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Abstract 
 

Previous studies by the authors have revealed that AE multiplets, which are groups of events 
with closely similar waveforms, can be used effectively to precisely delineate structures inside 
artificially stimulated geothermal, oil, and gas reservoirs and to determine their response to the 
stimulation. The similarity of the waveforms among the collected AE events, which are evaluated 
at some fixed frequency, can be represented by a product of the transfer functions of the source, 
the earth, and the receiver/recorder. Meanwhile, the low-pass characteristics of the earth transfer 
function appear more strongly in the coda, where reflected, refracted, mode-converted, and scat-
tered waves arrive randomly at the receiver. This feature of the time and frequency characteris-
tics of the AE signals led to the idea of identifying multiplets in the time and frequency domains. 
This paper presents results from multiplet identification in the time and frequency domains by 
using data sets collected at engineered geothermal development sites at Cooper Basin, Australia, 
and Basel, Switzerland, demonstrating that AE multiplets from different physical phenomena can 
be clustered by their identification in the time and frequency domains. 
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Introduction 
 

It is widely accepted that monitoring AE from induced shear slip of existing fractures (AE 
monitoring, passive seismic monitoring, and microseismic monitoring) is one of the few methods 
to monitor the dynamic response of a reservoir during the hydraulic stimulation that is applied to 
increase the permeability and productivity of a fracture system. This is because AE monitoring 
can provide information about a reservoir at locations as far as several kilometers from boreholes 
and at depths of several kilometers. In the development of deeper reservoirs where seismic 
waves artificially generated at the surface may be highly attenuated and for which little borehole 
instrumentation is available because of the high temperature and pressure, AE monitoring shows 
its advantages over conventional geophysical techniques. 

 
A group of AE events with highly similar waveforms despite having different origin times 

and magnitudes can be identified by observing the traces of AE events. These groups of events 
are referred to as “AE multiplets” and comprise events that are related to the same shear slip of a 
fracture or neighboring sub-parallel fractures [1]. Analysis of AE multiplets is typically carried 
out in the following manner: (a) the collected AE events are clustered into groups of multiplets 
(multiplet clusters) by either manual observation or cross-correlation in the time or frequency 
domain; (b) the relative times of arrival among the multiplets are determined with high resolution 
and reliability by a correlation-based technique; (c) the hypocenters of the multiplet clusters are 
re-located by relative mapping techniques, which have better reliability than standard absolute 
mapping techniques; and (d) the physics behind the AE multiplets is interpreted by techniques 
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such as evaluation of the hypocentral structure, estimation of the source mechanism, and com-
parison with hydraulic records. 

 
The similarity of the waveforms among the events in a multiplet is dependent on the source 

function, the earth transfer function (the transfer function on the raypath is a Green’s function), 
and the receiver/recorder function. Because all of these functions are frequency dependent, the 
frequency characteristics of the detected AE events are determined by the product of these three 
functions, and, hence, the similarity of the AE events also has a frequency dependence. However, 
the frequency dependence of the similarity among multiplets has not been investigated ade-
quately in previous studies [2, 3]. Therefore, it is expected that additional information about the 
multiplets can be obtained by the identification of multiplets in the time and frequency domains. 

 
We have investigated the frequency dependence of multiplet clustering using data sets col-

lected during hydraulic stimulations at Basel, Switzerland, in 2006 [4] and Cooper Basin, Aus-
tralia, in 2003 [5]. In this paper, we present results of multiplet clustering in the time and fre-
quency domains and discuss the physics related to the clustered multiplets 

 
Time and Frequency Characteristics of Multiples 

 
Because of close similarity of their traces, it has been widely accepted that the multiplets in a 

cluster have the same source mechanism in terms of the orientation of fracture and direction of 
slip. Moreover, from a seismological point of view, an AE signal should have frequency charac-
teristics related to the source size [5], even though the AE events have an identical source 
mechanism. This is because the frequency characteristics of the source signal S( f ), which has a 
low-pass characteristic that is normally represented by a corner frequency, are mainly determined 
by the size of the ruptured area and the rupture speed. A conceptual model of the “source radius” 
commonly used by seismologists employs an equivalent circular rupture zone to the actually 
ruptured zone. In the case of AE from hydraulic stimulation in the basement crystalline rock, the 
corner frequency of detectable AE is expected to be in a range of 10~200 Hz, depending on the 
size of the pre-existing fracture system and the sensitivity of the AE detectors. On the raypath, 
the effects of reflection, refraction, diffraction, mode-conversion and scattering make the signal 
arriving at the detector extremely complex. The attenuation of rock has a low-pass characteristic 
in the frequency range of AE monitoring (~10 kHz), and the scattering effect, which appears 
more strongly with time in the attenuating phase of the signal (coda), also has a low-pass charac-
teristic [5]. Hence, the effect on the raypath is of a time-variant low-pass characteristic  T(f, t). 
Typically, the sensors for subsurface AE monitoring are designed to have a flat response in the 
range of the monitoring frequency. However, the shell of the AE sonde and its coupling to the 
ground or borehole may have resonance characteristics. Surface units such as the amplifier, con-
ditioner, and recorder sometimes have low-pass characteristics to eliminate noise or aliasing. The 
overall frequency characteristic of the sensor, sonde, and surface units can be represented by R(t). 
Therefore, the frequency characteristic O(f, t) of the recorded AE signal can be written as 

.                             (1) 
 
It is clear from equation (1) that AE signals from the same fracture with an identical source 

mechanism can have different frequency characteristics that correlate with the source function 
S( f ) if the variation in frequency characteristic of the earth transfer function is negligible and the
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sensor/sonde/surface units have flat frequency characteristics. This suggests that in some cases 
identification of multiplets in a fixed frequency or time domain might be insufficient for inter-
preting the behavior of a fracture system. Meanwhile, the source function cannot appear in the 
recorded AE if the earth transfer function or sensor/sonde/surface unit function have cut-off fre-
quencies much smaller than that of the source function. 

 
Data Analysis and Discussion 

 
Two data sets from the hydraulic stimulation of HDR/HFR (hot dry rock/hot fractured rock) 

geothermal reservoirs were used to investigate the coherency of AE events in the time and fre-
quency domains. One data set was collected at Basel, Switzerland, in 2007, where AE events 
from a reservoir at a depth of around 3800~4600 m were detected by 7 downhole stations at 
depths between 60~4422 m [4]. The other data set was collected at Cooper Basin, Australia, in 
2003, where AE events occurring at a depth of around 4400 m were detected by 4 near-surface 
stations (88~114 m) and 1 downhole station in sedimentary rock (1793 m) [5]. 

 
Fig. 1. Waveforms of AE for different magnitudes and power spectra of AE signals collected 
at Cooper Basin.   

 
Examples of AE waveforms with different magnitudes and power spectra from Cooper Basin 

and Basel are shown in Figs. 1 and 2, respectively. The AE waveforms from Cooper Basin are of 
close similarity in spite of variations in local magnitude, and the shapes of the power spectra are 
not appreciably different. For the data set from Basel, however, the similarity among AE events 
is highly dependent on moment magnitude, with relatively greater similarity among events with 
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Fig. 2. Waveforms of AE for different magnitudes and power spectra of AE signals collected at 
Basel. 
 
similar magnitudes. The power spectra clearly show a corner frequency, which for these data is 
correlated to the magnitude. The differences come mainly from the frequency characteristics of 
the earth transfer function T(f, t). In the case of Cooper Basin, the sediment around the detector 
was soft and dry sandstone in a desert, which attenuated the higher frequencies and limited the 
available information about the source function. The AE sondes were deployed into a relatively 
hard sedimentary formation in Basel, thus corner frequencies could be observed. These results 
demonstrate that the identification of multiplets using source function information is difficult for 
AE events that propagate through a formation with high attenuation. 

 
The coherency between a pair of AE events as a function of the corner frequencies of each 

event is shown in Fig. 3. The time window for the Fourier transformation and the frequency 
range, over which coherency is evaluated, are different in Figs. 3(a) ~ (d). It can be seen that the 
number of coherent pairs is larger at lower frequencies (Figs. 3(a) and (b)) than at higher fre-
quencies (Figs. 3(c) and (d)). This is because the effect of the corner frequency does not appear 
at lower frequencies. It can also be seen that the number of coherent pairs decreases if the co-
herency is evaluated with a longer time window that includes the coda because of the 
time-variant transfer function of the earth T(f, t); see Figs. 3(b) and 3(d).
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Fig. 3. Coherency between a pair of AE events with different corner frequency and window 
length for data collected at Basel. Coherence is high for red and low for blue. 

 
The hypocentral location of the AE multiplets in the Basel data set identified at low and high 

frequencies is determined by double difference (DD), one of the high-resolution relative mapping 
techniques [7]. The relative time of arrival was obtained by manually aligning the first peak of 
the traces. The absolute location of each multiplet cluster was fixed at the center of gravity of the 
hypocenters determined by joint hypocenter determination (JHD) [8], which is a conventional 
absolute location technique. Vertical projections of the distributions of the hypocenters are 
shown in Figs. 4 and 5, where the circle size indicates the estimated source radius of the mul-
tiplets, and grey dots show the hypocenters of uncorrelated (single) events. Figures 4 and 5 show 
the hypocenter distributions of multiplets identified at low and high frequencies, respectively. 
Multiplets identified at lower frequency show large sub-vertical seismic structures with sizes up 
to 400 m and heterogeneous source radii (10~100 m), while the multiplets 
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Fig. 4. Hypocenter distribution of multiplets identified in low frequency (1-60 Hz). 

 
identified at higher frequency show smaller sub-vertical seismic structures of less than 200 m, 
and their source radii are more homogeneous. 

 
We have evaluated spatio-temporal distribution of the multiplet events. At first, multiplets are 

identified at low frequency, and each cluster was sub-clustered at high frequency. Examples of 
hypocenter location, source radii and time of occurrence are show in Figs. 6 and 7. In the right 
bottom figures the color of the source radius correlates to the order of the origin time of each 
event. The multiplets were not sub-clustered and source radii of the events overlap for the mul-
tiplet clusters near the feed point for the data set shown in Fig. 6. However, multiplets distant 
from the feed point (Fig. 7) were sub-clustered at high frequency, and showed extension of the 
hypocenters to the far-field and less overlap. Aseismic zones within were also seen.  

 
By summarizing these observations, we can conclude the following: 

(a) If we can find corner frequencies and they are related to the magnitude, AE multiplets can be 
identified in the time and frequency domains. Multiplet clustering at frequencies lower than 
the corner frequencies identifies multiplets with a similar source mechanism independently 
from the size of the ruptured area. Multiplets clustering in a frequency range that is of the 
same order as the corner frequency identifies multiplets from rupture area with similar size. 
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These multiplets may be related to a “repeating slip” of some part of the fracture or a “grad-
ual rupture” of an asperity. By using a longer time window for the Fourier transformation, 
multiplets with neighboring hypocenters can be identified because of the filter characteristics 
of the earth transfer function. 

(b) If there is no significant relationship between the power spectra and magnitude, the identified 
multiplets are independent of the size of the ruptured area. The response by the internal 
structure of a fracture to the stimulation cannot be obtained because information on 
sub-clusters of the AE multiplets is not available. 

 

 
Fig. 5. Hypocenter distribution of multiplets identified at high frequency (40-100 Hz). 

 
Conclusions 
 

We demonstrated that the similarity of AE multiplets originating from the stimulation of a 
reservoir is dependent on time and frequency. The identification of multiplets at frequencies 
lower than the corner frequencies of all events yields information about the single/sub-parallel 
fracture, on which slips with identical direction occurred. Meanwhile, information about repeat-
ing slips on a particular part of the fracture or the gradual rupture of an asperity can be obtained 
from multiplets identified at higher frequencies. We have also shown that this criterion for iden-
tification of multiplets becomes more restricted if we use a longer time window because of the 
effect of the time-variant earth transfer function. 
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Identifying multiplets as described in this paper is possible only when the higher frequency 
component of the AE signal is not attenuated during propagation from source to detector and the 
surface unit has a wideband nature. It should be noted that the energies of AE events with high 
corner frequencies are relatively smaller than those of events with lower corner frequencies be-
cause of the difference in released energy at the source. Downhole AE monitoring has advan-
tages over surface monitoring for time-frequency coherence evaluation of multiplets because of 
its higher signal to noise ratio and its wideband nature that avoids soft-surface-layer attenuation 
and ground noise. 
 

 
Fig. 6. Hypocenter location and source radius of a cluster of multiplets (repeating slip case). 
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Fig. 7. Hypocenter location and source radius of a cluster of multiplets (extending rupture case). 
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