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Figure 14. (a) Comparison between the computed P-pulse widths of an event with a stress drop of 20 MPa and observations. The triangles and lines represent
the computed P-pulse widths for a suite of 7}, from 0.010 to 0.045 s. Red, green and blue circles indicate the observed pulse widths of the P waves for Clusters
A, B and C, respectively. (b) Comparison between the computed P-pulse widths of an event with a 75 of 0.015 and observations. The triangles and lines
represent the computed P-pulse widths for a suite of stress drop from 0.1 to 20 MPa.

and 0.015 s is required to match the observations for Clusters A,
B and C, respectively (Fig. 14a). These values of ¢} are too large
compared both with the value inferred from Wang et al. (2010) and
Wang et al. (2012) (¢t = 0.0117 s) and with the upper bounds esti-
mated in Section 5 from the pulse-width difference between P and
S waves (¢;, = 0.015-0.020, 0.020, 0.010 s for Clusters A, B and C,
respectively), even if we allow for the possibility of uncertainties in
the ¢} measurements. The discrepancy is especially substantial for
Clusters A and B. The results for Cluster C can be reconciled with
the constant-stress-drop scaling for 5 = 0.015 s, which is too large
but perhaps still realistic. However, even this higher-than-observed
value of #j = 0.015 s is insufficient to explain the results for Clus-
ters A and B, for any value of (constant) stress drop, as illustrated
in Fig. 14(b).

We also compare the P-wave pulse width P} between the events
within the clusters and the nearby areas within less than 2 km. As
shown in Fig. 15, some of these nearby events have shorter P}
compared with the events within the clusters. Since these events
should experience similar attenuation and path effects in general,
their shorter P;°! suggests that the P-wave pulse width indeed con-

tains information about the source, and it is not merely dominated
by the attenuation.

6.2 Potential physical explanations for the constant
duration

What can cause the observed constant source duration? There can
be several explanations, the plausibility of which needs to be further
studied, for example, using numerical models.

One possibility is that all events in each cluster rupture the same
seismogenic patch of a certain size. We can interpret our duration

results in terms of the source dimension of an assumed circular
fault with rupture velocity Vy,, = 0.75V, where V is the shear-
wave velocity. This assumption is commonly used in estimating
the source dimension from spectral corner frequency (Brune 1970).
We assume that all events in this study occurred on the same fault
plane (350, 35, —140), which is shown in Fig. 1(c). Then, the angle
between the normal to the fault plane and the outgoing ray is given
by 6 = 152°; V,,, is 2505 m s~' and the P-wave velocity in the
source region is given by ¥, = 5700 m s~!. Thus, the dimension 2
can be estimated from the relation presented by Lanza et al. (1999):

tw Vrup

" T Vi sin6/ ¥,

®
and the range of rupture lengths 2r of the events in Clusters A,
B and C are 100-260 m, 100-310 m and 80-160 m, respectively
(Table 1). For the specific model where we assume a Q-structure
(i.e. Q-correction method), the source dimensions are 242, 232 and
144 m, respectively.

In this model, all events in each cluster, regardless of the magni-
tude, are hosted on a patch of the corresponding size, with events
of different magnitude corresponding to different stress drops, for
example, ranging from 0.0007 to 0.32 MPa in Cluster A. The differ-
ence in stress drops can be caused by time-dependent variations in
pre-stress and other patch properties, for example, due to variations
in pore pressure; during rupture propagation, such differences could
be strongly coupled to differences in the rupture mode, amount of
slip and amount of co-seismic (dynamic) weakening. Numerical
studies can help identify plausible situations that can lead to the
implied variations in stress drop over the same seismogenic patch.
The assumption that all events for each cluster are contained within
the same seismogenic patch suggests that the patch is surrounded
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Figure 15. Events near the cluster with a shorter duration Pdvlfrl

compared to an event in (a) Cluster A, (b) Cluster B and (c) Cluster C. Locations of the nearby

events (circles) and the cluster (asterisk) are shown in the upper section. The colour and size of the circles indicate the duration P‘;frl and magnitude of the
events, respectively. The crosses are the events in the background. The Z-component velocity waveforms for the event inside the cluster (top trace in the red
box) and the nearby events are shown in the lower section. The duration PdV:rl is measured between T1 and T2 markers. The red dashed line is drawn at the T2

marker of the cluster event as a reference. The estimated P&’lfrl i
by aseismic fault regions capable of containing seismic slip, at
least for such small events; this can be accomplished by sufficient
rate-strengthening properties of the fault outside the patch. Since
the source dimensions here are estimated using a dynamic rup-
ture speed, this implies that the corresponding source size is due to
dynamic rupture propagation, and hence may be unrelated to the nu-
cleation which is a quasi-static process; in particular, the nucleation
size can be much smaller than the estimated source dimensions.
Alternatively, the constant duration may be related to the nucle-
ation size. The identified clusters contain some of the smallest earth-
quakes observed in the region, implying that at least those smallest
events may be controlled by the nucleation processes, perhaps ar-
resting right after nucleation due to unfavourable conditions outside
the nucleation patch. Since the duration of all events is the same,
one can hypothesize that all events in each cluster are controlled by
the nucleation. In this model, estimating the source dimension using

is indicated on each trace.

the traditional assumption on constant rupture speeds may not be
relevant, since rupture speeds right after nucleation and right before
arrest are likely to be much smaller than the (average) estimates
of 0.75 Vs. It remains to be seen whether a physical model can be
created in which the nucleation size remains constant—implying
a constancy in a number of fault properties, including the effec-
tive normal stress—while events spontaneously arrest shortly after
nucleation, with significant variations in their stress drop.

Another possibility is that the identified seismic events are caused
and driven by rapid external factors, for example, bursts of fluid
into the fault zone due to episodic hydrofracturing. In that case,
the duration is controlled by the physics of the external factor. Pore
pressure variations due to fluid injection into the fault zone from the
surrounding rocks have been hypothesized to play a significant role
in triggering episodic slow slip in subduction zones (Liu & Rice
2005, 2007). In those models, the fluid injection and pore pressure
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Figure 16. Schematic of (a) small and (b) large earthquakes, motivated by the spectral ratios shown in Fig. 9. The white irregular circles represent stronger
asperities that delay or stop rupture for small events, exciting high-frequency energy (illustrated in the right column). Schematic of slip distributions are shown

on the left, and the associated STFs are shown on the right.

variation is a quasi-static process, but perhaps such processes can
be dynamic on the small temporal and spatial scales corresponding
to the observed events.

The study of Lengliné ez al. (2014) showed that microearthquakes
during a water circulation test in a geothermal reservoir had very
similar properties to the events studied here. In particular, the study
identified clusters of microearthquakes with constant duration but
substantially different magnitudes, similar to our Clusters A—C,
and hypothesized that the large differences in magnitudes, linked
by Lengliné er al. (2014) to differences in slip and hence stress
drop, are due to pore pressure effects. Their discussion focused on
aseismic pore pressure processes, in which fluids trigger aseismic
fault slip which, in turn, triggers microearthquakes on asperities.
The injection-induced variations of pore pressure may indeed cause
or contribute to the inferred variations in stress drops. However, by
itself, the model with fluid-induced aseismic slip may not explain the
constancy of the event durations; for that, an additional assumption
of isolated seismogenic patches seems to be needed, as already
discussed. An alternative fluid-related possibility is that the slip
is driven by a rapid local fluid injection into the fault zone. The
associated rapid increase in pore pressure would cause a rapid drop
in fault strength and induce rapid (seismic) slip. Once the local
fluid injection episode is exhausted (or significantly slows), the slip
would cease to be seismic, provided that the scale of the process is
below the local nucleation size or the fault has stable (e.g. velocity-
strengthening) friction properties. In this mechanism, the duration is
controlled not by the fault properties but rather the fluid movements.

6.3 Variation of spectral shape at high frequency

Although the smallest and largest events within each cluster have
approximately the same duration, their spectral shapes are different

at very high frequencies, above 20 Hz. Fig. 9(a) shows the multitaper
displacement spectra (Thomson 1982) of Z-component P waves for
the smallest and largest events in Clusters A, B and C. The noise
levels for the smallest and largest events in each cluster are also
shown. Fig. 9(b) shows the spectral ratio of the largest event to the
smallest one. The spectral ratio shows an appreciable drop in the
frequency band 20—50 Hz for all clusters, indicating that the smallest
earthquake is relatively richer in high-frequency energy compared
with the largest earthquake. Since these events are within the same
cluster, they should have the same path effect (attenuation), and we
can attribute the different frequency content to the source effects.
Differences in the spectral shape between the largest and smallest
earthquakes at high frequencies for each cluster should be investi-
gated, for example, through numerical modelling of the earthquake
source. One hypothesis is that the difference can result from hetero-
geneity or roughness of the source patch, as schematically illustrated
in Fig. 16. When rupture is stopped or delayed at a strong asper-
ity within the source patch (illustrated by the irregular circles in
Fig. 16), the high-frequency radiation is enhanced (e.g. Lapusta &
Liu 2009). Smaller events would correspond to a smaller slip for the
same source size and hence may be incapable of rupturing stronger
asperities, as illustrated in Fig. 16(a); this produces multiple arrest
fronts that radiate high frequencies. In contrast, larger events po-
tentially rupture some or all such asperities, resulting in smoother
rupture and hence less high-frequency content. This hypothetical
model is consistent with smaller stress drops for smaller events and
the constant source duration. The constant duration would be the
result of the same overall source size. The smaller stress drops for
smaller events would be the result of smaller slip over the patch.
When the rupture cannot break the stronger asperities, the slip next
to the asperities is suppressed, and the average slip per seismogenic
patch (the circle in Fig. 16) would be smaller. Since the stress drop
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scales with the ratio of slip to the patch size, smaller average slip
implies smaller stress drop. Every time slip goes around an asper-
ity, its shear stress increases due to the slip mismatch, bringing the
stress on the asperity closer to its (higher) strength. Even though
such a scenario creates heterogeneous stress on the fault before a
larger event, the patch also has heterogeneous strength, so that mis-
match between stress and strength is actually decreased, potentially
creating smoother slip during larger events and hence not as much
high-frequency seismic signals.

7 CONCLUSIONS

Using high-quality seismic data from a vertical borehole array in-
stalled in central Taiwan, we identified several seismic clusters with
high waveform similarity and magnitudes ranging from 0.3 to 2.0.
To investigate the source scaling, we removed the path effect by
using an EGF method and a path-averaged O-correction method. In
both analyses, the results indicate a nearly constant source duration
for events with M,, <2.0 within the clusters, violating the commonly
used scaling relation 7, o Mé/ 3 If we assume a constant rupture
speed within each cluster, this constant duration corresponds to a
characteristic length, which may correspond to the size of an iso-
lated seismogenic patch that hosts the cluster events. In this model,
events of different slip and hence stress drop would be created by
heterogeneity within the patch. The constant duration may also be
related to the nucleation processes or outside triggering factors.
Further observational and numerical studies are needed to test and
distinguish between these potential explanations.
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APPENDIX A: RECORDS AT THE SEVEN
TCDPBHS STATIONS, BHS1-BHS7, OF
THE LARGEST EVENT

Fig. A1 shows the records at the seven TCDPBHS stations, BHS1—
BHS?7, of the unfiltered Z-component (P wave) velocity seismo-
grams of the largest event. The records are similar for all the sta-
tions, as expected given the distance of 10—15 km to the sources
and the spatial extent of the array of ~300 m.

Cluster C
20061124-2319 M, 1.32
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Figure Al. Records at the seven TCDPBHS stations, BHS1-BHS7, of the unfiltered Z-component (P wave) velocity seismograms of the largest event of (a)
Cluster A, (b) Cluster B and (c) Cluster C. The records are similar for all the stations, as expected given the distance of 10—15 km to the sources and the spatial
extent of the array of ~300 m. (d) Comparison of the P-wave records for Clusters A (left), B (middle) and C (right).
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Figure A2. Effect of the bandpass filter on the pulse width measurement of the STF. (a) Triangular STF with #,, ranging from 0.002 to 0.030 s. (b) Waveforms
filtered by a zero-phase bandpass filter with a passband of 5-50 Hz. The pulse widths are measured using the method illustrated in Fig. 6 and indicated on
the left of the waveforms. (c) Comparison of the given #,, and estimated #,. (d) The difference between the estimated and the given #, as a function of the

estimated ¢,,,.

APPENDIX B: EFFECT OF BANDPASS

FILTER ON PULSE WIDTH
MEASUREMENTS

Fig. A2(a) shows a series of triangular pulses representing STFs.
Fig. A2(b) shows the waveforms after we applied a zero-phase band-
pass filter with a passband of 5-50 Hz to the STFs in Fig. A2(a).

When the pulse width is small, the broadening is appreciable, but as
the pulse width increases, broadening becomes relatively insignifi-
cant. Fig. A2(c) shows the relation between the given pulse width ¢,
(Fig. A2a) and the pulse width of the filtered waveforms (Fig. A2b)
estimated using the method described in the text. Fig. A2(d) shows
the difference between the estimated and given pulse widths.
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