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Results Migration

We applied 2 different methods to improve the earthquake catalog:
1. Template matching using Eqcorrscan (Chamberlain et al., 2017):
- Template events: 944 relocated earthquakes from real-time double-difference 

(DD-RT) (Waldhauser & Schaff, 2008) within the study area from Jan. 1, 2012-
Dec.31, 2021.

- Detection threshold: average correlation coefficient > 0.6 at at least 3 stations.
- 93 new events are matched from Jan.1 to Sept.1, 2021.
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Figure 1: Seismicity map of the
Calaveras fault area. The study
region is marked by the red dashed
line.

Introduction
Bilham et al. (SCEC poster 2021)
reported a creep event on the
Calaveras fault from June to August
2021 with a surface slip of more than
20 mm recorded by creepmeter
XSH1. This event was accompanied
by along-fault, north to south
migration of seismicity and Rn and
CO2 flux increases.

Research Question
Could an improved seismicity catalog
reveal more details about the
seismicity migration and therefore the
relationship between the deep and
shallow slip?

Improving the Earthquake Catalog

Figure 2: One example of matched events with average correlation
coefficient 0.7 at 10 stations. Template time: 2021-06-20T13:49:19.720000Z,
Detection time: 2021-06-19T12:16:50.654140Z

2. Detecting earthquakes using 
EQTransformer (Mousavi et al., 2017):
§ Continuous waveforms at 14 stations

(Fig.1) from Mar. 1 to Sept.1 2021.
§ Detecting threshold: 0.1.
§ Manually selected to eliminate false

detections and catalog events.
§ 243 detections. (June to Aug. 2021)
Locating earthquakes using 
ANTELOPE:
§ 1D velocity model(Oppenheimer et al.,

1993)
§ The horizontal distance between

matched events location and
corresponding templates are less than
3km, mostly less than 2km. But the
depth locations are not well.

§ Needed to be relocated in the future.
Figure 3: One example of detected events with phases picked at 7 stations.

Figure 4: Seismicity map including 25
earthquakes from the DDRT catalog (dots with
black edges), 30 template-matched events and
38 EQT detected events (dots without edge).
Dots are color-coded by time.

Figure 5: Seismicity migration, color coded by latitude and slip data recorded at
creepmeter XSH1. DDRT catalog events: black-circled dots. Detections: white-circled dots.

1. The seismicity shows a
southeastward migration of clusters
from June to August 2021. (Fig. 4, Fig.
5, Fig. 6)

2. Slip at the surface begins with a very 
small amplitude as seismicity 
migrates directly below the 
creepmeter on June 18. (Fig. 5)

3. The migration of deep slip (reflected 
by the seismicity) and shallow slip 
(reflected by the surface creepmeter) 
do not correlate exactly. Surface slip
increases to its maximum value in the
form of 2 creep events on Aug. 6 and
Aug. 15 about 50 days after the 
seismicity has passed. (Fig. 5)

4. The total seismicity per day and
transient slip increases are correlated.
Increasing seismicity and surface 
creep is observed on June 18, July 10
and Aug. 6. (Fig. 5)

5. Small earthquakes between the first 
two clusters(lat 37 & lat 36.94) are 
detected, but we didn’t find much 
events in the 36.9~ 36.93 latitude 
range.

Figure 6: Latitude vs. time. The inside plot shows the earthquake migrating distance
(horizontal) increasing over time. The inset figure presents the migrating distance vs. time.

Figure 7: Schematic illustration of slip migration (dashed contours)
earthquakes from the DDRT catalog with well determined depths.
Detected events are not showed due to lack of accurate depth location.
Why isn’t the creep event corelated with the timing of seismicity 
migration?
We interpret the seismicity migration as a set of slips propagating 
both upward and southeastward as shown in Figure 7.
Around June 18, the events right below the creepmeter were 
triggered before creep reached the surface. This event was 
accompanied by a permeability increase and surface gas escape 
(Bilham et al, 2021).
Around July 10, earthquakes migrate closer to the southeast cluster, 
and the migration is getting slower.
Around Aug. 5, the slip migrates further south and upward, triggering 
some earthquakes and a large amount of surface creep.

Previous Creep Events

Further questions
1. Triggering between the earthquakes should be considered.
2. What controls the migrating velocity of earthquakes? (inset

figure of Fig. 6)

We examined seismicity patterns associated with all creep events 
since 1974 larger than 5mm recorded at creepmeter XSH1. Only 2 
of the 9 events show seismicity migration.

Figure 8:
1979-08-06 creep event
(12mm) and 1979-08-11
creep event (4mm). An
M4.7 earthquake occur
right after the first
creep event, and the
seismicity migrates
both southeastward
and upward.

Figure 9:
1996-01-29 creep event
(10mm). A cluster of
earthquakes (maximum
mag M3.9) precede the
creep event and shows
a migration towards the
southeast and deepens.

Conclusions
1. The seismicity migration associated with the large 2021 

surface creep event is consistent with slow vertical migration 
of slip to the surface, possibly triggered by fluid flow (Bilham 
et al., 2021).

2. The history of creep events on the Calaveras fault that show 
both seismicity preceding surface creep (like the 2021 event ) 
and seismicity following surface creep suggests fluid flow as a 
trigger for most creep events.
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