
Nucleation of An Mw 5.0 Earthquake: Fault Activation, Immediate Foreshocks and Seismic Nucleation Phase

1. Background

Time-spatial Analysis

Fig. 4. The immediate foreshock sequence that started ~370s prior to the Mw 5.0. (a) Envelope of the foreshock 

sequence in the RHZ station. (b) Map view of the immediate foreshock sequence. (c) Fault plane view of the sequence 

with estimation of stress perturbations of three ML≥1.5 (assumed stress drop: 15 MPa). The dashed circle and arrow are 

the inferred rupture area and rupture direction of the initial impulse (refer to Fig. 6).

The Mw 5.0 earthquake 
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3. Immediate foreshocks (~370s)
5. Summary

4. Seismic nucleation phase (0.54s)

Earthquake nucleation models

◆Pre-slip model (Large Lc): Foreshocks are driven by pre-slip, and seismic nucleation 

phase is the transition from aseismic slip to seismic slip in the nucleation zone

◆Cascade model (small Lc): Foreshocks are triggered by stress transfer, and seismic 

nucleation phase is a collection of subevents
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Fig. 5. Seismic nucleation phase of the Mw 5.0 earthquake. (a) Map view of locations that excite the initial P and runaway P 

(red and magenta stars). (b-e) Displacement (top) and velocity (bottom) in the Z component of near-fault stations aligned by initial 

P arrivals. Displacements of initial P arrivals (darkred) are scaled with scale numbers labeled.

Fig. 6. Subevents during seismic nucleation phase. Four subevents were identified between the 

initial P(P0) and the breakaway P(P5) among the Z component of the five near-fault stations. 

Amplitude of the broadband station, ZJP, is reversed for illustration.

Fig. 7. Earthquake nucleation constrained by horizontal 

velocity polarity. (a) Map view of the hypocenter (1), the 

breakaway asperity (2)  and a second breakaway asperity (3). (b-d) 

Horizontal particle motions in three stations.
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Fig. 1. Schematic plot illustrating the “Pre-slip” and “Cascade” earthquake nucleation models. Lc: length 

of the nucleation zone. (Modified from Ellsworth and Beroza, 1995)
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Due to the long absence of near-fault observations, earthquake nucleation physics on 
natural faults remain poorly understood 

Fig. 2. Location of the Mw 5.0 earthquake with activation foreshocks and 

aftershocks plotted. ML≥3.5 events are highlighted in stars.

2. Fault activation (11 months)
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◆Fault activation initiated by injection operations and lasted for 11 months

◆Activation zone took up 16% of the final rupture area

◆Downward-migrating activation front marches towards the final ML3.5 & Mw 5.0

◆Aseismic slip may be responsible for the long-term activation (Zi and Yang et al., 2024)

◆Located in the Weiyuan 

Shale Gas Field, Sichuan 

Basin, China

◆A reverse faulting event 

strikes at NE with shallow 

hypocenter (4.7 km)

◆Near-fault stations with 

closest distance of 1.3 km

Fig. 3. The 11-month 

fault activation history.

(a) Distribution of 

foreshocks and aftershocks 

on the fault plane. (b) 

Magnitude vs. time plot. 

(c)  Approaching 

activation front w.r.t. the 

Mw 5.0 hypocenter.

◆ Subsequence I (events 1-6) ◆ Subsequence II (events 7-9)

• Spatial closeness

• Accelerating rates and magnitudes

• Event 7,8 too weak to trigger 9

Pre-slip might be involved

• ML3.5-aftershocks, decreasing 

occurrence rates and magnitudes 

• 0.39 bar shear stress perturbations 

on Mw5.0 hypocenter

Cascade model explains

◆Seismic nucleation phase lasts 0.35-0.56s among the five near-fault stations

◆Breakaway asperity in the SW with a shallower depth

◆S waves arrived later than breakaway P

◆P0-P4 stage (0-0.32s): Identical wtih slight 

differences among arrivals of P0-P4→ 

Confined nucleation zone (radius ~370m, 

1.2 km/s)

◆P4-P5 stage (0.32-0.54s): Amplitude of 

broadband velocity seismogram (ZJP, 0.02-

50 Hz) decreased before breakaway phase 

(commonly observed in seismic nucleation 

phase, Ellsworth and Beroza, 995). While 

strong short-period amplitudes (RHZ and 

TGT, 5-50 Hz) were observed.

Episode 2

Failure of the breakaway asperity 

led to change of velocity field

Episode 1

Localized nucleation in a confined 

nucleation zone

Episode 3

Failure of a second stronger 

asperity overwhelmed previous 

velocity field. P waves arrived 

0.63s and 0.70s in the TGT and 

ZJP station after the initial P arrival 

Velocity field variation

Subevents

Fig. 8. Schematic plot of the nucleation of 

the Mw 5.0 earthquake.
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A downward migratory in the fault activation zone (11 months-Mw 5.0)

Immediate foreshocks in the edge activation zone (~370s-Mw5.0)

Nucleation zone around the hypocenter with ascending HF. amplitude (0-0.54s)

Failure of a large asperity in the fault activation zone

Triggered failure of a second larger asperity outside the activation zone (Dual initiation)
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◆Nucleation of the Mw 5.0 earthquake is a combination of the “Cascade” and the “Pre-slip” 

processes 

◆Shallow crustal earthquakes nucleation can involve a large activation zone with long-term 

migratory activation and a small localized nucleation zone with radius of hundred meters

◆Expansion of  earthquake after nucleation ends can include successive failure and distant 

triggering effects.

Low-frequency energy recorded by broadband 
station are rich during the initial localized 
nucleation stage(0-0.4s) and falls off when 
nucleation ends

Final rupture area

Activation zone

2nd  init.
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