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SUMMARY

It is well known that large earthquakes often exhibit significant rupture complexity such
as well separated subevents. With improved recording and data processing techniques, small
earthquakes have been found to exhibit rupture complexity as well. Studying these small earth-
quakes offers the opportunity to better understand the possible causes of rupture complexities.
Specifically, if they are random or are related to fault properties. We examine microearthquakes
(M < 3) in the Parkfield, California, area that are recorded by a high-resolution borehole net-
work. We quantify earthquake complexity by the deviation of source time functions and source
spectra from simple circular (omega-square) source models. We establish thresholds to declare
complexity, and find that it can be detected in earthquakes larger than magnitude 2, with the
best resolution above M2.5. Comparison between the two approaches reveals good agreement
(>90 per cent), implying both methods are characterizing the same source complexity. For
the two methods, 60—80 per cent (M 2.6-3) of the resolved events are complex depending on
the method. The complex events we observe tend to cluster in areas of previously identified
structural complexity; a larger fraction of the earthquakes exhibit complexity in the days fol-
lowing the M, 6 2004 Parkfield earthquake. Ignoring the complexity of these small events can
introduce artefacts or add uncertainty to stress drop measurements. Focusing only on simple
events however could lead to systematic bias, scaling artefacts and the lack of measurements
of stress in structurally complex regions.

Key words: Earthquake dynamics; Earthquake source observations; Rheology and friction
of fault zones.

an event with a complex rupture, the estimated source parameters

1 INTRODUCTION will be biased (Abercrombie 2014; Fan & McGuire 2018; McGuire

Accurate characterization of earthquake rupture processes provides
useful information for the understanding of not only the physics of
earthquakes, but also fault properties and stress regime. For small to
moderate earthquakes, one of the most common methods to charac-
terize their ruptures is through the fitting of their source spectra with
a theoretical model. For a simple circular rupture, the far field dis-
placement spectrum can be explained by omega-square models with
a single corner frequency (Brune 1970; Madariaga 1976). With a
few assumptions, one can obtain estimates of rupture duration, rup-
ture radius and stress drop based on the corner frequency measured
from spectral fitting (Abercrombie 1995, 2014; Ide et al. 2003;
Venkataraman et al. 2006). A well-known limitation of this method
is that it cannot be accurately applied to events that are not sim-
ple circular ruptures such as many large earthquakes (Boatwright
et al. 1991; Atkinson 1996). If a simple source model is applied to

& Kaneko 2018; Shearer et al. 2019) and interpretations of these
estimates can obfuscate the true rupture processes occurring in a
region (Madariaga 1979; Wu et al. 2019; Abercrombie 2021). But
how much of a concern should such behaviour be to our analysis of
small events?

With increasing station coverage and the closer proximity of sta-
tions to small and moderate earthquakes, there are an increasing
number of observations indicating that some small events do not
fit the assumption of a simple circular rupture (e.g. Yamada et al.
2005; Abercrombie 2014; Fan & McGuire 2018; Pennington et al.
2022). These events require more sophisticated methods of rupture
characterization, such as second moment analysis (e.g. McGuire
2017; Meng et al. 2020) or line sources (Gallovi¢ et al. 2009;
Bose et al. 2012; Abercrombie et al. 2020). In the best case with
enough data, a finite fault inversion can be used to estimate both
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the temporal and spatial distribution of slip on a faults surface (e.g.
Hartzell & Heaton 1983, 1986; Yamada et al. 2005; Mai & Thing-
baijam 2014). In the time domain, the temporal evolution of the
slip distribution (source—time function) will capture the complex-
ity of the slip distribution to a certain degree by showing multiple
pulses, each of which represent different episodes of the rupture
(Kikuchi & Kanamori 1982; Vallée & Douet 2016; Danré et al.
2019). Due to the sparsity of some seismic networks and resolu-
tion limits caused by limited frequency bandwidth, these methods
are usually only applied to large events. When these methods are
applied to small magnitude earthquakes, they reveal levels of com-
plexity similar to those observed for large magnitudes (Ide 2001;
Fischer 2005; Wang et al. 2014; Pennington ez al. 2022). This obser-
vation aligns with idea of self-similarity across earthquake scales
as some studies suggest (e.g. Choy & Boatwright 1995; Mcgarr
1999; Ide & Beroza 2001; Allmann & Shearer 2009; Uchide &
Ide 2010); if earthquakes are self-similar, then we would expect
small earthquakes to exhibit similarly complex ruptures as large
ones.

A large question remains, how prevalent is this complexity in
smaller magnitude earthquakes (M < 3)? Does it vary in space or
with time? What factors lead to heterogeneity? Current observations
provide conflicting answers. At Parkfield, Abercrombie et al. (2020)
found that repeating earthquakes had similar levels of complexity to
other events in their repeating sequences. Elsewhere, temporal vari-
ation is seen in the size of the rupture areas of repeating earthquakes
(Uchida et al. 2015; Chaves et al. 2020). To better understand the
factors that influence rupture complexity and its prevalence, we need
to find ways of quantifying it systematically for multiple events. If
the goal of this quantification is simply to identify whether an event
has a complex rupture or a simple one (e.g. one that aligns with
the assumed models), such analysis would be simpler than trying
to accurately represent that rupture through other techniques (e.g.
finite-fault inversions, line sources, etc.). Complex source processes
affect both the source time functions (STFs) and the amplitude spec-
tra (e.g. Abercrombie 2014; Abercrombie et al. 2020), which means
the examination of either of these could allow for the simple quan-
tification of rupture behaviour as deviating from some assumed
expected behaviour.

There are many examples of complex source processes being
reflected in STF complexities (e.g. multiple pulse) (Kikuchi &
Kanamori 1982; Vallée & Douet 2016; Danré et al. 2019). When
the method of using an EGF to deconvolve a STF are also applied to
small events they have revealed complexity as well (Fischer 2005;
Wang et al. 2014), thereby offering a method of quantifying small
earthquake complexity. This requires good quality Green’s func-
tion to work of course, reducing the number of events that can be
examined. This limitation and the desire to examine more events
brings us to another observation method. This one is based on the
many observations that complex source processes causes an earth-
quake source spectra to deviate from a simple circular model (i.e.
omega-square spectral model) that is commonly used for spectral
fitting (Schneider et al. 1993; Atkinson & Silva 1997; Silva et al.
1998; McGuire et al. 2002). However, only recently was this com-
mon occurrence systematically identified in smaller earthquakes;
for example Uchide & Imanishi (2016) found events with magni-
tude ranging between 3.2 and 4.0 in the northern Ibaraki prefecture
and the Fukushima prefecture of Japan, consistently deviated from
the simple model, indicating that such a method could be used to
broadly assess if earthquakes ruptures were complex or simple. Es-
timating STF’s provides a second means of identifying complex
ruptures.
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These two methods should theoretically be able to identify the
same events as being complex or simple. Modelling by Madariaga
(1981) showed that when an event has two moment release pulses
during its rupture, its spectra will reflect the width of the individual
pulses and the delay time between them. This behaviour is reflected
in real observations with Wu et al. (2019) observing and using
both spectral complexity and source—time function complexity to
characterize an M,, 4 earthquake in central Oklahoma, a rupture
that showed significant directivity and multiple subevents.

To test these methods and see if they can be used to verify one
another’s observations, we analyse well-recorded earthquakes at
Parkfield using both frequency and time-domain methods to quan-
tify the degree of complexity. Both methods use small earthquakes
as empirical Green’s function events to correct for the path and site
effects. We then compare the two methods and assess their resolu-
tion limitations. The methods chosen to characterize events are their
source spectral deviation from a simple model (Uchide & Imanishi
2016) and by their relative source—time functions (e.g. Wang et al.
2014; Wu et al. 2019). We find good agreement of event classifica-
tion (complex or simple) between the two methods. The majority of
the M > 2.6 earthquakes are classified as complex from both meth-
ods. The agreement indicates that the two methods are observing
the same complexity to a certain degree. This also means that either
of the method could be used to quantify rupture characteristics, but
using both validates the observations to a better degree.

2 DATA AND PARKFIELD STUDY AREA

We examine microearthquakes (M 0-3.0) that occurred between
2001 and 2011 along a 80 km long Parkfield fault segment of the
San Andreas Fault centred on Parkfield (Fig. 1). They were recorded
by the shallow borehole High-Resolution Seismic Network, HRSN
(Northern California Earthquake Data Center 2014). The Parkfield
area is chosen because of these high quality recordings, also be-
cause it is a densely studied area with well-documented structural
and lithological features for comparison with our earthquake com-
plexity observations. We identify target and EGF event pairs using
the double difference relocated catalogue of Northern California
(Waldhauser & Schaff 2008; Waldhauser 2009). We treat each of
the 14,603 catalogued earthquake ( M 0-3.5) as a potential target
event, and search for suitable EGF events that are within a 400 m
radius of the hypocentre and more than 1 magnitude unit smaller
than the given target event. The magnitude we use in this study
are from a spectral-calibrated moment magnitude catalogue (Zhang
etal 2022). We find 48,343 target and EGF event pairs to use in the
analysis. For all the selected events, we download triggered wave-
forms from the 13 HRSN borehole stations with a sampling rate
of 250 samples per sec from the Northern California Earthquake
Data Center (NCEDC). Instrument gain corrections are applied ac-
cording to the simple instrument response table from NCEDC data
base; the constant instrument response functions cancel in the EGF
analyses. P-wave arrival times are either from catalogue phase picks
or an autopicker based on 1-D velocity model (Li & Peng 2016). By
using multiple stations and EGFs, we can obtain multiple estimates
of the spectral ratio and relative source time functions (RSTF) for
each target event. For the spectral measurements we stack over mul-
tiple stations and EGFs to obtain a single measurement per target
event and calculate a single estimate of complexity for that event.
For the time domain deconvolution, we stack multiple EGF results
for each station to obtain a single RSTF for each station. We then
calculate an independent estimate of source complexity for each
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Figure 1. (a) Parkfield study area with (b) inset map of overall region with
study area marked by blue square. All earthquakes in the relocated catalogue
are shown as grey dots and thin black lines are Quaternary fault traces from
the U.S. Geological Survey & California Geological Survey (2006). Full
cross section length is shown as dashed red line between points A and B.
The 1966 M6 earthquake (white star), 2004 M6 earthquake (black star)
and stations used in the analysis are plotted (grey triangles) with SAFOD
also being shown (red triangle). Area considered to be within the network is
shown by black rectangle box. The interpreted locked, creeping and Parkfield
section are from Perrin et al. (2019). The exact location of the transition
point between sections is not known, and we therefore represent it by a
gradual change in the colour of one section to the next.

station using each EGF and then take the average over all stations
to obtain an estimate for the event.

3 METHODS

3.1 Multiple spectral ratio analysis

To determine if an earthquake is spectrally complex, we need to first
obtain its source spectra and then compare it to a simple model. If an
earthquake is a simple circular rupture, then its spectra should not
significantly deviate from the omega-square source spectra model.
To understand if such deviations are common for small magnitude
earthquakes, we perform multiple spectral ratio analysis following
Uchide & Imanishi (2016) and fit the spectral ratios of target to EGF
event with an omega-square model (Boatwright 1978):
1/2

2 (f) _ M(;Farge.l 1 + (f/f:iGF[i])4

i M(I)EGF[:] 14 <f/ﬁTarget)4

in which fis the frequency, and f. and M, are the corner frequency
and moment of the ‘Target’ or the ith ‘EGF’ event, respectively.
We allow the f. to vary across stations and event pairs and do not
hold it to an average value. We do this with the goal of estimating a
single spectral ratio averaged across stations and EGFs to estimate

complexity from.

We calculate event displacement spectra for P waves using the
vertical channel recordings. For the P waves, we calculate the spec-
tra over a window that begins 0.1 s before the P arrival and extends

(D

to 0.5-1 s depending on the S-wave arrival time. A noise window
of the same length is selected before the P wave to be used for an
estimation of the signal-to-noise ratio (SNR). Only spectra with a
minimum SNR > 5 between 2 and 60 Hz are used to calculate spec-
tral ratios, and only EGF and Target event pairs that have spectral
ratios from 6 or more stations are used in the following analysis.
We limit it to 60 Hz instead of 125 Hz (the maximum possible fre-
quency), due to very few EGFs passing the SNR criteria if the
range is set above 60 Hz. For each event pair, corner frequencies
and moment ratios are estimated using a grid-search method to
minimize the misfit between the observed median of the individual
ratios across stations (R;°*) and predicted (R;") ratio obtained
from eq. (1). This is defined as

Torg: : N2
misfit; — [log R}’bs () - log R:yn (f; Mﬂ[Al&el/M(l):Gr[l]’ charge(’ /FEGF[x]):I (2)

in which the superscripts ‘obs’ and ‘syn’ indicate the observed and
synthetic spectral ratios, respectively. For each of the EGF events,
we examine the variance reduction which is defined as
_ misfit;

~ Var (log R (/)

in which “Var’ denotes variance with respect to the logarithmic
mean over the frequency band of interest. We only include those
event pairs that obtain variance reductions greater than 85 per cent.
This is done to remove those pairs that deviate so strongly that it
makes fitting a model to even estimate the deviation from that model
difficult.

For target events with at least six EGFs with measurements at
six or more stations (not necessarily common between the EGF
Target pairs) that pass this criterion, we estimate the misfit from the
omega-square model by taking the median of the residual between
the (R;°*) and predicted (R;>™) of all event pairs (Figs 2a—d). The
median misfit emphasizes the deviations from the predicted model
that are common across all EGFs, which can be attributed to the
target events source spectra, and suppresses the deviations due to a
single EGF’s source spectrum.

To quantify the misfit observed for each target event, we follow
Uchide & Imanishi (2016) and calculate the peak-to-peak resid-
ual ratio, which is defined as ratio of the maximum to minimum
residuals of the median misfit. The peak-to-peak ratio is calculated
using an incrementally increasing frequency range to identify the
frequency at which maximum deviation from the model occurs. This
bandwidth starts at 2-3 Hz and increases by 1 Hz until it reaches a
maximum bandwidth of 2-50 Hz (Fig. 2). It was limited to 50 Hz
instead of the maximum SNR tested frequency of 60 Hz due to the
high variability in spectral ratios across a target events spectral ra-
tios observed above 50 Hz (e.g. Fig. 2b). This range fundamentally
limits the complexity we can observe, since as the target earth-
quake magnitude decreases so does the moment of any subevents it
contains. Eventually the effects of these subevents will extend into
frequency ranges that exceed the instrument sampling rate or fall
below a good SNR level.

We visually examine the results to determine what peak-to-peak
ratio constitutes a significant deviation in the spectra. We find that
events with peak-to-peak ratios < 1.6 exhibit little deviation from
the omega-square model (e.g. Figs 2g—h) and are classified as ‘SRp.,
simple’ (Fig. 3a). Events with peak-to-peak ratios > 1.8 exhibit sig-
nificant deviation from the model (e.g. Figs 2e—f) and are classified
as ‘SRp., complex’ (Fig. 3a). Events with peak-to-peak ratios be-
tween 1.6 and 1.8 are difficult to attribute to either group and there-
fore are unclassified. The events excluded in this range account for
roughly 20 per cent of all events and only 17 per cent of the larger
magnitude (> 2.5) (see Supplemental Fig. S1). The absolute values
of deviation above and below the estimated model depends on the
model fit to the spectra, which is strongly controlled by £FSF. This

VR, (3)
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Figure 2. Results of the spectral ratio analysis for four selected earthquakes. (a)—(d) Spectral ratios of individual empirical Green’s function events averaged
over all stations (thin light red lines), and their median stack (dark red line), which are normalized by the moment ratio. Synthetic fits, to each EGF spectral
ratio are plotted in grey. The estimated corner frequency for each event is denoted by the vertical dashed red line. (a)—(b) are considered complex events, while
(c)—(d) are considered simple. (e)—(h) Ratios of the spectral ratios from the observed data to the synthetic curves (thin-light red lines) and their median stack
(dark red line). The peak-to-peak ratio calculated from 2 Hz to a given frequency is plotted as a solid blue line, the minimum (2 Hz) and maximum (50 Hz)
range of frequencies tested are denoted by the black dashed lines. The frequency where the maximum peak-to-peak ratio is first obtained is denoted by blue
dashed line. (i)—(1) Grey line is the synthetic omega-square model for the target event based median fc estimate from all EGFs. The red line is the synthesized
source spectra created by multiplying omega-square model of the target event by the median of the residual spectra in (e)—(h) and then normalizing it by the

target events moment.

is reduced by using multiple EGF’s that reduce the bias of one poor
EGF biasing the entire result.

3.2 Relative source time functions

Deconvolution of waveforms in the time domain results in the rel-
ative moment rate functions of the target event relative to the EGF
event at each seismic station, and are commonly referred to as
Relative Source Time Functions (RSTF). An event with a simple
rupture should have a single pulse RSTF for all stations, with pos-
sible pulse width variations due to directivity. If an event contains
more than one pulse across multiple stations, this indicates that the
rupture could contain multiple subevents and can be referred to
as complex (referred to as compound in Wang et al. 2014). Due
to this possible variability across stations caused by directivity it’s
difficult to estimate a mean RSTF for the event as a whole so our

complexity estimates will be made per station and from those an
average will be estimated for the entire event. To estimate RSTF
for each target event at each station, we use the EGF based time
domain forward modelling approach outlined in Wu et al. (2019).
This method, based on the work of Kikuchi & Kanamori (1982),
assumes that the source time function of the target event can be
represented as the superposition of multiple Gaussian pulses that
can have varying amplitudes and time lags. We use the method of
Wu et al. (2019) because it does not limit the number of pulses as
opposed to other approaches (e.g. Tan & Helmberger 2010; Wang
et al. 2014). Instead, it fits multiple pulses iteratively and evalu-
ates their inclusion by the variance reduction in waveform fitting.
It also allows for the examination of the moment and need for an
individual pulse to replicate the target events waveform. We cannot
resolve subevents that are shorter than the sampling resolution of
the recording (0.02 s) or EGF duration. This means that for smaller
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Deviation: SR
Dev

Undefined: Complex
Peak-to-Peak Ratios Peak-to-Peak Ratios

1.6-1.8 21.8

(b) RSTF
Percentage of stations
with a given R,

Percentage of stations
with Rz 0.9:

2 80%

Percentage of stations
with R 0.8: Complex Complex
2 90%

Percentage of stations Percentage of stations
with Rz 0.9: with Rz 0.9:

40-80% 55-90%

Figure 3. A decision tree showing the criteria for a events classification for the two types of analysis spectral ratios or RSTF. (a) Classification criteria’s for
spectral ratios, which have been averaged over all stations and EGFs to create a single spectral ratio, using spectral deviation (SRpey) from the omega-square
model measured using peak-to-peak ratios. (b) Classification decision tree for RSTFs per event using the measure of percentage of stations with high (0.9 or
0.8) variance reduction ratio (RyR).

Table 1. Parameters used in the RSTF inversion process. Brune 1970):
Magnitude Filter (Hz) Window length (s) Pulse width (s) M p 3
0
>35 0.5-20 1.2 0.02-0.4 Ao = —= <@> ©)
3-3.5 0.5-20 1 0.02-0.4
2.5-3 0.5-50 0.8 0.02-0.2

and using the events seismic moment M, a constant shear wave
velocity (8) of 3 km/s, constant stress drop ( Ac) of 2 MPa and a
k value of 0.38 for P waves. We set the maximum possible pulse
width to double the estimated source duration, which is based on
the theoretical corner frequency of the target event. We then set
the smallest possible pulse width to be half the theoretical source
duration estimated from the theoretical corner frequency of the EGF.
If either of these estimated values surpass the width allowed by the
bandpass filter, we constrain it to that value instead. Due to bandpass
filter being used as the minimum constraint the Gaussian pulses are
truncated at 99.7 per cent, to avoid contamination with the filter.
Therefore, pulse width (pw) is pw = 3/(f.). These ranges still can
be large, so to stabilize the deconvolution process and reduce the
non-uniqueness, we only allow the pulse width to vary within the full
range for the first three iterations; for later iterations we constrain
it to the range of pulse widths observed in the first three iterations.
We find a maximum of 20 iterations to be sufficient to reproduce
any events RSTF, and so we limit the number of iterations to 20.
Many events converge towards a solution well before this number
of iterations and we consider convergence to have been reached if
any of the following criteria are meet: (1) The first pulse produces a

<25 0.5-50 0.6 0.02-0.2

magnitudes, our ability to resolve subevents is more limited than
for larger events.

To avoid overfitting the observed waveforms, we place constraints
on the frequency range examined through bandpass filtering, the
window length of data and the duration of the resulting RSTF. Due to
the varying magnitude range examined in this study, we use different
constraints for different magnitude ranges (see Table 1). We estimate
the RSTF at each station (referred to as RSTF,) for the event pairs
examined in the spectral analysis section. During the deconvolution
process, pulses are iteratively added with a single pulse being added
with each iteration. We use a grid search to determine the optimal
timing, amplitude and duration of the subevents at each station.
In addition to the constraints in Table 1, we further constrain the
pulse widths to a smaller range to prohibit unrealistically broad
or narrow pulses. We base this constraint on a theoretical corner
frequency estimate from the circular crack model (Eshelby 1957;
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variance reduction of >80 per cent. (2) The next iteration does not
improve the overall variance reduction by more than 1.5 per cent.
(3) The relative variance reduction improvement is <2 per cent. We
define relative variance reduction as (¥ RS~V RS )/V RS, %100
per cent with V' R representing the variance reduction of the nth
iteration in the source time function inversion process.

If no limit is placed on the resulting RSTF duration, then the
iterative approach can continue adding subevents to model anoma-
lous pulses resulting from noise, or later phase in the waveform.
To prevent this, we determine an optimal maximum duration for
the RSTFy, for each station for use in the iterative subevent fitting
by performing a grid search of durations between 20 per cent and
80 per cent of the time window selected for the data. The RSTF
is then calculated for each of these possible durations. The longest
duration that improves the overall variance reduction by more than
5 per cent is selected as the optimal RSTF duration. The RSTF
obtained for this duration for that specific station is then used. In
this analysis, we only examine those RSTFs that obtain a variance
reduction V' R > 70 per cent between the synthetic and observed
waveforms.

To measure the complexity of a RSTF, we use the variance
reduction ratio (Ryg) defined as:

Ryr = VRV Ry Q)

where VR is the variance reduction of the first iteration and VR,
is the variance reduction of the final iteration. This measure provides
an overall quantitative estimate of whether an RSTF, can be repre-
sented by a single pulse, or whether multiple pulses are needed. We
measure Ryg for each RSTF meaning that for each target event, we
have independent measurements for each EGF event at each station
that meets the SNR and fitting criteria.

For each target event we have multiple EGF events, and we per-
form the deconvolution process separately on each pair at each
individual station to obtain multiple estimates of the RSTF. How-
ever, due to emergent arrivals or opposite polarities, some EGF
events will perform well on a few stations but not all—an issue that
does not affect the spectra examination but affects the STF analysis.
The inclusion of these poor to okay EGF events can significantly
alter the averaged RSTF across EGFs for a given station, and ul-
timately how its rupture is characterized. To reduce these effects,
we must identify and use EGFs that we consider to best resolve
the rupture of the target event and do so across as many stations as
possible. Therefore, we first select only those EGFs that have the
most RSTF (minimum > 5) to ensure a matching radiation pattern
to the target event. This selection is further reduced to only by those
EGFs whose mean RSTF, variance reduction is within 5 per cent
of the best variance reduction EGF. This is to ensure that we only
use the EGFs whose path and site effects are similar to those of
the target. We allow target events that have a single EGF that pass
selection to be analysed for complexity.

If we have multiple EGFs, we align and stack their respective
RSTF,, at each station. We restrict this so that only those RSTF have
a cross-correlation coefficient > 0.85 (in reference to the highest
variance reduction result that meet the previous criteria) are aligned
and then averaged to make a single RSTF at the station. This is
done to avoid the inclusion of an anomalous RSTF. The Ryy of the
averaged RSTF; at a station is the mean Rygr from the EGFs used
to create the averaged RSTF. Using these selection criteria, we
obtain more RSTF complexity estimates than the spectral deviation
analysis that required a minimum of six EGFs, as we only require
a single EGF that passes the above criteria. This lower threshold
for the RSTF analysis is because the variance reduction estimated
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for RSTFs is directly linked to how well the observed and synthetic
waveforms match, and provides a quantitative measure of the quality
of RSTFs. In the RSTFs analysis, a complex EGF would violate
the point source assumption of EGF selection and leads to poorly
fitted synthetic waveforms using the variance reduction criteria. In
the spectral analysis, it is difficult to separate if the complexity in
spectra is due to the chosen EGF or is a feature of the target event.
The only way to be sure is if the complexity is featured across
multiple EGFs, which is why we require more EGF's for the spectral
analysis.

Now that we have estimates of complexity and we have averaged
those results with multiple EGFs, we classify a target event as simple
or complex. To do this, we obtain the percentage of RSTF s for
a target event with Ryg > 0.9 (RVR90) and/or Ryg > 0.8 (RVRg())
out of all RSTFs (stations). We use Fig. 4 as an example. Event
21428897 and 30500786 (Figs 4a and b) require multiple pulses
in their RSTFs to replicate the target events waveforms for many
of their stations. Due to this, only two stations SMNB and EADB
for event 21428897 and MMNB and CCRB for 30500786 have a
rating of Ryrgp Or Ryrso. In contrast to these two events, for the
events 71450425 and 30500784 (Figs 4c and d), almost all of their
stations require only a single pulse to represent the source in their
RSTFs. For this reason, almost all of their stations have ratings of
Ryrop, with only JCNB of event 30500784 having a rating of Rygrsgo-

We use the following criteria that was refined through the visual
inspection of results to classify the event as simple or complex (a
visual representation of this is shown in Fig. 3b):

(i) Simple events: the percentage of Ryroo > 80 per cent and
Ryrso > 90 per cent

(i) Complex events: the percentage of Ryrgy < 40 per cent or
Ryrgo < 55 per cent

Events that do not meet these criteria are considered unclassified,
which represent ~31 per cent of events and ~41 per cent of large
magnitude events (Supplemental Fig. S2 shows the distribution of
classified events). The results of the RSTF analysis for the same four
events from Fig. 2 are plotted in Fig. 4. Events 21428897 (Fig. 4a)
and 71450425 (Fig. 4c) have also been examined by Abercrombie
et al. (2020), who found similar azimuth variations in duration
for the groups of events these two earthquakes occur in which they
term Sequence Al (contains 21428897) and Sequence A3 (contains
71450425). For these events, we obtain the same directivity direction
and observations of complex and simple STFs as Abercrombie et al.
(2020) supporting our procedures.

4 RESULTS AND RESOLUTION

From our spectral ratio analysis, we obtain results for 337 events
(>M 1.1), among them, 186 events are simple, 85 events are com-
plex and 66 events are unclassified. From the RSTF analysis, we
obtain results for 480 events (>M 1.1), among them, 231 are simple,
100 are complex and 149 are unclassified. 290 common events are
found between the two methods. Of these common events the 119
simple events from RSTF analysis, 100 are classified as spectrally
simple and 19 are classified spectrally complex. Of the 49 complex
events from RSTF analysis, 28 are classified spectrally complex.
This disagreement is reduced when only the better resolved larger
events (M > 2) that are within the network (Fig. 1 black box), and
so recorded from a full azimuthal range are considered. Restricting
the analysis to these events within the network significantly reduces
the disagreement, so that only 3 out of 20 RSTF complex events are
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Figure 4. RSTF’s sorted by azimuth that were obtained for the same four events shown in Fig. 2 with RSTF to the SE and NW of hypocentre denoted and
rupture directivity denoted on the focal mechanism of the fault plane that best aligns with the San Andreas Fault. (a)—(b) are defined as complex and (c)—(d)
defined as simple. Values to the right of each RSTF is the average variance reduction/average number of pulses/number of EGFs stacked in the RSTF for the
stacked event pairs. The text to the left of the RSTF in each box denotes the station. The right vertical axis denotes how many individual event pairs were
stacked to create the final RSTF for that station. The left vertical axis is the azimuth of the RSTE. The grey region outlines the duration of the RSTFs to
emphasize azimuthal variations and are based upon manually picked RSTF durations.

classified as spectrally simple; and only 2 out of the 48 RSTF sim-
ple are classified as spectrally complex. The reason for this stark
change with magnitude has to do with the resolution of the two
methods.

The primary factor that influences our ability to resolve com-
plexity at different magnitudes is the available frequency band-
width. The higher frequency the data, the smaller scale features
we can observe. This effect can be clearly seen when examining
the frequency where the peak-to-peak ratio of deviation reaches 1.8
(PtP1 3y), which increases as the target events magnitude decreases
(Fig. 5a). At magnitudes of 2.1, PtP; gy reaches the limit of our
observable frequency range, and then remains close to this bound-
ary. The frequency where peak-to-peak ratio reaches 1.4 (PtPy 4/)
follows a similar trend as PtP; g, but remains lower in frequency
than the frequency limit. This indicates that PP, g, for lower magni-
tudes is beyond our frequency limit and our resolution range, so the
capability to classify an event as complex decreases with decreas-
ing magnitude for spectral analysis. This limit of resolution around
M 2.1 events has been observed by other spectral analysis studies
(e.g. Abercrombie 2014; Abercrombie et al. 2020) and finite-fault
inversions (e.g. Dreger et al. 2007) for events in this area.

Our resolvable pulse width range has a similar resolution prob-
lem. The theoretical pulse width of the EGF event falls below our
observable range of 0.02 s due to the requirement of five samples
needed to represent a Gaussian pulse (Fig. 5b). We are still able
to resolve complexity for the target event, until we pass M 2.0-2.2

range where the target events pulse width is now just 0.03 s larger
in width than our observable range. In Fig. 5(b) we assume that all
of our events have a constant stress drop of 2 MPa. If we assume a
higher stress drop of 10 MPa (Zhang et al. 2022), then the predicted
/- increases and the predicted width of the target events pulses would
be even narrower.

For the events that meet the resolution thresholds (M > 2), we
obtain agreement of the classification of the two methods of 85
per cent for the complex events and 95 per cent for the simple
events. This high level of agreement implies that the two methods
are identifying the same source of complexity. The source of the
possible small disagreement could be that for an individual subevent
to be resolved in a RSTE, its radiated energy must be responsible
for over 10-20 per cent of the waveform on a majority of the
stations for it to be classified as complex. If it does not produce
observable complexity in the waveform, then it will not be present
in the RSTF model. Due to these reasons, the RSTF will only
capture the complexity of events with strong abrupt changes in slip
history. For these reasons, the classification of complex events can
be considered conservative, since the complexity we are identifying
in this paper is solely related to multiple-phase failures. For this
reason, we do not consider those events with single slip pulses that
show directivity as complex events.

Based upon the resolution limitations of each method, we restrict
our analysis of spatiotemporal patterns to just M > 2 events that fall
within the network (outlined by the black box in Fig. 1).
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Figure 5. The limits of our methods resolution is roughly M 2-2.2 and above this magnitude (grey region) is where we observe a majority of the complex
event. (a) Resolution of detecting complexity in spectra for different magnitude bins. Corner frequency estimates obtained from spectral ratios (yellow line),
frequency where peak-to-peak ratio reaches 1.4 (green dashed line), and 1.8 (green line) in relation to the limit of fitted frequency range at 50 Hz (black dashed
line). 80th and 20th percentiles of each magnitude bin are denoted by error bars. The figure shows that at magnitude 2.1 we can no longer observe accurately
where a peak-to-peak ratio of 1.4 occurs. (b) Pulse width resolution limits. Theoretical pulse width of target events in magnitude bin (black line) and of EGFs
(dashed black line) used for those target events based upon theoretical corner frequency obtained from event magnitude, assuming a stress drop of 2 MPa and
rupture velocity of 3 km/s. The smallest pulse we use is 0.02 (grey dashed line), but theoretically we could be using a smaller width if noise level allowed for
it. However, it does not mean that theoretically we are missing complexity that the EGF could deconvolve to a certain degree below magnitudes 2.4. (c) Ratio
of simple to simple + complex estimates for the different methods between magnitudes 1.4 to 2.8 with a interval of 0.1 (see legend for method). (d) Percentage
of earthquake population within the network (Fig. 1 black box) that have a estimate of complexity (simple or complex) for each 0.1 magnitude bin between the
magnitudes of 1.4 to 2.8.

5 DISCUSSION it easier to resolve complexity in the RSTF on those stations. De-
pending on the network distribution and the event location within it,
5.1 Complexity from spectral and RSTF analyses there could be bias in the observations of complexity, making it hard

to accurately classify it, and therefore it might remain unclassified.
An example of this can be found in Fig. 7, with only three out of the
eight stations showing complexity between the azimuth ranges of
210-90 deg. This is the prime example of why we require the events
we examine to be within the network. These stations indicate there
might be multiple subevents of this event, but there are simply not
enough stations showing such behaviour to definitively classify it,
so our chosen criterion leaves it as unclassified. Also, if the pulses
are overlapped or not well separated in time, the deconvolution pro-
cess will result in a single large pulse depending on the resolution
of the deconvolution, which could be occurring for some of stations
in Fig. 7.

The spectral deviations we observe in our frequency domain
results can have multiple causes, but their agreement with those
obtained by the RSTF results for M > 2.0 implies that the variation

When we examine the spatial distributions of the earthquakes clas-
sified as simple or complex, the patterns resulting from the fre-
quency and time domain methods appear to show different styles of
event occurring more often in certain segments of the fault system
(Figs 6a-b). The non-common events between the two methods are
the cause of the most divergence between results. This can be due to
an event being unclassified by either the time domain (RSTF) or fre-
quency domain (spectral) method (e.g. Fig. 7). One reason for this
lack of classification could be rupture directivity. Both the duration
of the RSTF and any delay between separate pulses of moment re-
lease will be shorter, at stations in the forward direction of rupture,
potentially allowing them to be represented by a single Gaussian
pulse within our resolution limits. For the stations in the direction
opposite to the rupture direction, the reverse will be true making
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same as (d) but for complex classified events. All earthquakes in the relocated catalogue are shown as grey dots. The 1966 M6 earthquake (black star), and
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as squares. The cluster of complex events discussed in the paper is outlined by the orange dashed box.

from the omega-square model represents variation in the rupture,
probably indicating heterogeneities in fault properties and applied
stress (e.g. Koyama 1994). Our findings support those of the pre-
vious observations of similar spectral deviations found for larger
events M 3.2-4.0 by Uchide & Imanishi (2016) in the Hamadori re-
gion of Japan. The RSTF results also support the findings of events
with multiple subevents by Wang et al. (2014) and Fischer (2005).
The observations of these other studies support the conclusion that
this behaviour is not unique to the Parkfield region, or even the San
Andreas Fault system.

At magnitude ranges higher than M 2.6, we are able to resolve 20—
40 per cent of all catalogue events within the network, and complex
events make up 60-80 per cent of these resolved events depending
on method (Figs 5c—d). This high percentage of complex events
indicates that small magnitude events that are routinely modelled
as circular ruptures exhibit significant levels of complexity. This
percentage of simple to complex events is similar to those resolved
by Wang et al. (2014) for parts of northern San Andreas and part
of the Calaveras faults. Fischer (2005) observed 61 per cent events
being complex for M > 2.2 in an intraplate swarm in Central Europe.
For that same magnitude range, we only observe 15 per cent of
events being complex, due to a lot of the smaller magnitudes being
predominately simple. This could indicate a difference between
interplate and intraplate regions ruptures. It’s important to note
that how Wang et al. (2014) and Fischer (2005) define complex
events differs from ours. Wang et al. (2014) defines an event as
complex (referred to as ‘compound’ in their paper) if two Gaussian
pulses produce a significantly large variance reduction compared to
one pulse. Fischer (2005) examined RSTFs and identified complex
events (referred to as ‘Multiple-events’ in their paper) as those
which showed multiple pulses in their RSTFs.

Comparing our results to large events the result of 60—80 per cent
of events M 2.6-3.5 at Parkfield being complex is around the level

observed for (M > 8) events around the world (Danré ef al. 2019).
The observation of high percentage of complex events for M 2-3
events strongly suggest that the assumption that small earthquakes
can be described with a kinematic model for a circular fault (Brune
1970) or the quasi-dynamic model (Madariaga 1976; Kaneko &
Shearer 2014) is not always a reliable assumption. The complexity of
these small events can introduce artefacts and increase uncertainty
and bias in stress drop measurements (e.g. Abercrombie 2021),
and could explain the broad range of stress drops found between
studies for the same sequence (e.g. Pennington et al. 2020). One
way to address this problem is to remove these events and focus on
simple events, well-fit by circular source models (Ruhl ez al. 2017,
Yoshimitsu et al. 2019), however, this too could lead to selection
bias and scaling artefacts.

5.2 Possible causes of complexity

The complexity that manifests both in earthquake source spectra
and in the time domain RSTFs may be caused by a number of
factors, including whether the rupture is assumed to be continuous
or segmented. Due to the small magnitude of these events, it could
be assumed that the ruptures are continuous. Dynamic modelling
of closely located repeating events at Parkfield performed by Wen
et al. (2018) found that simple spectra and RSTFs are associated
with self-arresting ruptures and the complex ones with runaway
ruptures. In these types of ruptures, the factors that control the
complexity in the STF at each station are the directivity effect
and rupture propagation (Wen et al. 2018). For the complexity in
spectra certain factors have been shown to affect the first large
deviation (e.g. hole) in the spectra. These deviations in spectra are
related to the interference of stopping phases (Madariaga 1976).
Its frequency is a function of the radius of the circular fault/fault
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Figure 7. Example of an unclassified RSTF event which has three RSTFs with multiple pulses and four with a single pulse. One azimuth being dominant by
complex RSTFs indicates it could be complex, but since the majority of stations are simple our criteria cannot place it in either. (a) RSTFs for the event. The
text to the left of the RSTF in each box denotes the station. Values to the right of each RSTF is the average variance reduction/average number of pulses/number
of EGFs stacked in the RSTF for the stacked event pairs. The left vertical axis is the azimuth of the RSTF. The grey region outlines the duration of the RSTFs
to emphasize azimuthal variations and are based upon manually picked RSTF durations. (b) Spectral analysis for the event (see description in Fig. 2). The
spectral analysis has the event classified as simple with a peak to peak of 1.5, which is just under the threshold for being placed in the unclassified group for

the spectral results.

length, the direction of rupture propagation and the rupture velocity
(Ben-Menahem 1961; Madariaga 1976; Wen et al. 2018).
Alternatively, if we assume the ruptures are not continuous, then
there could be other possible causes. This is also possible since some
of the complex events occur in structurally complex regions of the
fault, making it possible that their ruptures could be occurring in
areas of heterogeneous stress or strength distributions. This type of
complexity is explained by a number of models such as the asperity
model (Rudnicki & Kanamori 1981), a model in which stress drop
is very heterogeneous with patches of high stress drop (asperities),
and patches which were already broken during previous events and
have zero stress drop. Another model is the Das & Aki (1977) bar-
rier model in which the rupture leaves unbroken patches on the fault
plane. These unbroken patches are interpreted to be high strength
and do not slip during the rupture and stress drop is negative. Fun-
damentally all these models agree that the rupture is heterogeneous

spatially. Depending on when slip occurs during these heteroge-
neous ruptures, they can produce the multiple peaks in the STE.
In these cases, the corner frequency will no long reflect the total
duration, but the widths of each of the slip pulses with the spectra
being dominated by the simplest common pulse (Das & Aki 1977,
Madariaga 1979). The frequency of the spectral hole is controlled
by the delay between the pulses, and their durations, which vary
between stations depending on the directivity and rupture velocity
(Madariaga 1981).

5.3 Spatial patterns

The common events with the same classification from the two meth-
ods that meet our resolution criteria provide the most stable set of
results to interpret (Figs 6¢c—e). As we are prevented by resolution
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of the data from including the smallest events, we are only able to
obtain a very limited picture of the spatial complexity distribution,
and consequently we keep our interpretations appropriately limited.
A region that is dominated by simple events is the segment of fault
north of the 1966 M 6 earthquake (area left of black star Figs 6d—e).
This region of the fault is observed to have high amounts of creep
compared to the segment of the fault to the south of it. The sim-
ple events in this section primarily occur in repeating earthquake
groups (Rubinstein et al. 2012); this consistent style of rupture
suggests that these events are triggering the same fault patches,
and represent single asperity failures. The consistent nature of the
RSTFs indicates that the asperities are relatively isolated and do not
trigger any other fault patches nearby, supporting interpretations of
these asperities as velocity weakening fault patches embedded in a
velocity strengthening matrix suggested by past studies (e.g. Vidale
et al. 1994; Chen & Lapusta 2009).

The region of the fault with the highest concentration of complex
events is a cluster 2.5 km to the south of the 1966 M6 earthquake
(Fig. 6 orange box c—e). Previous examinations of this area inter-
preted high levels of shear and normal stress concentration within
this region due to the fault orientation and relatively complex struc-
ture (Perrin e al. 2019). This cluster also contains a large number of
repeating earthquakes, indicating that some of these events are con-
sistently occurring on the same fault patches, so a portion of them
could represent single asperity failures as in the northern segment
(Rubinstein et al. 2012). The complex events within this cluster
occur abundantly within the hours following the 2004 M,, 6 earth-
quake (Fig. 8). A possible cause of this could be the concentration
of a large amount of stress in this structurally complex area, which
then could allow for the triggering of multiple slip patches or the
changing of self-arresting ruptures to runaway ruptures. This con-
centration of stresses after 2004 M,, 6 is supported by the finding
that this cluster borders a region of high post-seismic creep of 70 cm

to its SW, but the cluster itself has a creep rate of 20 cm (Barbot
et al. 2009).

This increase in stress being the driver behind the increase in
complex events is supported by the observations that a change
in loading rates in lab experiments has been found to effect the
amount of coupling along a fault (Mclaskey & Yamashita 2017).
These variations in seismic coupling due to differing loading con-
ditions can affect the moment (Chen ef al. 2010; Uchida et al.
2015) and stress drop (McLaskey et al. 2012; Abercrombie 2014),
which were found by studies of repeating earthquake sequences in
response to afterslip. This change in coupling could also change
the number of contacts that have the potential to be triggered and
therefore the asperities triggered in a rupture (Chaves et al. 2020).
These changes in loading rate can cause sequences to spontaneously
begin and end, and would explain the sudden abundance and then
absence of complex events in the hours following the 2004 M,, 6
earthquakes.

Based upon these observations, the clearest conclusions that we
can draw are that structurally complex regions (e.g. intersection of
faults) of the fault system appear to host more complex events. This
is likely due to these regions having a higher degree of heterogeneity
in both stress and strength which would facilitate complex source
processes to be more common.

6 CONCLUSIONS

Analysis of 480 earthquakes at Parkfield using time and frequency
domain approaches confirms that rupture complexity occurs in
roughly 60-80 per cent (M 2.6-3) of these resolved events de-
pending on the method choosen.

(i) We find that a combination of methods is best for confirming
and quantifying complexity and that these methods find the same
complexity.
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(i1) The methods are fundamentally limited by the EGF event
duration and instrument limitations. This limitation means that the
best resolved events are M > 2.0.

(iii) The complex events we observe predominantly are located
in areas of structural complexity where heterogeneity in stress and
strength are likely to be observed.

This complexity can be observed both in the slip history of the
event and in its source spectra. This has important implications
for the study of source processes of earthquakes, since it reveals
that use of simple circular rupture model for small events might
not be an accurate assumption. What controls the spatial pattern
of this complexity appears to be related to geologic and structural
features observed by past studies. As well as changes in loading rates
due to the 2006 M,, 6 earthquake. Future research should focus on
better linking frequency and time domain analysis of complexity and
understanding how geologic or specific rupture processes manifest
in each of them.
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seismograms are archived at the Northern California Earthquake
Data Center (NCEDC) under network code BP (Northern California
Earthquake Data Center 2014) and can be accessed at http://se
rvice.ncedc.org/fdsnws/dataselect/1/. The Seismic Analysis Code
(SAC) v. 101.6 (http://ds.iris.edu/files/sac-manual) and ObsPy v.
1.0 (Beyreuther ef al. 2010) were used to process the data. Figures
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(Pawlowicz 2020). All websites were last accessed in 2021 October
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1. Peak-to-peak ratio estimates and the break down of
simple and complex events. (a) Histogram of peak-to-peak ratio es-
timates for all earthquakes and those for the large events. Estimates
indicating simple events fall in the red region (<1.6), undefined in
the grey region (1.6-1.8), and complex events in the blue region
(>1.8). (b) Magnitude versus peak-to-peak ratio with regions that
denote simple (red), undefined (grey) and complex (blue) coloured
similar to (a). With increasing magnitude the number of complex
events increases mainly due to improving resolution that captures
complexity. A trend of increasing peak-to-peak ratios can be seen
with magnitudes > 2.2. (c) Max peak-to-peak ratio versus the fre-
quency that the ratio is recorded at. Most of the observed complex
events observe their peak-to-peak ratio before reaching the resolu-
tion limit of 50 Hz.

Figure S2. Ratio of stations with variance reduction ratios (Ryr)
> 0.9 (Ryroeo) or > 0.8 (Ryrgo) estimates and the break down of
simple and complex events. (a) Histogram of the ratio of stations
with variance reduction ratios > 0.9 (Ryre) for all earthquakes and
large earthquakes. Estimates indicating simple events fall in the red
region (> 80 per cent of stations), undefined in the grey region (40—
80 per cent), and complex events in the blue region (<40 per cent of
stations). For all earthquakes simple events dominate, but this is due
to resolution limits, since when examining just large events we see
a fairly uniform distribution. (b) Histogram of the ratio of stations
with variance reduction ratios > 0.8 (Rygrgo) for all earthquakes and
large earthquakes. Estimates indicating simple events fall in the red
region (=90 per cent of stations), undefined in the grey region (55—
90 per cent), and complex events in the red region (<55 per cent of
stations). (c) Magnitude versus the ratio of stations with variance
reduction ratios > 0.9 (Ryreo). You can observe a increasing number
of simple events with decreasing magnitude, which is an artefact of
resolution limitations.
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Figure S3. Peak-to-peak ratio estimates compared to corner fre-
quencies for different magnitude ranges. Simple events fall in the
red region (<1.6), undefined in the grey region (1.6—1.8), and com-
plex events in the blue region (>1.8). The error bars for each mea-
surement is the 90th and 10th percentiles of distribution of corner
frequencies estimated for all EGFs for each target event. The es-
timate is centred at the mean of all the EGF fc estimates. The
main observation to draw from this is that corner frequency de-
creasing with increasing complexity. This is likely due to the fitted
model fitting the large deviation in the spectra which causes it to
find a lower corner frequency. Examples of this phenomenon can
be found in Supplemental Fig. S4. Another observation is that the
complex events have smaller amounts of error. This could be due
to the corner frequency being lower and the spectra being sampled
logarithmically, which would increase the error for higher corner
frequencies.

Figure S4. (left-hand panel) RSTF’s sorted by azimuth that were
obtained for two events with RSTF to the SE and NW of hypocentre
denoted and rupture directivity denoted on the focal mechanism of
the fault plane that best aligns with the San Andreas Fault. Values
to the right of each RSTF is the average variance reduction/average
number of pulses/number of EGFs stacked in the RSTF for the
stacked event pairs. The text to the left of the RSTF in each box
denotes the station. The left vertical axis is the azimuth of the station
that the RSTF is from. The grey region outlines the duration of the
RSTFs to emphasize azimuthal variations and starts at the 25th
percentile and end at the 75th percentile of the RSTFs distribution.
(Right-hand panel) The spectral ratio for the same EGF event used
to make the RSTF for the same station. (a) Is defined as complex
and (b) defined as simple. The two important observations to be
made from this figure is that for (a) the spectral ‘hole’ decrease in
frequency with increasing delay time between pulses. The second
major observation is for the simple event (b). The high frequency
content increases (increasing fc) with decreasing pulse width of the
RSTF. Both these observations show that the spectra is reflecting
the observations of the RSTFE.
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