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Source Physics Experiment: Background
Colin Pennington 
LLNL-CFPRES-2014978



Source Physics Experiment: Data
Regional Data Array Data

Colin Pennington



Source Physics Experiment: Earthquakes
Most events from SPE 1-2 are small 
aftershocks from the explosions

Natural earthquakes occur on the southern part of 
the test site. They are the focus of SPE 3

Colin Pennington



Lake Almanor
● 2023 May 11 Mw 5.5

(Also 2013 May 24 Mw 5.7)
● Relatively sparse network coverage

○ 1 strong-motion < 10 km
○ 2 broadband < 25 km

● Nodal deployment
○ 34 nodal stations within 5-10 km of 

mainshock (May 13 - July 27)
● Relocated 2013-2025 catalog with velocity model, 

focal mechanisms, ground motions/site spectra 
(work led by Clara Yoon & Grace Parker)

● Interesting scientifically (dams, capable of M > 6)

Name: Rob Skoumal 



Lake Almanor (cont.)
● Overall:

○ 57 earthquakes (M2.5+) 
○ 85 stations
○ 1729 records

Name: Rob Skoumal 

 

 

● Nodes:
○ 22 earthquakes (M2.5+)
○ 34 stations
○ 425 records



Calaveras/SAF Branch
● Variable slip behavior across the fault branches
● Faults and seismicity are relatively well-characterized by prior studies 

(e.g., Bakun et al., 1984; Taira et al., 2014; Waldhauser and Schaff, 2021, etc.)
● Important to SF Bay Area hazard
● Unusual site effects in Tres Pinos (southern end of area)

Name: Elizabeth Cochran

Only stations with at least 1 year of data are included



Calaveras/SAF Branch
● Earthquakes since 2000:

○ 6 M4.5+ since 2000 (4 M4.5+ since 2010)

○ 1869 M2.5+ since 2000 (1078 M2.5+ since 2010)

● Stations:
○ 81 stations in the study area running for at least 1 

year: 33 accel+seis; 44 seis only (including 7 PB 
borehole stations); 9 accel only.

Name: Elizabeth Cochran

Only stations with at least 1 year of data are included



Why Parkfield?

Parkfield is uniquely suited to address 
two key science questions:

(1)  What is causing spatial variations in 
average Δσ (HF radiation)?

(2)  What is Δσ for small (M < 2) 
earthquakes (central to scaling issue)?

figure from Abercrombie et al. (2025)

Ridgecrest summary plot

figure from Vandevert et al. (2025)

Ridgecrest aftershocks Δσ cross-section

low Δσ

high Δσ

Peter Shearer



Long Term Dense Deployments, SAFOD 
Hole 

Transition from locked to Creeping, 
Temporal variation throughout 
Earthquake Cycle (M6)

Extensive supporting research: velocity 
structure, geology, geodesy etc.   

Peter Shearer Parkfield: Most studied Fault?

Boreholes: HRSN 50-300m, “easy access” since 2001, fewer 
functioning stations in recent years. 250 s/s
SAFOD: Pilot hole: a few years multi-depth; main hole very short 
term single geophone deployments, >2000 Hz. DAS in progress.  

Figures from Parker et al., 2025



Parkfield - Previous Spectral Stress Drop Studies
Allmann & Shearer JGR 2007
Surface Stations, 1984-2005, 
~4200 eq, M1-3, f: 1-20Hz
Spectral Decomposition, Single 
ECS. 

Peter Shearer



Parkfield - Previous Spectral Stress Drop Studies
Zhang, Chen, Abercrombie.  JGR 
2022
Borehole Stations, 2001-2016, 
~5000 eq, M0-4 (1-3?), f: 2-60 Hz
Spectral Decomposition, ECS vary 
spatially & depth

Depth                                                        M
Ds

Peter Shearer

Repeating small EQ clusters 
targeted by SAFOD hole have 
high fc and inferred stress drops



Nine Mile Ranch (2016-2017)

Pros:
- Compact cluster of events  (3 M5s…) 

Cons:
- Some azimuthal gaps in station coverage
- Not a huge sequence, few M4s

Prior ∆σ studies: None

Daniel 
Trugman



Monte Cristo (2020-2021)

Pros:
- Tons of earthquakes! One of the most 

active sequences in the Western US 

Cons:
- Some azimuthal gaps in station coverage
- Many, many uncataloged events
- High activity → high noise levels

Prior ∆σ studies: None

Daniel 
Trugman



Antelope Valley (2021-2022)

Pros:
- Normal faulting events (for variety)
- Spatially compact but dense sequence 

Cons:
- Some azimuthal gaps in station coverage

Prior ∆σ studies: Trugman (2023)

Daniel 
Trugman



Parker Butte (2024-2025)

Pros:
- Recent, widely felt sequence near Reno
- Compact cluster of events

Cons:
- Some azimuthal gaps in station coverage
- Oddly deficient in high M3, M4 events

Prior ∆σ studies: None

Daniel 
Trugman



Reno / Carson Area Sequences

Pros:
- Good station coverage (for Nevada!)
- Multiple sequences, spatially compact clusters
- Some good in-situ site measurements

Cons:
- Few M4-M5 events outside of Mogul
- Longer time period means changes in 

instrumentation

Prior ∆σ studies: Ruhl (2017, 2023) - Mogul only

Daniel 
Trugman



▪ High concern for seismic hazard analysis due to 
widely distributed, seismically active fault systems 
and dense population. Major fault systems within 
this area include the San Andreas, Hayward, and 
Calaveras faults, which are able to generate M6-7 
earthquakes. Numerous other subparallel active 
faults strike thought this area.

▪ Faults with various locking state

San Francisco Bay Region, northern California

▪ Active seismicity with a wide range of magnitude

▪ Good station coverage in space and time

▪ 3-D Vp and Vs models from body-surface wave joint 
tomography (Guo et al., 2025)

▪ 3-D Qp and Qs models from body-wave t* 
tomography (Eberhart-Phillips, 2016)

Hao Guo
(UW-Madison)

Pros:

Scientific Importance:
Major fault systems in the Bay Area



Earthquake Distribution

▪ >70,000 events (magnitude 0–6) since 2003 in 
the NCEDC double-difference catalog, 
averaging ~3000 events per year

▪ ~22,000 M0; ~40,000 M1; 8,000 M2; 760 M3; 
51 M4; 3 M>5; 1 M6 (2014 South Napa M6)

▪ Most events occurred within 0 to 20 km depth

All events since 2003 All M>4 events since 2003
Hao Guo



Station Distribution

1. NC (Northern California Seismic Network, USGS): 
580 stations including short-period, broadband, 
strong-motion, and borehole.

2. CE (California Geological Survey Network): 311 
accelerograph stations for measuring strong motion

3. NP (National Strong Motion Program): 224 strong 
motion accelerograph stations

4. BK (Berkeley Digital Seismic Network and Berkeley 
Borehole Network): 96 broadband and/or borehole 
stations

Stations archived in the Northern California 
Earthquake Data Center (NCEDC)

Hao Guo

Permanent networks with most stations:

NC CE NP BK



Previous and Ongoing Stress Drop Studies in the Bay Area
Hardebeck & Aron (2009) Guo & Thurber, in prep.Trugman & Shearer (2018)

▪ Region: entire Bay region
▪ Data: ~8,000 events (M1.5-6, 

~4,700 shown above); P-wave 
spectra (f: ~1-30 Hz); NC stations

▪ Period: 2003-2023
▪ Method: Joint spectral ratio 

inversion

▪ Region: entire Bay region
▪ Data: 5297 events (M1.5-6); 

P-wave spectra (f: 2.5-25 Hz); 
NC stations

▪ Period: 2002-2016
▪ Method: Spectral decomposition

▪ Region: East Bay region
▪ Data: 2770 earthquakes (M1-4.2); 

P-wave spectra (f: 4-55 Hz); 15 
borehole stations of the USGS/UC 
Berkeley, Hayward fault network

▪ Period: 1998-2007
▪ Method: Spectral decomposition

Borehole 
stations

Stress drop 
results

NC stations Stress drop results NC stations & stress drop results

Hao Guo



San Ramon Swarms

10 km

Name: Annemarie Baltay and Elizabeth Cochran and others



San Ramon Swarms - approximate station coverage
Name: Annemarie Baltay and Elizabeth Cochran and others

Stations since 2000 that have been running 
for at least a year



Summary
VOTE for your preferred dataset! 

https://forms.gle/f857XgwPRtQwWQsJA

region M range # EQs f range Depth # of Sensors comments Science implications

Geysers
Small area

0-5 23 M>4 since 2009
Thousands of small

4.5 Hz phones 2-4km 32 in 20x10 km Are any large events clipped? 
summer/winter attenuation 
varies?

Fluid-driven effects, several stress 
drop studies

SPE
Small area

M<3 Short duration High f < 1km Very dense close-in 
recording

Known sources, aftershocks of 
explosions

Very specific focused study. 

Lake Almanor M<5.7 57 > M2.5 with nodals Nodals + a few 
BB, SM

crustal. ~2 - 10 
km

Little for 10 years (2 in 25 
km); dense for 2 months

34 station Nodal deployment Hazard implications for dams

Calaveras larger 
area

M<5 Since 2000: 6 M4.5+; 
1869 M2/5+

Similar to 
Ridgecrest

crustal. 81 in study area, Spacing 
~10 km

Similar scale and recording to 
Ridgecrest?

Hazard in the bay area, spatial 
variations

Parkfield medium 
area (small within 
HRSN)

M1-6 5000+ Surface: 1-20, 
HRSN 1-60Hz. 

crustal.
~2 - 12km

Dense surface, and 
shallow borehole. Very 
short term deep SAFOD

Very well studied.
DAS, SAFOD borehole. 
Comparison with 

What is causing spatial variations? 
What is stress drop for small EQs? 
Temporal changes following M6

Nevada
Medium scale

M2+ 
catalogued

Monte Cristo- lots of 
EQs, 9 Mile, Antelope 
Valley, Parker Butte, 
Reno-Carson area

Similar to 
Ridgecrest

Sparse, big azimuthal 
gaps, short nodal 
deployment for Monte 
Cristo

Novel! Not well studied. Station 
coverage is sparse. May need 
relocations? No previous
Best coverage probably 
Reno/Carson area

Could test limits of methods! 

Site measurements available for 
Reno/Carson

Bay Area
(large area)

<6 (Napa) ~800>M3, 55>M4 since 
2003

Similar to 
Ridgecrest, 
Hayward borehole 
4-55 Hz

crustal Lots, approx 10 km? Velocity and attenuation models 
exist, good geology. 
Could focus on Hayward area? 
(borehole)

Seismic hazard to Bay Area. 

San Ramon (small, 
within Bay area)

< 4.4 ~250+ since 2000 M2+ Quite dense Why ongoing clusters? Why move 
around? 

https://forms.gle/f857XgwPRtQwWQsJA



