquake
generation process.

1. Introduction

Rock fracture experiments offer highly effective tool for simulating fine-scale faulting processes. Hypocenter
localization and AE migration in fracturing samples resemble fault development processes [Yanagidani et al.,
1985; Lockner et al., 1991]. Although AE events seem to be a good simulation of actual earthquake events
[Scholz, 1968a; Lei et al., 2000], researchers should be careful to directly apply knowledge obtained in the
laboratory for natural field because there was a large-scale gap. In order to demonstrate similarities between
AE and natural large-scale ruptures, we estimated the source parameters of seismic moment (M0) and corner
frequency (fc), which represent the magnitude and the inverse of the characteristic source time of a given
seismic event, respectively. Earthquakes having a moment magnitude (Mw) of �4 to 8 satisfy the scaling

relationship of M0∝f
�3
c [Aki, 1967; Abercrombie, 1995; Hiramatsu et al., 2002; Prieto et al., 2004; Yamada et al.,

2007; Kwiatek et al., 2011]. Recently, some attempts are made to show that the similar relationship can be
applied to larger earthquakes [Allmann and Shearer, 2009; Convers and Newman, 2011]. For smaller AE events,
limited sensitivity of transducer elements has precluded previous lab-based determination of source
parameters. Prevalent resonant-type transducers (e.g., Pb[Zr,Ti]O3; PZT) record a relatively narrow or
limited frequency band, with poor damping. These factors confined their use primarily to detection of
wave amplitudes and traveltimes and keep away from seismological frequency analyses [Mogi, 1962;
Scholz, 1968b]. Researchers recently demonstrated broadband recording of transmitted waveforms
under triaxial conditions using metallic vessels to shield broadband transducers from the confining
pressure [Yoshimitsu et al., 2009; Kawakata et al., 2011]. Building on these advances, this study used a
small, lightweight, hermetically sealed titanium casing to protect the transducer. Coupling these
protection cases with small, broadband transducers allowed multichannel, broadband recording of AE
events. The advanced experimental system could thus address the question of whether AE source
parameters behave as ultramicroearthquakes.

2. Methods
2.1. Experimental Procedures

The rock sample used in the fracture experiment was cylindrical Westerly granite having a diameter of
49.53 ± 0.04 mm and a height of 100.24 mm. The grain size of Westerly granite ranges from about
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0.05 to 2.20 mm. Seven positions were polished by a grinder on the sample circumferential surface in
order to mount the titanium cases containing specially manufactured broadband transducers custom-
made by Fuji Ceramics Corporation (5145SMAT-1152). The cases were directly glued to the surfaces
using a compound resin. The contact face of each transducer was 6 mm in diameter, while each
assembly case was 11 mm in diameter. All transducers could accurately record frequencies from 100 kHz
to 2000 kHz. The sample was sheathed in heat-shrink silicone rubber tubing to protect it from the
confining oil. The transducers were covered with liquid silicone rubber. Loading was performed at an
ambient temperature under a confining pressure of 10 MPa. We used a circumferential displacement
loading rate [Kawakata et al., 1999] of 74.12 μm/s in order to attain gradual development of a rupture
plane. Signals from each channel were continuously recorded at 20 Msps throughout the loading
process, and data were transferred to RAID (redundant array of inexpensive disks) every 220 samples per
channel. Loading control was maintained for 5 h, 53 min and 53 s, by which point the sample
experienced ~ 46 MPa stress decrease after the peak stress (296 MPa). The sample did not fully fracture,
but the edge of a fault plane appeared on the surface of the recovered sample.

2.2. Event Detection and Location

As shown in Figure 1, numerous events of varying amplitudes appeared in continuous waveforms recorded
at every channel. We used an Akaike information criteria algorithm [Akaike, 1973; Takanami and Kitagawa,
1988] to identify events within the continuous data. Least squares methods were used to estimate a total of
6794 hypocenters from the arrival time list. We arranged six wave paths from wave transmission tests
conducted prior to loading experiments to estimate a Pwave velocity of 5700 m/s for the sample. Event rates
sharply increased immediately following the peak stress and 15 min after the peak stress as shown in
Figure 2. Hypocenter distributions from these two periods were imaged within the recovered sample using
X-ray computer tomography (CT). The CT image revealed a clear rupture plane in the sample (Figure 3). Event
activity initially concentrated near the surface and then gradually migrates toward the center of the sample.
These periods correspond to stages when differential stress rapidly decreased and gave rise to the AE events
analyzed for seismic parameters. The two event sequences were obtained from data files DataDD0008 and
DataFF0000, which contained waveform records approximately 3 min in durations. We defined clusters as
events having hypocenters within 2 mm radius and correlation coefficients in excess of 0.80 for four or more
channels. This clustering procedure is equivalent to the procedure used to detect repeating earthquakes
[Nadeau and Johnson, 1998; Igarashi et al., 2003]. Identical hypocenters for each cluster allowed us to assume

Figure 1. An example of (top) the continuous record for 209.7152 ms in a long time window, (middle) an enlarged view for
30 ms, and (bottom) a further enlarged view for 0.1 ms.
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a constant attenuation factor in each
cluster for each transducer. The largest
clusters in DataDD0008 and DataFF0000
were referred to as the D- and F-clusters,
included 142 and 913 events,
respectively. Centroid locations for each
cluster are shown in Figure 3. The
difference in event origin times for these
two clusters was about 15 min. The
polarities of the initial wave motions
show both positive and negative at
channel for the events belonging to the
D- and F-clusters. The fact indicates that
the clusters did not consist of open crack-
type events but shear-type events.

2.3. Calibration

Events in waveform records obtained
from a transducer have a unit of voltage,
and they are subject to the transducer’s
sensitivity. Calculation of displacement
spectrum therefore required calibration
of the transducer. We applied a
deconvolution technique to calibrate
broadband transducers. Prior to loading,

we affixed a broadband transducer to the middle region of the sample’s side. We then applied a step voltage
to the transducer and measured vibration of the opposing sample surface by a laser Doppler vibrometer
(Figure S1a in the supporting information). The laser Doppler vibrometer can record surface vibration as a
velocity waveform with a flat sensitivity from DC to 6 MHz [Nishizawa et al., 1997]. We also measured surface
vibrations as a voltage waveform by the broadband transducer used in the triaxial experiment (Figure S1b).
Fourier transformation is performed for these velocity and voltage waveforms, and spectra were obtained.
Then, we obtained the transducer’s sensitivity function from the spectral ratio of these spectra. The unit of the
sensitivity function is V/(m/s), as shown in Figure S1c.

2.4. Estimation of Seismic Parameters

We analyzed waveforms within a 102.4 μs time window occurring 2.5 μs before S wave arrival. Since S wave
onsets are unclear in the record, we calculated theoretical S wave arrival times with an S wave velocity (Vs) as
given by the equation, Vs= Vp/ 1.73, where Vp is P wave velocity. We obtained displacement spectra from the
time integral of the spectra corrected by deconvolution with the estimated sensitivity function. The S wave
displacement spectrum U is generally modeled as follows:

U fð Þ ¼ Ω0e
� πft=Qð Þ= 1þ f=f cð Þγn½ �1 γ;= (1)

whereΩ0 is the long period amplitude, f the frequency, fc the corner frequency of the S wave spectrum, t the
traveltime, Q the quality factor, n the high-frequency falloff rate, and γ a constant that controls the sharpness
of the spectrum corner. The n and γ terms were set to 2 and 10, respectively, according to the shape of
displacement spectra.

In order to estimate the signal-to-noise ratio (S/N ratio), we calculated the spectrum of a typical noise
waveform (2048 samples) without any signal-like features for each cluster at each channel. We considered a
low S/N ratio to be one for which the mean of the signal spectra relative to noise for every 100 kHz was lower
than two. Waveforms with low S/N ratio between 100 kHz and 1000 kHz were excluded from further analysis.
We selected an upper frequency range limit of 2000 kHz. For waveforms with low S/N ratio between
1000 kHz and 2000 kHz, we lowered the upper limit to the minimum frequency at which S/N was lower than
two in the target frequency band.

Figure 2. (a) Temporal changes in differential stress and (b) cumulative
number of events. Triangular marks in Figure 2 (bottom) indicate short
periods of missing data.
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If we estimated fc and Q values from a
spectrum all together, the trade-offs
between fc and Q values could arise.
To check this issue from the fitting
residual, we perform a grid search of
Q values from 10 to 300 over intervals
of 10 and of fc from 100 kHz to
1000 kHz over 50 kHz intervals with
the estimated Ω0. For a large number
of waveforms, there were only small
trade-off effects. The other small
number of waveforms that showed
significant trade-off effects with
nonunique minima was excluded from
the further spectral analyses. Finally, the
D-cluster contained 120 events, and the
F-cluster contained 454 events recorded
by four or more waveforms.

Next, we assumed that all events in a
cluster had the same attenuation
parameter (Q) for each channel due
to their identical travel paths. We
could then set Q values for each
cluster at each channel according to
results from the pregrid search for fc,
Ω0, and Q values. These Q values
(Table S1) allowed a second grid
search of the displacement spectra to
estimate fc and Ω0. Search ranges
were from 10�18 ms to 10�15 ms at
increment intervals of 100.01 ms for
Ω0 and from 100 kHz to the upper
frequency limit at a 10 kHz interval
for fc. We excluded results for which

estimated Ω0 or fc reached the search limit. Seismic moment, M0, was calculated from Ω0 according to
the following equation

M0 ¼ 4πρV3
s R Ω0=Rθ;ϕ
� �

; (2)

where ρ is the density, R the distance between the source and the transducer, and Rθ,ϕ the averaged radiation
pattern coefficient (0.63 for Swaves) [Aki and Richards, 1980]. UsingM0 values in the unit of Newtonmeter, we
calculated Mw from the equation:

Mw ¼ logM0 � 9:1ð Þ=1:5: (3)

Figures 4a and 4b showwaveforms of a typical event along with their displacement spectra and fitted results.

3. Source Parameters
3.1. Scaling Relationship of Source Parameters

Figure 5 shows M0 and fc values estimated from the D-cluster and F-cluster events, along with results from
previous studies for comparison [Urbancic and Young, 1993; Abercrombie, 1995; Urbancic et al., 1996; Collins
and Young, 2000; Hiramatsu et al., 2002; Ide et al., 2003; Prieto et al., 2004; Abercrombie and Rice, 2005; Oye
et al., 2005; Yamada et al., 2007; Domanski and Gibowicz, 2008; Kwiatek et al., 2010; Kwiatek et al., 2011; Kwiatek
et al., 2013; Somei et al., 2014]. In Figures 5b and 5c, M0 and fc values are estimated for the D-cluster and

Figure 3. Vertical cross-section images of the sample obtained by X-ray
CT scan (including cylindrical axis), overlaid with the hypocenters of (a)
the D-cluster and (b) the F-cluster. Blue circles indicate earlier events, and
green circles indicate later events in each cluster.
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F-cluster events together with error bars. The error bars demonstrate standard deviations of estimated values
for all available transducers. The source parameters estimated from our data follow the same scaling
relationship as that which applies to natural earthquakes. For the D-cluster, M0 ranged from 1.67 × 10�3 N m
(Mw=� 7.92) to 2.33 × 10�2 N m (Mw=� 7.15), and fc ranged from 270 kHz to 1040 kHz, respectively. Mean
estimation error is as small as ± 100.15 N m for M0 and ± 100.2 kHz for fc. For the F-cluster, M0 ranged from
9.40 × 10�4 N m (Mw=� 8.08) to 4.02 × 10�2 N m (Mw=� 7.00), while fc ranged from 325 kHz to 1105 kHz.
Mean estimation error is as small as ± 100.14 Nm forM0 and ± 100.07 kHz for fc. Neither transition of event size
nor corner frequency showed time dependency.

It is worthy of note that the scaling relationship wherein M0 is inversely proportional to the cube of fc is
defined only from AE events observed in our experiment (Figures 5b and 5c). AE source parameters estimated
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Figure 4. (a) Waveforms of fourteenth event in the F-cluster recorded by Ch1, Ch2, Ch4, and Ch6. We analyzed the 2048
data samples between the dotted lines. The origin time is aligned with time equal to 10 μs. (b) Amplitude spectra of the
fourteenth event in the F-cluster recorded by Ch1, Ch2, Ch4, and Ch6. The black depict signal spectra, gray depict noise
spectra, and red depict the best fitted. The arrow pointing left indicates the estimated long period amplitude, and the
arrow pointing down indicates the estimated corner frequency.

Geophysical Research Letters 10.1002/2014GL060306

YOSHIMITSU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4499



in previous experiments using PZT elements as detectors or insufficiently calibrated records collected at
atmospheric pressure did not satisfy this cubic relationship [Sellers et al., 2003]. The inconsistencies may arise
from insufficient calibration of the transducers especially in the high-frequency range. Low confining
pressure could also affect AE processes because open cracking events predominate over shear events under
conditions of insufficient confining pressure. To further demonstrate the source parameter relationship of
individual AE, we optimized continuous, multichannel recording at the highest possible sampling frequency.
Multichannel-triggered recording [Thompson et al., 2006] can only detect events with signals whose
amplitudes exceed a preset threshold, though single-channel continuous recording was conducted in
tandem. Properly calibrated, our experimental apparatus recorded AE under triaxial conditions that could
detect AE whose amplitudes were far below previous empirical thresholds.

3.2. Stress Drop

The stress drop representing the stress difference on a fault plane before and after a natural earthquake is a
critical seismic process. Earthquake stress drops usually range from 0.1 MPa to 100 MPa. Assuming the circular
crackmodel, the stress drop (Δσ) can be calculated from source radius r andM0 asΔσ=7M0/16r

3 [Eshelby, 1957],
where r=0.21Vs/fc [Madariaga, 1976], assuming S wave velocity, Vs, of 3295 m/s. The stress drop values in this
study ranged from 0.4 MPa to 11.8 MPa. In both clusters, stress drop histograms roughly follow lognormal
distributions and have similar mean values. As shown in Figure 3, events in the D-cluster and F-cluster occurred
within different regions in the fault plane, with the F-cluster located in a lower area. Later events in both clusters
occurred concentrated in a lower area of the cluster. Then, all events in two clusters were considered to have
occurred along a newly developing fault at that moment. That should be the reason why events in the two
clusters exhibited almost the same stress drop values, though they experienced different bulk differential stress.

Source radii of all AE events ranged from 0.6 mm to 2.6 mm, with larger events exhibiting larger source radii.
Previous, thin section analysis of a Westerly granite sample subjected to triaxial compression fracture
experiments found cracks extending about 0.5 mm along intragranular areas and about 0.6 mm along grain
boundary areas [Moore and Lockner, 1995]. Thus, smaller source radii events were considered as
microfractures in/between grains. Thin section observation also pointed out small cracks in a fracturing rock
sample that connected each other to generate large shear rupture. Larger source radii events could be
caused by such an interaction of previously generated cracks.

3.3. Self-Similarity of Earthquakes

Self-similarity is a relationship in which phenomena are approximately similar at different scales. In seismology,
for example, fault dimension and magnitude are self-similar [Somerville et al., 1999]. The self-similar relationship
between M0 and fc has received considerable attention due to its potential in translating findings from smaller
seismic events to understanding larger earthquakes. A recent study has proposed a new self-similar scaling law

(a) (b)

(c)

Figure 5. (a) The relationship between Mo and fc. The parameters estimated from the D-cluster are plotted as red circles,
and those estimated from the F-cluster are plotted as light blue circles. The other points are results from previous studies.
Dashed dotted lines represent stress drops of 0.1, 1, 10, and 100 MPa from Madariaga’s source model. (b) Close-up view of
Figure 5a for the D-cluster. The color scale reflects the relative occurrence time within the cluster. Blue denotes earlier
events, and green denotes later events. Dashed dotted lines represent stress drops of 0.1, 1, and 10 MPa from Madariaga’s
source model. (c) Close-up view of Figure 5a for the F-cluster (caption same as for Figure 5b).

Geophysical Research Letters 10.1002/2014GL060306

YOSHIMITSU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 4500



for slow earthquakes [Ide et al., 2007]. Self-similar relationship should be a key to understand the macroscopic
phenomena of earthquakes occurrence [Iio, 1986]. Questions remain as to the lower limits of self-similarity
between M0 and fc, however. This study shows that source parameters estimated from AE events adhere to the
same scaling relationships that apply to natural earthquakes. AE events arising from microfractures in a rock
sample subjected to a confining pressure can thus be interpreted as ultrasmall earthquakes.

Another scaling relationship, the magnitude-frequency distributions for the two clusters are shown in
Figure S2. The AE events in these two clusters satisfy the Gutenberg-Richter law. The minimum moment
magnitude of completeness (Mmin) was about �7.8, which is slightly larger than the minimum magnitude of
analyzed events. The b values estimated with a maximum likelihood estimation function [Utsu, 1965] for the
D-cluster and F-cluster were 2.3 and 2.0, respectively. Compared to the natural environments, b values
estimated in this study thus exceed typical values. As shown in Figure 3, both clusters have an extremely high
seismic rate in localized areas. The high b value is able to be interpreted by a large number of cracks
generated in the localized regions [McNutt, 2005; Farrell et al., 2009] during the period that spanned the two
clusters. It should be kept in mind that this b value is estimated from repeating events clusters.

4. Conclusions

Laboratory-based rock fracture experiments allow us to control dynamic fracture and observe the rupture
from its inception to arrest, that is, to say the entire life of the rupture. We showed the clear continuity of the
self-similar relationship between M0 and fc from kilometer-scale natural earthquakes to millimeter-scale
ultramicroruptures in a rock sample. This means that laboratory findings can be used to query other natural
seismic processes. Experimental observation of patterns in AE mechanism, stress drop, and magnitude
during the final stages of a rupture process can shed light on poorly understood phenomenon in
seismology, for example, the stopping of mechanism of fault ruptures. In this way, varieties of
seismological analytical approaches are applicable to AE records and can be used to deepen our
understanding of earthquakes generation.
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