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Abstract The potential relationship between surface creep and deeper geological processes is unclear,
even on one of the world’s best-studied faults. From June to August 2021, a large creep event with surface slip
of more than 16 mm was recorded on the Calaveras fault in California, part of the San Andreas fault system.
This exceptionally well-instrumented event provides an excellent opportunity to investigate the relationship
between earthquakes and large surface creep. We therefore tripled the number of earthquakes in the North-
ern California Earthquake Catalog in the region of the creep event for all of 2021. This was accomplished by
implementing earthquake detection techniques based on both template matching (EQCorrscan) and Al-based Received:
automatic earthquake phase picking (PhaseNet). After manualinspection, the detected earthquakes were first Apr';l 25, 202_4
located using Hypoinverse and subsequently relocated via GrowClust. Our enhanced catalog indicates that September 16, 2024
the spatiotemporal pattern of earthquakes here is not strongly influenced by the creep event and is better ex- Published:
plained by structural heterogeneity than transient stress changes, indicating a decoupling of seismicity and October 2,2024
surficial creep on this major fault.

ACCepted

Non-technical summary Creep events are episodes of accelerated aseismic slip observed on the
surface of faults and their connection to deeper fault segments remains unknown. Our study focuses on one
of the most significant creep events on the Calaveras Fault, with a surface displacement exceeding 16 mm. We
aim to explore whether or not there is interaction between surface creep and deep earthquake activity. We
improve the earthquake catalog during the creep event by applying Al-based detector and template matching
techniques to find additional small earthquakes, not reported in the standard Northern California Earthquake
catalog. We locate these new events and relocate all seismicity using a consistent velocity model and loca-
tion algorithm. Our results show that initially observed earthquake migration during the creep event is not
distinguishable from prior earthquake patterns, and thus it is not convincing that the migration reflects the
propagation of deep slipping patches. The earthquake activity is similar to the historic distribution of earth-
quakes, which has a persistent gap in seismicity along the fault. This suggests that structural heterogeneity
may be a prevailing factor controlling seismicity.

1 Introduction at multiple locations since the 1960s (Schulz, 1989).

The U.S. Geological Survey creepmeter station XSH1

The Calaveras fault segment between Gilroy and Hol-
lister (Figure 1) is capable of generating both earth-
quakes and aseismic slip. This segment experiences
earthquakes with a range of magnitudes from micro to
moderate (1<M <4) at depths between primarily 2 and
10 km, indicating that the fault is not entirely locked
(Schaff et al., 2002). Additionally, both steady creep and
accelerated aseismic slip episodes have been observed
on the fault surface here (Evans et al., 1981; Schulz
et al., 1982). This segment of the Calaveras fault is also
conspicuous for being at the transition between locked
to the north and creeping to the south (Oppenheimer
etal., 1990). Thus, it is an excellent place to study the in-
teractions and relationships between creep events and
earthquakes.

Creep events on the Calaveras have been observed

*Corresponding author: lhuang56@ucsc.edu

recorded one of the most significant recent Calaveras
creep events between June and August 2021 with a to-
tal slip of 16 mm occurring over two separate transient
episodes. Although XSH1 has intermittent historical
records, this instrument has detected at least six creep
events larger than 10 mm since 1974 (Figure S1; Historic
creep events recorded by creepmeters XSH1, HLC1, and
HLD1). Notably, the 2021 event is larger than most of the
historic creep transients recorded at this station. Creep
events on other faults are typically smaller than 20 mm
(Gittins and Hawthorne, 2022). The plate velocity at this
site is approximately 15 mm per year (Chaussard et al.,
2015; Li et al., 2023; Schulz et al., 1982), so this specific
creep event accounted for the slip deficit accumulated
over approximately one year.

Creep events recorded on surface creepmeters are
generally thought to be shallow surface movements,
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yet determining their depth extent remains challeng-
ing. Some studies investigating creep events on the
Calaveras Fault, including creepmeter and strainmeter
observations and accompanying kinematic modeling,
suggest at least some creep events are shallow (Evans
etal., 1981; King, 2019; Slater and Burford, 1979). Evans
etal. (1981) utilized near-field strain data to examine the
depth extent of two creep events on this same Calaveras
fault segmentin 1977. Their analysis showed that one of
the creep events with 9 mm of surface displacement had
a horizontal extent of between 6.6 and 8.4 kilometers
and did not extend deeper than 500-1400 meters. Git-
tins and Hawthorne (2022) conducted a detailed investi-
gation of creep events on the creeping section of the San
Andreas Fault with a range of magnitudes. They found
that some creep events are isolated, being recorded at
only one or two stations, while others extend more than
10 km and possibly up to 31 km and are detected at mul-
tiple creepmeters. The largest creep events sometimes
skip intermediate surface creepmeters, implying that
the slip is continuous at depth while segmented on the
surface. A study focused on the North Anatolian Fault
combining creepmeter data and shear strain rates in-
dicated that the depth of creep events extended to 3-7
km (Bilham et al., 2016). Furthermore, standard elas-
tic theory would suggest that the depth of creep events
is comparable to their horizontal extent, implying that
the large creep events with significant horizontal extent
are likely to extend into the seismogenic zones (Segall,
2010). If we assume a ratio of slip to length similar to
that of the Evans et al. (1981) event, the 2021 creep event,
which is characterized by a slip displacement of 16 mm,
may have occurred over a patch exceeding 12 kilome-
ters in horizontal extent, with potentially commensu-
rate effects at depth.

The triggering relationship between earthquakes and
creep events also motivates further study. Previous re-
search has reported surface creep triggered by local
and remote earthquakes (Allen et al., 1972; Bilham and
Castillo, 2020; Hirao et al., 2021; Tymofyeyeva et al.,
2019; Victor et al., 2018), in some cases with aseis-
mic slip propagating days after the earthquake (Bil-
ham and Castillo, 2020). There are also observations of
earthquakes preceded by creep events or shallow aseis-
mic slip (Heimpel and Malin, 1998; Linde et al., 1988;
Thurber, 1996; Thurber and Sessions, 1998).

By examining the Northern California Earthquake
Data Center (NCEDC) catalog (NCEDC, 2014) (Figure 2),
Bilham et al. (2021) suggested a potential southeastward
migration of microseismic clusters during a time pe-
riod spanning March to August 2021, associated with
the 2021 Calaveras creep event. Concurrently, they ob-
served an increase in Radon and CO, gas emissions de-
tected at a proximal borehole. This postulated earth-
quake migration pattern initiated approximately 10 km
north of the creepmeter station XSH1 in March and was
characterized by an increase in earthquake activity. Fol-
lowing a hiatus in seismicity, earthquake activity in-
creased southward, locating directly beneath the creep-
meter in June and coincident with the onset of acceler-
ated surface slip. Seismicity then moved farther south,
culminating in a notable earthquake cluster in July/Au-
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Figurel Map of the study region and instruments. North-
ern California Seismic Network (NCSN) seismic stations
are shown as red (used) and transparent (unused) trian-
gles. GPS stations are shown as blue circles. Creep-
meters are indicated with the hexagons with only XSH1
operating during the 2021 creep event. Template earth-
quakes from the Double Difference Real Time (DDRT) Cat-
alog between 2012-2021 are shown as pink circles, sized by
magnitude. Faults plotted are from the USGS Quaternary
Faults and Folds database (https://www.usgs.gov/natural-
hazards/earthquake-hazards/faults). Inset map of Califor-
nia shows the location of the study region as a red box.

gust that coincided with the largest surface displace-
ment; however, by this time the seismic activity had al-
ready moved past the creepmeter to the south (Figure
2). The lag between aseismic slip at depth, implied by
the earthquake migration pattern, and the slip at the
surface offers a promising way to improve our under-
standing of the propagation of aseismic slip, the rela-
tionship between propagating slip episodes and micro-
seismicity, and the horizontal and vertical extent of the
creep event.

In this study, we aim to expand the catalog of
recorded earthquakes in the region of the 2021 creep
event for all 0of 2021 and explore the temporal and spatial
pattern of the microseismicity to elucidate the relation-
ship between earthquakes, surface creep, and potential
aseismic slip at seismogenic depths.
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Figure2 NCEDC Seismicity and Creep Data Correlation on the Calaveras Fault in 2021. (a) Left y-axis: histogram of seismic
events (gray bars); right y-axis: earthquake magnitude (circles), and continuous displacement measured by creepmeter XSH1
(red line). The earthquake circles are sized by magnitude and colored by latitude. Yellow bar highlights the time window from
March 1st to September 1st. Black vertical dashed lines mark the dates of aseismic transients. (b & c) Map view (b) and profile
(c) of seismic activity recorded between March and August 2021. Earthquakes are sized by magnitude and colored by time.

The yellow hexagon represents creepmeter station XSH1.

2 Data and Methods

Our processing procedure includes P and S wave phase
detection and association using various methods, earth-
quake location, relocation, and local magnitude calcu-
lation for events occurring in 2021 over a relatively large
region surrounding the 2021 Calaveras creep event.
Many of the events detected and located occur out-
side our primary region of interest, as indicated by the
dashed red box in Figure 1. To maintain the consis-
tency and completeness of the catalog, we focus only
on the events located in the area of interest. This work-
flow allows us to build a comprehensive catalog for
the study area without overlooking any significant, de-
tectable events.

2.1 SeismicData

We have chosen 21 seismic stations (Figure 1) from the
Northern California Seismic Network (NCSN) strategi-
cally located around the area of interest, all of which

3

have been in continuous operation from 2012 to 2022.
The 21 seismic stations used for this study include a vari-
ety of instruments: some stations have broadband seis-
mometers, others have accelerometers, and some are
equipped with short-period seismometers. The specific
type of instrument at each station varies based on wave-
form availability.

2.2 Earthquake Detection

To maximize the detection of seismic body wave ar-
rivals, we employ a dual approach: We utilize a
deep neural network-based earthquake phase picker,
PhaseNet (Zhu and Beroza, 2019), and perform template
matching via EQcorrscan (Chamberlain et al., 2017).
Trained on over 600,000 waveforms from the NCEDC
which encompasses our area of interest, PhaseNet of-
fers reliable performance. The method can detect P and
S arrivals on single-station waveforms and estimate the
probability of each pick. In this study, PhaseNet facili-
tated the detection of 1,099,601 P arrivals and 1,291,841
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S arrivals with a confidence level exceeding 0.3 in the
year 2021. Although most of these arrivals are unas-
sociated or pertain to earthquakes outside the research
area, they have been instrumental in identifying numer-
ous new seismic events.

EQcorrscan specializes in recognizing body wave ar-
rivals for repeating and near-repeating earthquakes that
have highly correlated waveforms with template events.
For this analysis, we drew upon 1,893 earthquakes from
the Real-Time Double-Difference Catalog (DDRT) span-
ning 2012 to 2021 as template events, plotted as pink dots
in Figure 1 (Waldhauser and Schaff, 2008; Schaff and
Waldhauser, 2005). During 2021, there were 5413 picks
detected as matched events with a cross-correlation co-
efficient higher than 0.6 for at least four stations. After
removing the picks that were repeated matches or de-
tected by PhaseNet and the NCEDC catalog, this strategy
enabled the identification of 345 new P arrivals, with S
arrivals being identified manually.

Following a careful manual inspection of the quality
of the obtained picks, we apply the rapid association
algorithm REAL (Zhang et al., 2019) to associate them.
This algorithm conducts a grid search in the vicinity of
the closest station, counting the number of picks that
fall within the arrival time residual threshold for each
grid cell. It then identifies the grid cell with the opti-
mal convergence of the highest number of picks and the
smallest average arrival time discrepancy as the source
location. In this study, we limit our associations to
events with a minimum of 4 P arrivals and 5 total ar-
rivals and which have a residual arrival time under 0.6
seconds. The grid utilized for the search measured 0.2°
and 2 km in horizontal and vertical spacing. As a result
of this process, 3527 events were generated during 2021.

2.3 Location and Relocation

We employ the HYPOINVERSE program (Klein) to de-
termine earthquake locations. Through extensive test-
ing of various earthquake location programs, we have
found that the accuracy of earthquake locations, partic-
ularly for smaller events with fewer picks, is highly de-
pendent on both the location method and the velocity
model employed. Since we want to jointly relocate his-
torical events from the NCEDC catalog, we opted for the
HYPOINVERSE program in alignment with their prac-
tices. This approach ensures consistency as we also
adopt the same station corrections and velocity models
used in the NCEDC catalog. Details regarding the ve-
locity model, error analysis of the locations, and error
comparison with the NCEDC catalog are included in the
supplementary materials.

Next, we utilize the GrowClust program to facilitate
relocation (Trugman and Shearer, 2017). GrowClust
stands out for its high computational efficiency as a rel-
ative earthquake relocation algorithm. Initially, it es-
tablishes the cluster relationships between event pairs
based on the cross-correlation coefficient of waveforms
at identical stations and the distance between origi-
nal locations. Subsequently, it relocates the clustered
events employing a grid-search algorithm to a new lo-
cation that minimizes the differential arrival time resid-
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ual between the event pairs. In this procedure, we
incorporated 1,893 events from the Real-Time Double-
Difference Catalog (DDRT) to ensure a substantial num-
ber of events were both clustered and relocated. With
a correlation coefficient threshold of 0.9, this approach
resulted in the relocation of 2002 events out of a total of
3326 in the year 2021.

2.4 Local Magnitude

We computed the local magnitude for all earthquakes
recorded in 2021, incorporating events from the NCEDC
catalog to maintain consistency, as prescribed by meth-
ods detailed in Gutenberg and Richter (1956) and Bakun
and Joyner (1984). For each event, we determined the
maximum half peak-to-peak amplitude A(mm) within
a time window that encompasses both P and S arrivals.
The local magnitude was then calculated at each station
equipped with two horizontal channels, utilizing the fol-
lowing equation (Bakun and Joyner, 1984):

ML = lOgl()A + lOgl()D + 0.0031D + 0.7 (l)

Here, D represents the distance between the
hypocenter and the station. We established the final
magnitude value by calculating the mean of the mag-
nitude measurements obtained across all available
stations. Through this method, we derived the local
magnitudes (M) for 3326 earthquakes in 2021.

3 Results

By integrating multiple detection techniques with a con-
sistent earthquake location and relocation algorithm,
we substantially increased the spatial and temporal res-
olution of the earthquake activity in the region for the
year 2021. In the study area, we increased the number
of recorded earthquakes from 85 to 275, revealing many
previously undetected small events (Figure 3). Notably,
our earthquake magnitude of completeness is 0.5, de-
termined by minimizing the average square error of
the fitted Gutenberg-Richter law, with the b-value esti-
mated following Maximum Likelihood Estimation (Aki,
1965). This represents a significant improvement com-
pared to the magnitude of completeness of 1.4 from the
NCEDC catalog. The enhanced detection of smaller-
magnitude events is crucial for understanding the rela-
tionship among earthquakes, creep events, and struc-
tural heterogeneity.

Our enhanced catalog shows the same southeastward
migration of earthquake clusters as observed in the
NCEDC catalog (Compare Figures 2a and 3a). How-
ever, contrary to expectations, the newly added events
in April and May introduce more variability to the over-
all migration pattern rather than reinforcing and clari-
fying its continuous southward propagation. The newly
discovered April to May seismicity is located south of
the June cluster and therefore interrupts the monotonic
southward migration pattern from cluster 1 to cluster 3
(Figure 4c) initially noted by Bilham et al. (2021). The
lack of a systematic pattern in seismicity suggests that
the earthquake locations are not strongly influenced by
the surface creep event.
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Figure3 2021 Seismic Catalog Overview. (a) Earthquake Magnitude and Spatial Distribution: The plot shows earthquakes
ascircles (sized by magnitude and colored by latitude) against a background histogram (gray bars) of seismic event frequency.
The continuous displacement recorded at creepmeter XSH1 is depicted as a red line. White-edged circles indicate newly de-
tected seismic events. Black vertical dashed lines mark the dates of aseismic transients. (b) Comparative Magnitude Analysis:
This figure displays the magnitude distribution of the produced catalog (blue squares) alongside the network catalog (light
blue squares). The Gutenberg-Richter distribution fit for both catalogs is shown, with the produced catalog represented by
black dots and a red dashed line, and the NCEDC catalog by green dots and a green dashed line.

The distribution of earthquakes revealed by our en-
hanced catalog is very similar to the historical seis-
micity distribution between 2012 and 2020 (represented
as grey dots in Figure 4b) from the Double-difference
Earthquake Catalog for Northern California and the
Real-Time Double Difference catalog (Waldhauser and
Schaff, 2008; Schaff and Waldhauser, 2005). A signif-
icant 75% of events in our catalog are clustered with
the historical events from 2012 to 2020, based on a
cross-correlation coefficient criterion of 0.8. Notably,
a distinct feature of both seismicity patterns is evi-
dent around latitude 36.9° (Figure 5), where historically
fewer earthquakes have been recorded and the nor-
malized accumulated seismic moment is substantially
lower than in other areas. During the period of one of
the largest creep events, and despite lowering the mag-
nitude of completeness and more than tripling the num-
ber of earthquakes, there were minimal new detections

5

in this seismicity gap. This suggests that even if the
creep event has some influence on the seismic activity,
it does not outweigh the prevailing structural control of
seismicity in this region.

4 Discussion

4.1 Distribution of accumulated seismic mo-
ment

The distribution of accumulated seismic moment of
earthquakes in our catalog along the fault trace is cal-
culated and normalized by time and distance (Figure
5). The along-fault distances of the earthquakes are
measured from the northwest point of the reference
line in Figure 4a to the projections of the earthquakes
on this line, and they are further illustrated in Figure
S7 (along-fault distance of earthquakes). We generated
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rate. The red line shows the fault surface slip recorded by creepmeter XSH1. For comparison, Figure S4 shows the same data

but includes only events above the magnitude of completeness.

moment accumulation plots for two distinct time pe-
riods to more clearly illustrate how the smaller events
in our expanded earthquake catalog disrupt the mono-
tonic southward migration pattern identified between
March and August 2021 in the NCEDC catalog. Both
time periods indicated in Figure 5, March 20-May 20 and
May 21-September 1, possess an apparent southward
migration of seismic moment and are not strongly dis-
tinguishable from the background pattern (gray lines in
Figure 5, further illustrated in Figure S8). Notably, a gap
in seismicity present between 1984 and 2020 around lat-
itude 36.9° persists during the creep event, and demon-
strates the prevailing effect of structural heterogene-
ity on seismic activity since at least 1984. Additionally,
the level of seismic activity during this period was not
stronger than historical patterns, implying that the seis-
micity is not sufficiently distinct to robustly indicate an
influence by the surface creep, even though the timing
appears to align well.

This seismicity gap is approximately 1 km wide along

the Calaveras Fault (Figure 4) and in addition to reduced
seismic activity this region also has a lower slip rate
compared to adjacent sections of this fault (Li et al.,
2023). The lower seismic activity and reduced slip rate
strongly suggest that this segment of the fault is locked,
implying that a particular characteristic is actively pre-
venting the release of accumulated stress in this area.
A plausible explanation involves variations in frictional
properties along the fault zone, potentially attributed
to differences in lithology (Marone, 1998). Although
detailed geological information at depth is unknown,
outcrops in the nearby region support lithologic het-
erogeneity (Wahrhaftig et al., 1993). In particular, an
outcrop of older gravels that correlates with the locked
area suggests a lithologic and potentially structural het-
erogeneity that might continue to depth (Dibblee and
Minch, 2006). A physically viable hypothesis is that a
sliver of rocks with intrinsically higher frictional resis-
tance, such as sandstones, quartzites or unaltered ig-
neous rock, dominates the area impeding slip and thus
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reducing seismic activity. Alternatively, the presence of
a significant geometric anomaly, such as a large ‘bump’
on the fault surface, could increase the frictional resis-
tance, effectively stabilizing this segment of the fault
(Eijsink et al., 2022). A third possibility is that hydroge-
ologic factors could play a role and lower pore pressure
here would result in higher effective Coulomb stress. In
the absence of direct evidence for any of these three
physical possibilities, we favor one of the first two as
most plausible given the geometry, compression ridge
and known heterogeneity of lithologies rafted along the
San Andreas.

4.2 Interpretation of migration

Although we observe increases and decreases of seismic
activity at various locations over time that are consistent

7

gure S5 shows the same data but includes only events above the

with a southeastward migration, the overall pattern is
neither continuous along the fault nor monotonic, lack-
ing consistent detail. Furthermore, it is indistinguish-
able from other regional short-term migrations. For in-
stance, the newly discovered April to May 2021 seismic-
ity located in the most southern section led to a seis-
micity pattern from March to May with a southward mi-
gration, similar to the one from June to August (dashed
gray arrows in Figure 4c). Therefore, it would be impru-
dent to rule out the possibility that these migrations are
coincidentally arranged spontaneous seismicity and in-
terpret the migration pattern as indicative of aseismic
creep at depth.
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4.3 Impact of velocity model on depth deter-
mination

The lack of a pattern in the depth distribution of the
earthquakes accompanying the surface creep event
(Figure 4b) is critical to our interpretation that seismic-
ity appears unresponsive to the 2021 creep event. It is
therefore important to access the accuracy of our depth
determinations and their dependency on the velocity
model. We evaluated earthquake depths determined us-
ing Hypoinverse and multiple, region dependent, veloc-
ity models adopted by the NCEDC compared with those
determined using a single local velocity model (Coy-
ote Lake). Our results demonstrate how the selection
of the velocity model significantly affects the depth es-
timations and can introduce misleading artifacts. For
example, the average depth of earthquakes in our 2021
catalog calculated using a single velocity model (Coyote
Lake) is 1 km shallower and has a strong southeastward
shallowing trend compared to depths determined with
multiple velocity models (compare Figures S6a and 6b).
This same shallowing trend is evident when we use the
Coyote Lake velocity model and NCSN arrival times to
locate all events in this region between 2000-2020, but
disappears when multiple velocity models are employed
(Figure Séc). Our tests on the effect of different veloc-
ity models on earthquake depth suggest that apparent
depth migrations are not always robust and may be an
artifact introduced by the velocity model. It is note-
worthy that earthquake depth determinations are gen-
erally less reliable than epicentral locations. Therefore,
maintaining uniformity in velocity models and location
methodology is crucial to compile a new catalog and to
compare or integrate it with existing catalogs.

5 Conclusion

We enhanced the earthquake catalog in the study region
in 2021 by applying multiple detection methods. We
improved the locations, more than tripled the number
of earthquakes, and decreased the magnitude of com-
pleteness significantly. Our results show that one of the
largest surface creep events recorded on the Calaveras
Fault, with 16 mm of displacement, does not have obvi-
ous manifestations in seismicity. The pattern of the ac-
cumulated seismic moment in the study time window
is not distinguishable from that of the prior seismicity,
which indicates that these earthquakes are not neces-
sarily influenced by the temporal stress change of the
surface creep event. The location of all detected earth-
quakes in 2021 is consistent with the pattern of histor-
ical seismicity. The accumulated seismic moment be-
tween 2000 and 2020 near latitude 36.9° is significantly
lower than other regions of the fault and this seismicity
gap is evident during the 2021 creep event. Our results
suggest that seismicity here is mainly controlled by per-
sistent structural heterogeneity that has existed since at
least 1984.
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