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Fluid-Induced Seismicity

Rain-induced  
Seismicity

magma flows in  
volcanic areas

Natural Flows

wastewater  
disposal

shale gas fracking

Human-made

★ Natural Flows often lead to earthquake swarms  
★ Are swarm-like features present in human-made 

fluid-driven earthquakes? 
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Spatial-temporal clustering: Swarm-like features
C: Pembina (open hole) – Stage 2

B: Horn River (cased hole) – Stage 6

Maghsoudi et al. (2018)
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Hydraulic Fracturing

Spatial-temporal clustering: Swarm-like features
C: Pembina (open hole) – Stage 2

B: Horn River (cased hole) – Stage 6

Maghsoudi et al. (2018)
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C: Pembina

Spatial-temporal clustering: Swarm-like features
C: Pembina (open hole) – Stage 2

B: Horn River (cased hole) – Stage 6

Maghsoudi et al. (2018)
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B: Horn River

Maghsoudi et al. 
BSSA (2018)

★ Temporal Evolution of Aftershocks:  
Swarm-like Features Have Been Observed.
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Case Studies

★ Induced Seismicity  
Oklahoma & southern Kansas

★ (suspected) swarms 
the Yuha Desert

★ natural swarms
the Long Valley, Caldera

manuscript submitted to Geophysical Research Letters
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Schoenball & Ellsworth, 
JGR (2017)

Ross et al. GRL 
(2017)

Shelly et al. JGR 
(2016)

We Analyzed three High  
Resolution Catalogs
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★ Induced Seismicity  
Oklahoma & southern Kansas

★ natural swarms
the Long Valley, Caldera

We Analyzed three High  
Resolution Catalogs

★ (suspected) swarms 
the Yuha Desert

★ Aftershocks Properties:  
 how do induced events compare 
with their natural analogs?
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Infer Aftershocks: 
Declustering Method

Zaliapin et al. (2008),  
Zaliapin & Ben-Zion (2013),  
Gu et al. (2013) 
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Deviations From the Null Model  
Implies Aftershocks Triggering

For a given earthquake : tj ,~rj ,mj

consider those events with ti < tj
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Build A Null Model Of Uncorrelated 
Events: Poisson Process With 
Gutenburg-Richter Rate 
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Scaled Time Scaled Time

induced events 
Oklahoma

suspected swarms 
Yuha Desert

natural swarms 
Caldera

aftershocks

Scaled Time

t⇤j ⌘ ti⇤j 10�
b
2mi⇤

<latexit sha1_base64="PtfRqnnVqKz06YclZdHU7OcFTaQ="></latexit><latexit sha1_base64="PtfRqnnVqKz06YclZdHU7OcFTaQ="></latexit><latexit sha1_base64="PtfRqnnVqKz06YclZdHU7OcFTaQ="></latexit><latexit sha1_base64="PtfRqnnVqKz06YclZdHU7OcFTaQ="></latexit>

Scaled Distance

r⇤j ⌘ r
df

i⇤j 10�
b
2mi⇤

<latexit sha1_base64="XzMaE9/px74imI3lUJ8himC+8wQ="></latexit><latexit sha1_base64="XzMaE9/px74imI3lUJ8himC+8wQ="></latexit><latexit sha1_base64="XzMaE9/px74imI3lUJ8himC+8wQ="></latexit><latexit sha1_base64="XzMaE9/px74imI3lUJ8himC+8wQ="></latexit>

Infer Aftershocks: 
Density Maps



�8

manuscript submitted to Geophysical Research Letters

(a)

.

(b)

(c)
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aftershocks. The insets show the magnitude time series and existing aftershock sequence.
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⌫ = 2.9
<latexit sha1_base64="Ql3xLKvmQcibUTgCBBDsRphdfjk="></latexit><latexit sha1_base64="Ql3xLKvmQcibUTgCBBDsRphdfjk="></latexit><latexit sha1_base64="Ql3xLKvmQcibUTgCBBDsRphdfjk="></latexit><latexit sha1_base64="Ql3xLKvmQcibUTgCBBDsRphdfjk="></latexit>



�10

r/rrup
<latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit>

⇢(
r)
[k
m

�
1
]

<latexit sha1_base64="TkD42eHgGjSVBHTNnsnBIa/HxsM=">AAACAHicbVBNS8NAEN34WetX1IMHL8Ei1IMlEUGPBS8eK9gPaGLZbDft0t1s2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttLS2vrK6tlzbKm1vbO7v23n5Ly1QR2iSSS9UJsaacxbQJDDjtJIpiEXLaDkfXE7/9QJVmMr6DcUIDgQcxixjBYKSefeiroayq064P9BGykcjvszMvD3p2xa25UziLxCtIBRVo9Owvvy9JKmgMhGOtu56bQJBhBYxwmpf9VNMEkxEe0K6hMRZUB9n0gdw5MUrfiaQyFYMzVX9PZFhoPRah6RQYhnrem4j/ed0UoqsgY3GSAo3JbFGUcgekM0nD6TNFCfCxIZgoZm51yBArTMBkVjYhePMvL5LWec1za97tRaVeL+IooSN0jKrIQ5eojm5QAzURQTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH4FfllQ=</latexit><latexit sha1_base64="TkD42eHgGjSVBHTNnsnBIa/HxsM=">AAACAHicbVBNS8NAEN34WetX1IMHL8Ei1IMlEUGPBS8eK9gPaGLZbDft0t1s2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttLS2vrK6tlzbKm1vbO7v23n5Ly1QR2iSSS9UJsaacxbQJDDjtJIpiEXLaDkfXE7/9QJVmMr6DcUIDgQcxixjBYKSefeiroayq064P9BGykcjvszMvD3p2xa25UziLxCtIBRVo9Owvvy9JKmgMhGOtu56bQJBhBYxwmpf9VNMEkxEe0K6hMRZUB9n0gdw5MUrfiaQyFYMzVX9PZFhoPRah6RQYhnrem4j/ed0UoqsgY3GSAo3JbFGUcgekM0nD6TNFCfCxIZgoZm51yBArTMBkVjYhePMvL5LWec1za97tRaVeL+IooSN0jKrIQ5eojm5QAzURQTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH4FfllQ=</latexit><latexit sha1_base64="TkD42eHgGjSVBHTNnsnBIa/HxsM=">AAACAHicbVBNS8NAEN34WetX1IMHL8Ei1IMlEUGPBS8eK9gPaGLZbDft0t1s2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttLS2vrK6tlzbKm1vbO7v23n5Ly1QR2iSSS9UJsaacxbQJDDjtJIpiEXLaDkfXE7/9QJVmMr6DcUIDgQcxixjBYKSefeiroayq064P9BGykcjvszMvD3p2xa25UziLxCtIBRVo9Owvvy9JKmgMhGOtu56bQJBhBYxwmpf9VNMEkxEe0K6hMRZUB9n0gdw5MUrfiaQyFYMzVX9PZFhoPRah6RQYhnrem4j/ed0UoqsgY3GSAo3JbFGUcgekM0nD6TNFCfCxIZgoZm51yBArTMBkVjYhePMvL5LWec1za97tRaVeL+IooSN0jKrIQ5eojm5QAzURQTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH4FfllQ=</latexit><latexit sha1_base64="TkD42eHgGjSVBHTNnsnBIa/HxsM=">AAACAHicbVBNS8NAEN34WetX1IMHL8Ei1IMlEUGPBS8eK9gPaGLZbDft0t1s2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttLS2vrK6tlzbKm1vbO7v23n5Ly1QR2iSSS9UJsaacxbQJDDjtJIpiEXLaDkfXE7/9QJVmMr6DcUIDgQcxixjBYKSefeiroayq064P9BGykcjvszMvD3p2xa25UziLxCtIBRVo9Owvvy9JKmgMhGOtu56bQJBhBYxwmpf9VNMEkxEe0K6hMRZUB9n0gdw5MUrfiaQyFYMzVX9PZFhoPRah6RQYhnrem4j/ed0UoqsgY3GSAo3JbFGUcgekM0nD6TNFCfCxIZgoZm51yBArTMBkVjYhePMvL5LWec1za97tRaVeL+IooSN0jKrIQ5eojm5QAzURQTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH4FfllQ=</latexit>

r[km]
<latexit sha1_base64="ouXfnXm8nO3ScLVWmxuSXzZoo9w=">AAACDnicbVDLSsNAFJ34rPEVdelmsBTqwpKIoMuCG5cV7AOaWCbTSTt08mDmRiwhX+DGX3HjQhG3rt35N07bgNp64MLhnHu59x4/EVyBbX8ZS8srq2vrpQ1zc2t7Z9fa22+pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Y8uJ377jknF4+gGxgnzQjKIeMApAS31rErFlcO4Ko+7LrB7yEZhfpudOLlnyh/F61llu2ZPgReJU5AyKtDoWZ9uP6ZpyCKggijVdewEvIxI4FSw3HRTxRJCR2TAuppGJGTKy6bv5LiilT4OYqkrAjxVf09kJFRqHPq6MyQwVPPeRPzP66YQXHgZj5IUWERni4JUYIjxJBvc55JREGNNCJVc34rpkEhCQSdo6hCc+ZcXSeu05tg15/qsXK8XcZTQITpCVeSgc1RHV6iBmoiiB/SEXtCr8Wg8G2/G+6x1yShmDtAfGB/fIsycKg==</latexit><latexit sha1_base64="ouXfnXm8nO3ScLVWmxuSXzZoo9w=">AAACDnicbVDLSsNAFJ34rPEVdelmsBTqwpKIoMuCG5cV7AOaWCbTSTt08mDmRiwhX+DGX3HjQhG3rt35N07bgNp64MLhnHu59x4/EVyBbX8ZS8srq2vrpQ1zc2t7Z9fa22+pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Y8uJ377jknF4+gGxgnzQjKIeMApAS31rErFlcO4Ko+7LrB7yEZhfpudOLlnyh/F61llu2ZPgReJU5AyKtDoWZ9uP6ZpyCKggijVdewEvIxI4FSw3HRTxRJCR2TAuppGJGTKy6bv5LiilT4OYqkrAjxVf09kJFRqHPq6MyQwVPPeRPzP66YQXHgZj5IUWERni4JUYIjxJBvc55JREGNNCJVc34rpkEhCQSdo6hCc+ZcXSeu05tg15/qsXK8XcZTQITpCVeSgc1RHV6iBmoiiB/SEXtCr8Wg8G2/G+6x1yShmDtAfGB/fIsycKg==</latexit><latexit sha1_base64="ouXfnXm8nO3ScLVWmxuSXzZoo9w=">AAACDnicbVDLSsNAFJ34rPEVdelmsBTqwpKIoMuCG5cV7AOaWCbTSTt08mDmRiwhX+DGX3HjQhG3rt35N07bgNp64MLhnHu59x4/EVyBbX8ZS8srq2vrpQ1zc2t7Z9fa22+pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Y8uJ377jknF4+gGxgnzQjKIeMApAS31rErFlcO4Ko+7LrB7yEZhfpudOLlnyh/F61llu2ZPgReJU5AyKtDoWZ9uP6ZpyCKggijVdewEvIxI4FSw3HRTxRJCR2TAuppGJGTKy6bv5LiilT4OYqkrAjxVf09kJFRqHPq6MyQwVPPeRPzP66YQXHgZj5IUWERni4JUYIjxJBvc55JREGNNCJVc34rpkEhCQSdo6hCc+ZcXSeu05tg15/qsXK8XcZTQITpCVeSgc1RHV6iBmoiiB/SEXtCr8Wg8G2/G+6x1yShmDtAfGB/fIsycKg==</latexit><latexit sha1_base64="ouXfnXm8nO3ScLVWmxuSXzZoo9w=">AAACDnicbVDLSsNAFJ34rPEVdelmsBTqwpKIoMuCG5cV7AOaWCbTSTt08mDmRiwhX+DGX3HjQhG3rt35N07bgNp64MLhnHu59x4/EVyBbX8ZS8srq2vrpQ1zc2t7Z9fa22+pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Y8uJ377jknF4+gGxgnzQjKIeMApAS31rErFlcO4Ko+7LrB7yEZhfpudOLlnyh/F61llu2ZPgReJU5AyKtDoWZ9uP6ZpyCKggijVdewEvIxI4FSw3HRTxRJCR2TAuppGJGTKy6bv5LiilT4OYqkrAjxVf09kJFRqHPq6MyQwVPPeRPzP66YQXHgZj5IUWERni4JUYIjxJBvc55JREGNNCJVc34rpkEhCQSdo6hCc+ZcXSeu05tg15/qsXK8XcZTQITpCVeSgc1RHV6iBmoiiB/SEXtCr8Wg8G2/G+6x1yShmDtAfGB/fIsycKg==</latexit>

r/rrup
<latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit>

⇢(
r)

⇥
r r

u
p

<latexit sha1_base64="BzdFVRKO7g95962ia/BudRC1YY8="></latexit><latexit sha1_base64="BzdFVRKO7g95962ia/BudRC1YY8="></latexit><latexit sha1_base64="BzdFVRKO7g95962ia/BudRC1YY8="></latexit><latexit sha1_base64="BzdFVRKO7g95962ia/BudRC1YY8="></latexit>
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Spatial Density of Aftershocks 
Suspected Swarms (Yuha Desert)

1
<latexit sha1_base64="wqpTvg+N0fzv28Gf0Dl4QiuZwPw=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szOzsvSAXXxnW/nbX1jc2t7dJOeXdv/+CwcnTc0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3x6g0T+SjmaTox3QgecQZNVbye/MXcoXhlHj9StWtuXOQVeIVpAoFGv3KVy9MWBajNExQrbuemxo/p8pwJnBa7mUaU8pGdIBdSyWNUfv5fOWUnFslJFGibElD5urviZzGWk/iwHbG1Az1sjcT//O6mYlu/JzLNDMo2WJRlAliEjJLgIRcITNiYgllitu/EjakijJjcyrbELzlk1dJ67LmuTXv4apavy3iKMEpnMEFeHANdbiHBjSBwRM8wyu8OWPnxXl3Phata04xcwJ/4Hz+AJ7Pkfs=</latexit><latexit sha1_base64="wqpTvg+N0fzv28Gf0Dl4QiuZwPw=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szOzsvSAXXxnW/nbX1jc2t7dJOeXdv/+CwcnTc0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3x6g0T+SjmaTox3QgecQZNVbye/MXcoXhlHj9StWtuXOQVeIVpAoFGv3KVy9MWBajNExQrbuemxo/p8pwJnBa7mUaU8pGdIBdSyWNUfv5fOWUnFslJFGibElD5urviZzGWk/iwHbG1Az1sjcT//O6mYlu/JzLNDMo2WJRlAliEjJLgIRcITNiYgllitu/EjakijJjcyrbELzlk1dJ67LmuTXv4apavy3iKMEpnMEFeHANdbiHBjSBwRM8wyu8OWPnxXl3Phata04xcwJ/4Hz+AJ7Pkfs=</latexit><latexit sha1_base64="wqpTvg+N0fzv28Gf0Dl4QiuZwPw=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szOzsvSAXXxnW/nbX1jc2t7dJOeXdv/+CwcnTc0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3x6g0T+SjmaTox3QgecQZNVbye/MXcoXhlHj9StWtuXOQVeIVpAoFGv3KVy9MWBajNExQrbuemxo/p8pwJnBa7mUaU8pGdIBdSyWNUfv5fOWUnFslJFGibElD5urviZzGWk/iwHbG1Az1sjcT//O6mYlu/JzLNDMo2WJRlAliEjJLgIRcITNiYgllitu/EjakijJjcyrbELzlk1dJ67LmuTXv4apavy3iKMEpnMEFeHANdbiHBjSBwRM8wyu8OWPnxXl3Phata04xcwJ/4Hz+AJ7Pkfs=</latexit><latexit sha1_base64="wqpTvg+N0fzv28Gf0Dl4QiuZwPw=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szOzsvSAXXxnW/nbX1jc2t7dJOeXdv/+CwcnTc0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hobua3x6g0T+SjmaTox3QgecQZNVbye/MXcoXhlHj9StWtuXOQVeIVpAoFGv3KVy9MWBajNExQrbuemxo/p8pwJnBa7mUaU8pGdIBdSyWNUfv5fOWUnFslJFGibElD5urviZzGWk/iwHbG1Az1sjcT//O6mYlu/JzLNDMo2WJRlAliEjJLgIRcITNiYgllitu/EjakijJjcyrbELzlk1dJ67LmuTXv4apavy3iKMEpnMEFeHANdbiHBjSBwRM8wyu8OWPnxXl3Phata04xcwJ/4Hz+AJ7Pkfs=</latexit>

⌫ = 1.7
<latexit sha1_base64="YMOw4ErHtz93EaKxtuZfMOj/2J4="></latexit><latexit sha1_base64="YMOw4ErHtz93EaKxtuZfMOj/2J4="></latexit><latexit sha1_base64="YMOw4ErHtz93EaKxtuZfMOj/2J4="></latexit><latexit sha1_base64="YMOw4ErHtz93EaKxtuZfMOj/2J4="></latexit>

rrup / 10�⇥m
<latexit sha1_base64="AeIYfHDy+HLH6ZKCthx6v2CzKuA="></latexit><latexit sha1_base64="AeIYfHDy+HLH6ZKCthx6v2CzKuA="></latexit><latexit sha1_base64="AeIYfHDy+HLH6ZKCthx6v2CzKuA="></latexit><latexit sha1_base64="AeIYfHDy+HLH6ZKCthx6v2CzKuA="></latexit>

� = 0.4
<latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit><latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit><latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="txbxQnhJeUNqTSYdaIcsWfcSEVc="></latexit><latexit sha1_base64="txbxQnhJeUNqTSYdaIcsWfcSEVc="></latexit><latexit sha1_base64="WhAAC3U5R1cERS/nKypQTNzRhqg="></latexit><latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit><latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit><latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit><latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit><latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit><latexit sha1_base64="HQBDRKjPTYKYlHPIE0gp3DqoEcY="></latexit>

Peak interpreted as  
rupture length

Power-law  
Decay

⇢(r) / r�⌫
<latexit sha1_base64="ziZP6fcjTWXDHqCb2uiER/Faemo="></latexit><latexit sha1_base64="ziZP6fcjTWXDHqCb2uiER/Faemo="></latexit><latexit sha1_base64="ziZP6fcjTWXDHqCb2uiER/Faemo="></latexit><latexit sha1_base64="ziZP6fcjTWXDHqCb2uiER/Faemo="></latexit>



�11

r/rrup
<latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit>

⇢(
r)
[k
m

�
1
]

<latexit sha1_base64="TkD42eHgGjSVBHTNnsnBIa/HxsM=">AAACAHicbVBNS8NAEN34WetX1IMHL8Ei1IMlEUGPBS8eK9gPaGLZbDft0t1s2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttLS2vrK6tlzbKm1vbO7v23n5Ly1QR2iSSS9UJsaacxbQJDDjtJIpiEXLaDkfXE7/9QJVmMr6DcUIDgQcxixjBYKSefeiroayq064P9BGykcjvszMvD3p2xa25UziLxCtIBRVo9Owvvy9JKmgMhGOtu56bQJBhBYxwmpf9VNMEkxEe0K6hMRZUB9n0gdw5MUrfiaQyFYMzVX9PZFhoPRah6RQYhnrem4j/ed0UoqsgY3GSAo3JbFGUcgekM0nD6TNFCfCxIZgoZm51yBArTMBkVjYhePMvL5LWec1za97tRaVeL+IooSN0jKrIQ5eojm5QAzURQTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH4FfllQ=</latexit><latexit sha1_base64="TkD42eHgGjSVBHTNnsnBIa/HxsM=">AAACAHicbVBNS8NAEN34WetX1IMHL8Ei1IMlEUGPBS8eK9gPaGLZbDft0t1s2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttLS2vrK6tlzbKm1vbO7v23n5Ly1QR2iSSS9UJsaacxbQJDDjtJIpiEXLaDkfXE7/9QJVmMr6DcUIDgQcxixjBYKSefeiroayq064P9BGykcjvszMvD3p2xa25UziLxCtIBRVo9Owvvy9JKmgMhGOtu56bQJBhBYxwmpf9VNMEkxEe0K6hMRZUB9n0gdw5MUrfiaQyFYMzVX9PZFhoPRah6RQYhnrem4j/ed0UoqsgY3GSAo3JbFGUcgekM0nD6TNFCfCxIZgoZm51yBArTMBkVjYhePMvL5LWec1za97tRaVeL+IooSN0jKrIQ5eojm5QAzURQTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH4FfllQ=</latexit><latexit sha1_base64="TkD42eHgGjSVBHTNnsnBIa/HxsM=">AAACAHicbVBNS8NAEN34WetX1IMHL8Ei1IMlEUGPBS8eK9gPaGLZbDft0t1s2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttLS2vrK6tlzbKm1vbO7v23n5Ly1QR2iSSS9UJsaacxbQJDDjtJIpiEXLaDkfXE7/9QJVmMr6DcUIDgQcxixjBYKSefeiroayq064P9BGykcjvszMvD3p2xa25UziLxCtIBRVo9Owvvy9JKmgMhGOtu56bQJBhBYxwmpf9VNMEkxEe0K6hMRZUB9n0gdw5MUrfiaQyFYMzVX9PZFhoPRah6RQYhnrem4j/ed0UoqsgY3GSAo3JbFGUcgekM0nD6TNFCfCxIZgoZm51yBArTMBkVjYhePMvL5LWec1za97tRaVeL+IooSN0jKrIQ5eojm5QAzURQTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH4FfllQ=</latexit><latexit sha1_base64="TkD42eHgGjSVBHTNnsnBIa/HxsM=">AAACAHicbVBNS8NAEN34WetX1IMHL8Ei1IMlEUGPBS8eK9gPaGLZbDft0t1s2J2IJeTiX/HiQRGv/gxv/hu3bQ7a+mDg8d4MM/PChDMNrvttLS2vrK6tlzbKm1vbO7v23n5Ly1QR2iSSS9UJsaacxbQJDDjtJIpiEXLaDkfXE7/9QJVmMr6DcUIDgQcxixjBYKSefeiroayq064P9BGykcjvszMvD3p2xa25UziLxCtIBRVo9Owvvy9JKmgMhGOtu56bQJBhBYxwmpf9VNMEkxEe0K6hMRZUB9n0gdw5MUrfiaQyFYMzVX9PZFhoPRah6RQYhnrem4j/ed0UoqsgY3GSAo3JbFGUcgekM0nD6TNFCfCxIZgoZm51yBArTMBkVjYhePMvL5LWec1za97tRaVeL+IooSN0jKrIQ5eojm5QAzURQTl6Rq/ozXqyXqx362PWumQVMwfoD6zPH4FfllQ=</latexit>

r[km]
<latexit sha1_base64="ouXfnXm8nO3ScLVWmxuSXzZoo9w=">AAACDnicbVDLSsNAFJ34rPEVdelmsBTqwpKIoMuCG5cV7AOaWCbTSTt08mDmRiwhX+DGX3HjQhG3rt35N07bgNp64MLhnHu59x4/EVyBbX8ZS8srq2vrpQ1zc2t7Z9fa22+pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Y8uJ377jknF4+gGxgnzQjKIeMApAS31rErFlcO4Ko+7LrB7yEZhfpudOLlnyh/F61llu2ZPgReJU5AyKtDoWZ9uP6ZpyCKggijVdewEvIxI4FSw3HRTxRJCR2TAuppGJGTKy6bv5LiilT4OYqkrAjxVf09kJFRqHPq6MyQwVPPeRPzP66YQXHgZj5IUWERni4JUYIjxJBvc55JREGNNCJVc34rpkEhCQSdo6hCc+ZcXSeu05tg15/qsXK8XcZTQITpCVeSgc1RHV6iBmoiiB/SEXtCr8Wg8G2/G+6x1yShmDtAfGB/fIsycKg==</latexit><latexit sha1_base64="ouXfnXm8nO3ScLVWmxuSXzZoo9w=">AAACDnicbVDLSsNAFJ34rPEVdelmsBTqwpKIoMuCG5cV7AOaWCbTSTt08mDmRiwhX+DGX3HjQhG3rt35N07bgNp64MLhnHu59x4/EVyBbX8ZS8srq2vrpQ1zc2t7Z9fa22+pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Y8uJ377jknF4+gGxgnzQjKIeMApAS31rErFlcO4Ko+7LrB7yEZhfpudOLlnyh/F61llu2ZPgReJU5AyKtDoWZ9uP6ZpyCKggijVdewEvIxI4FSw3HRTxRJCR2TAuppGJGTKy6bv5LiilT4OYqkrAjxVf09kJFRqHPq6MyQwVPPeRPzP66YQXHgZj5IUWERni4JUYIjxJBvc55JREGNNCJVc34rpkEhCQSdo6hCc+ZcXSeu05tg15/qsXK8XcZTQITpCVeSgc1RHV6iBmoiiB/SEXtCr8Wg8G2/G+6x1yShmDtAfGB/fIsycKg==</latexit><latexit sha1_base64="ouXfnXm8nO3ScLVWmxuSXzZoo9w=">AAACDnicbVDLSsNAFJ34rPEVdelmsBTqwpKIoMuCG5cV7AOaWCbTSTt08mDmRiwhX+DGX3HjQhG3rt35N07bgNp64MLhnHu59x4/EVyBbX8ZS8srq2vrpQ1zc2t7Z9fa22+pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Y8uJ377jknF4+gGxgnzQjKIeMApAS31rErFlcO4Ko+7LrB7yEZhfpudOLlnyh/F61llu2ZPgReJU5AyKtDoWZ9uP6ZpyCKggijVdewEvIxI4FSw3HRTxRJCR2TAuppGJGTKy6bv5LiilT4OYqkrAjxVf09kJFRqHPq6MyQwVPPeRPzP66YQXHgZj5IUWERni4JUYIjxJBvc55JREGNNCJVc34rpkEhCQSdo6hCc+ZcXSeu05tg15/qsXK8XcZTQITpCVeSgc1RHV6iBmoiiB/SEXtCr8Wg8G2/G+6x1yShmDtAfGB/fIsycKg==</latexit><latexit sha1_base64="ouXfnXm8nO3ScLVWmxuSXzZoo9w=">AAACDnicbVDLSsNAFJ34rPEVdelmsBTqwpKIoMuCG5cV7AOaWCbTSTt08mDmRiwhX+DGX3HjQhG3rt35N07bgNp64MLhnHu59x4/EVyBbX8ZS8srq2vrpQ1zc2t7Z9fa22+pOJWUNWksYtnxiWKCR6wJHATrJJKR0Bes7Y8uJ377jknF4+gGxgnzQjKIeMApAS31rErFlcO4Ko+7LrB7yEZhfpudOLlnyh/F61llu2ZPgReJU5AyKtDoWZ9uP6ZpyCKggijVdewEvIxI4FSw3HRTxRJCR2TAuppGJGTKy6bv5LiilT4OYqkrAjxVf09kJFRqHPq6MyQwVPPeRPzP66YQXHgZj5IUWERni4JUYIjxJBvc55JREGNNCJVc34rpkEhCQSdo6hCc+ZcXSeu05tg15/qsXK8XcZTQITpCVeSgc1RHV6iBmoiiB/SEXtCr8Wg8G2/G+6x1yShmDtAfGB/fIsycKg==</latexit>

r/rrup
<latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit><latexit sha1_base64="ssla/+RIy/Grpjb8Rf6lPGxJ/X0=">AAACHnicbVDLSsNAFJ34rPEVdekmWAp1YU1E0WXBjcsK9gFJDJPptB06eTBzI5aQL3Hjr7hxoYjgSv/GaRtQWw9cOHPOvcy9J0g4k2BZX9rC4tLyymppTV/f2NzaNnZ2WzJOBaFNEvNYdAIsKWcRbQIDTjuJoDgMOG0Hw8ux376jQrI4uoFRQr0Q9yPWYwSDknzjrOKKQVwVh44L9B6yYZjfZkd27ukV8SN5ujgW/vQp0iT3jbJVsyYw54ldkDIq0PCND7cbkzSkERCOpXRsKwEvwwIY4TTX3VTSBJMh7lNH0QiHVHrZ5LzcrCila/ZioSoCc6L+nshwKOUoDFRniGEgZ72x+J/npNC78DIWJSnQiEw/6qXchNgcZ2V2maAE+EgRTARTu5pkgAUmoBLVVQj27MnzpHVSs62afX1arteLOEpoHx2gKrLROaqjK9RATUTQA3pCL+hVe9SetTftfdq6oBUze+gPtM9vrxWi2w==</latexit>
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Location (Year) Type
Gutenburg-Richter

N / 10�b(m�mc)

b mc

Productivity

Nas / 10↵m

↵

Omori-Utsu

�(t) / t�p

p

Linear Density

⇢(r) / r�⌫

⌫

Rupture Size

rrup / 10�m

�

Oklahoma
& southern Kansas
(2014�2017)

Fluid
Induced
(Man-made)

1.65 2.8 0.8 1.0 2.9 0.5

Long Valley Caldera,
California (2014 a)

Natural
Swarm

0.7 0.2 0.4 0.9 2.9 0.36

Long Valley Caldera,
California (2014 b)

Natural
Swarm

0.9 1.0 0.48 0.9 2.9 0.36

Yuha Desert,
California (2010)

Fluid
Induced
(Natural)

0.95 1.0 0.6 1.0 1.7 0.4

Western Bohemia,
Europe (2000 & 2008)

(Hainzl et al., 2013)

Natural
Swarm

0.9 & 1.25 0.5 0.61� 0.68 1.33� 1.37 � �

San Ramon,
California (1970�2015)

(Llenos & Michael, 2019)

Natural
Swarm

0.85 2.0 0.65 1.12 � �

Southern California
(1984�2005)

(Gu et al., 2013)

Tectonic 1.09 2.5 0.85� 0.9 1.2� 1.25 1.6 0.4

Table 1. Comparison between estimated parameters and scaling exponents associated with dif-

ferent seismic catalogs and settings.

to swarm activities in Arkansas (Llenos & Michael, 2013) (which resembles the setting in262

Oklahoma) found that natural fluid flows lead to a lower aftershock productivity prior to263

injection-induced activity, as evidenced by smaller numerical estimates for ↵ as well as for264

the constant of proportionality in the productivity relation. This is consistent with our265

observations and studies of induced seismicity related to hydraulic fracturing (Maghsoudi266

et al., 2018) suggesting that ↵ allows one to distinguish between natural and human-made267

seismic swarms.268

Second, the spatial density of aftershocks ⇢(r) falls o↵ rapidly in Oklahoma and southern269

Kansas as well as in the Long Valley Caldera (⌫ = 2.9), contrasted by long-range behavior270

in the Yuha Desert and also southern California with ⌫ < 2. In tectonic settings, the271

slow inverse power-law behavior of the aftershocks density ⇢(r) / r�⌫ beyond the rupture272

length can be explained by non-local transfer of static (Coulomb) stress within the brittle273

crust (Moradpour et al., 2014; Hainzl et al., 2014; van der Elst & Shaw, 2015). Given274

comparable estimates of ⌫ between southern California (Gu et al., 2013) and the Yuha275

Desert, it is likely that the event-event triggering in the Yuha Desert is also largely driven276

by static stress changes. The relevance of such a triggering mechanism is consistent with277

the findings of our topology-based analysis, since the emerging burstiness may indicate the278

non-local transfer of internal stress within a rigid elastic medium (Zaliapin & Ben-Zion,279

2013). On the other hand, our overall findings support that a rapid decay of the aftershock280

zone (with ⌫ ⇡ 3) is indicative of the dominant role of fluid migration. In particular, this281

mechanism might be relevant for induced events in Oklahoma and southern Kansas as well282

as for natural swarms in the Long Valley Caldera. Shelly et al. (2016) reported on the283

di↵usive (and most likely localized) nature of the swarm propagation in the latter, which284

is another typical signature associated with various fluid-dominated contexts (Ruhl et al.,285

2016). In our study, swarm-like features were independently evidenced from the topology286

of triggering cascades in Caldera and (to a slightly lesser extent) Oklahoma.287

Narrow aftershock zones for Oklahoma and southern Kansas were independently re-288

ported in (Rosson et al., 2019) based on a spatio-temporal windowing approach. Rosson et289

al. (2019) argued that the absence of long-range triggering might also be due to structural290
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❖ Longer Ranged Trend (Typical of Tectonic 
Seismicity in California)

❖ Explained by Non-local Transfer of Static 
(Coulomb Stress)

❖ Steep Decay Indicating the Dominant Role 
of Fluid Migration

❖ Consistent with Diffusive Nature of the 
Swarm Propagation (Shelly et al. JGR 2016)
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0.95 1.0 0.6 1.0 1.7 0.4

Western Bohemia,
Europe (2000 & 2008)

(Hainzl et al., 2013)

Natural
Swarm

0.9 & 1.25 0.5 0.61� 0.68 1.33� 1.37 � �

San Ramon,
California (1970�2015)

(Llenos & Michael, 2019)

Natural
Swarm

0.85 2.0 0.65 1.12 � �

Southern California
(1984�2005)

(Gu et al., 2013)

Tectonic 1.09 2.5 0.85� 0.9 1.2� 1.25 1.6 0.4

Table 1. Comparison between estimated parameters and scaling exponents associated with dif-

ferent seismic settings
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Induced Events 
Oklahoma

Suspected Swarms 
Yuha Desert

Natural Swarms 
Caldera
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Temporal Characteristics 
Induced Case: Oklahoma
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α: Productivity Exponent
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Temporal Characteristics 
Suspected Swarms (Yuha Desert)
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Temporal Characteristics 
Natural Swarms (Caldera)
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Figure 12. Spatial and temporal clusters induced by two large magnitude triggers with a)

mi = 5.2 and b) mi = 5.8 indicated by the solid black circles. The symbol size indicates the event

magnitude. Colors represent di↵erent populations. Light grey circles ( ) in the background indicate

events that are not attributed to the marked trigger. Red symbols ( ) denote direct and indirect

aftershocks. The insets show the magnitude time series and existing aftershock sequence.
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Figure S8. Spatio-temporal evolution of a triggering cascade in the Yuha Desert with Ntc =

1031 and d̄f = 2.7. a) Spatial map b) Triggering tree c) Magnitude timeseries. The yellow

color indicates the root event. The light blue circles represent events that do not belong to the

specified cascade. The symbol size denotes the event magnitude.
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Figure 15. Spatial and temporal clusters induced by two large magnitude triggers with a)

mi = 5.2 and b) mi = 5.8 indicated by the solid black circles. The symbol size indicates the event

magnitude. Colors represent di↵erent populations. Light grey circles ( ) in the background indicate

events that are not attributed to the marked trigger. Red symbols ( ) denote direct and indirect

aftershocks. The insets show the magnitude time series and existing aftershock sequence.
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Figure S11. Spatio-temporal evolution of a triggering cascade in the Long Valley Caldera

with Ntc = 42 and d̄f = 4.1. a) Spatial map b) Triggering tree c) Magnitude timeseries. The

yellow color indicates the root event. The light blue circles represent events that do not belong

to the specified cascade. The symbol size denotes the event magnitude.
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(c)

Figure 8. Spatial and temporal clusters induced by two large magnitude triggers with a) mi =

5.2 and b) mi = 5.8 indicated by the solid black circles. The symbol size indicates the event

magnitude. Colors represent di↵erent populations. Light grey circles ( ) in the background indicate

events that are not attributed to the marked trigger. Red symbols ( ) denote direct and indirect

aftershocks. The insets show the magnitude time series and existing aftershock sequence.
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Figure S4. Spatio-temporal evolution of a triggering cascade in Oklahoma and southern Kansas

with Ntc = 103 and d̄f = 6.6. a) Spatial map b) Triggering tree c) Magnitude timeseries. The

yellow color indicates the root event. The light blue circles represent events that do not belong

to the specified cascade. The symbol size denotes the event magnitude. Most if not all events in

this cascade belong to the Fairview sequence identified in (Schoenball & Ellsworth, 2017)

.
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❖ Swarm-like Features Associated with Topology of 
Triggering Cascades in Caldera and (to a Lesser 
Extent) in Oklahoma
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Take-home Messages

❖ Significant event-event triggering in both 
natural swarms & induced seismicity 

❖ Narrow aftershock zones are not specific 
to induced seismicity but also occur in 
natural swarms 

❖ Aftershock productivity might allow to 
distinguish between natural swarms and 
induced seismicity 


