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“What is most tragic is that the collective genius 
of all of these experts, combined with the 
sensors and satellite observations and 
seismographic data and all the other tools of 
science and technology, could not send the 
important message at the key moment: Run.
Run for your lives.” 
—Joel Achenbach, Washington Post, January 30, 2005 (Sumatra 
earthquakes and tsunami, >200,000 deaths)



A single, unexpected natural disaster 
can impact global energy policy 



Two‐percent probability of exceedance in 50 years 
map of peak ground acceleration

USGS Earthquake Hazard Map 2014

Earthquake prediction? “Earthquake prediction research in the U.S. has been stagnant since the early optimism 
regarding precursory phenomena was dissipated by negative observations.” – Keiiti Aki, 1995



Ellsworth, 2013

Recent spike in 
earthquakes

Earthquakes in
Oklahoma

http://www.eia.gov/pressroom/presentations/sieminski_04042013.pdf

(EIA)



M3+ earthquakes, 2008-present
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VA quake*

http://earthquake.usgs.gov/earthquakes/search/



US Earthquakes, M3+ past 6 months

http://earthquake.usgs.gov/earthquakes/search/



M3+ earthquakes, 1993-2000

http://earthquake.usgs.gov/earthquakes/search/



Rapid growth in 
seismological 

data
NSF‐EARTHSCOPE (2006‐present)

GB of DATA



Shift in industry data acquisition 
continuous recording = a burst in data 
+ new technology • Long Beach: 2500 receivers, ~100 meters apart

• Microseismic: Hundreds of sensors, clustered 
around wells

http://www.isti.com/wp‐content/uploads/2013/10/FracMapView.png



What came out of the last burst in data? The plate 
tectonic revolution (why is earth deforming?)

RAPID DATA 
GROWTH  POST‐

WWII



Massive data + 
instrumentation 

+ computing
NSF‐EARTHSCOPE (2006‐present)

GB of DATA



Critical challenges: 5-10 years
1.Can we determine how far (in MPa) a fault is from 

failure? Is it possible to deterministically 
characterize the “triggerability”? 

2.Are seismic signals capable of routinely detecting 
and monitoring (over)pressure near or along faults?

3.Can we forecast the probability of damaging 
earthquakes related to fluid injection?
– Can we revise the forecast as operations proceed?

Are there reliable precursory signals produced 
during earthquake nucleation?**



Earthquake triggering
• Natural causes:
– Local or remote earthquakes
– Deglaciation
– Magmatic fluid migration
– Ocean and solid earth tides

• Anthropogenic, non-fluid:
– Nuclear bombs
– Reservoir impoundment (dams)
– Mining - removal of rock 

• Fluid-related:
– Water injection/disposal
– Geothermal fluid
– Production of hydrocarbons
– Secondary recovery
– Hydraulic fracturing
– Carbon sequestration**

Studies in natural systems show triggering at stress 
perturbations as low as ~3 kPa

(0.003 MPa, 0.03 bars, 0.4 psi, 0.3 meters of head)



Fluid triggering in Oklahoma
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Keranen et al., 2014 Science
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Remote triggering

Remote triggering at fluid injection sites
van der Elst et al., 2013 Science
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Cascading ruptures 
and deformation 
prior to earthquake 
nucleation



Perturbing stress and recording 
signals



Perturbing stress 
and recording 
signals

Greg McLaskey, Cornell CEE



InSAR hydrology + earthquakes (+ volcanoes)

Wisely B A , and Schmidt D Geophys. J. Int. 2010;181:1185-1200

Rowena Lohman, Cornell EAS

Wisely and Schmidt, 2009

Matthew Pritchard, Cornell EAS



Global injection and 
cycling of fluid projected 

to  grow steadily: an 
opportunity and a 

challenge 
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