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Goal: Estimate future ground shaking for a 

specified risk/hazard level  

Primary Application: Building codes – the 48-

State maps are updated every six years in 

sync with the update cycle of the 

International Building Code (1996, 2002, 

2008, 2014) 

Other Applications: Insurance & financial 

risk, emergency planning, land-use planning, 

military facilities, critical facilities, setting 

earth science research priorities, etc 

USGS Charge: Hazard assessments for the 

United States and US Territories 



Seismic Hazard Models 

Earthquake sources 
 faults 
 catalog-based sources 
Recurrence 
Maximum magnitude 

Source 
forecast 

Ground motions: estimated shaking for each source 

(as a function of magnitude, distance, etc)  



 
Treatment of induced earthquakes (IE) 

in the National Seismic Hazard Maps (NSHM) 
through the 2008 update 



(D.M. Evans, The Mountain Geologist, 1966) 

earthquake rate (top) & injection rate (bottom) 



Toward a more quantitative understanding 
of the RMA earthquakes...  



At Rangely, CO: fluid injection for secondary recovery of 
oil was causing earthquakes in the late 1960s...  
In the light of RMA, scientists proposed an experiment to 
test the effective-stress hypothesis: By increasing fluid 
pressure can we lower the clamping stress on a fault & 
increase the seismicity? And inversely? 
 
 
•Working with Chevron, USGS lowered & raised the fluid 
pressure through several cycles  
•New local seismic network for precise eqk locations  
•Lab tests of reservoir rock cores & in-situ rock fracture 
tests => fluid pressure threshold value  
This was a near-ideal, controlled experiment 
 

Conclusions: 
 
“ An experiment in an oil field at Rangely, Colorado, has 
demonstrated the feasibility of earthquake control. 
Variations in seismicity were produced by controlled 
variations in fluid pressure in a seismically active zone.”  
The fluid pressure threshold value determined from 
theory + lab tests + field tests was validated. 



IE aren’t considered suitable for long-term (50-year+) hazard applications 
like building codes, because they are transitory and may be limited in size 
 
For NSHM updates through 2008 we identified IE in five areas (scientific 
consensus) and deleted them from the seismicity catalogs: 
 
1.Rocky Mountain Arsenal, CO 
2.Rangely, CO 
3.Cogdell, TX (water flooding for secondary oil recovery) 
4.Paradox Valley, CO (underground disposal of saline groundwater) 
5.Dagger Draw NM (oil production) 

 
(No consensus for Raton, CO eqks; left in the catalog through 2008) 



 
Things changed 

between the 2008 and 2014 NSHM updates 



(Ellsworth, 2013, Science) 



North-central Arkansas 

(figures from W. Ellsworth)  



Magnitude 5.7 earthquake near Prague, OK in Nov2011 



• We have always tried to remove man-made eqks from the building-code 

maps. 

• But now the “missing” hazard from IE is significant... 

• How do we adapt models & present results? Who is the audience? 

• Because of their transitory nature: Should a forecast for IE hazard have 

a time limit? Does the past year forecast the next year? Six months? 

Three months? 

• Are IE seismologically different than natural eqks: swarm-like?, 

recurrence?, maximum magnitude?, depth?, ground shaking? 

• Can we get beyond simply using past seismicity? Injection data? 

Physics-based models? 

Modeling Challenges 



A simple classification scheme for the 2014 NSHM update 
• Consult science literature and local expertise 
• Identify suspicious seismic activity in historically quiet areas 
• Define time windows and areal zones to delete IE 



Hazard map including IE 
(5-HzSA, 2%px50) 

Hazard map excluding IE 
(5-HzSA, 2%px50) 



Two examples of response at the state level 

Data from Horton et al., 2012 Data from KGS & KCC 



 
In 2016: A new USGS short-term model 

to forecast the hazard from IE 



• Emphasize recent earthquakes – the 
previous year gets the most weight 

• Don’t incorporate injection data directly 

(Figure from OFR 2016-1035, including information from USDOE, 2015, 
and Weingarten and others, 2015) 



OFR 2016-1035 

One-year probability 
for MMI VI, VII, VIII 



Current science  
Can we improve forecasts and mitigation by moving beyond 
seismicity-based models?  
•Operational data? 
-Role of injection volume? Rate? Pressure? Depth? 
•Field & lab data? 
-In-situ pore pressure? Porosity & permeability? 
•Dangerous faults? 
•Physics-based models for eqk occurrence/triggering? 
-Rock physics & fluid physics? 
-Earthquake physics? Critical thresholds? Mmax? 
-Stress: Increased by injection? Rearranged by earthquakes? 
-Time delays: injection => earthquake? earthquake1 => earthquake2? 
•Why are some injection sites aseismic? 
-Role of geology? 



How human activity can induce earthquakes 

From W. L. Ellsworth, 2013, Injection-Induced Earthquakes, Science 341, 1225942 (2013). DOI: 10.1126/science.1225942 



Effect of regulations & oil prices in Oklahoma 

2014: OCC implemented 
wastewater injection 
reductions, case by case 
 
2015: OCC acted to reduce 
wastewater injection by 
40% in central OK 
 
2016: mandatory 
reductions after M5.8 
 
Reduction in earthquake 
rate follows reduction in 
wastewater injection by 
about 6-12 months 
 

Data from J. Walter, J. Boak, K. Murray  OGS and OCC; slide adapted from M. Petersen  



 
Recent progress... 



Norbeck & Horne (JGR, 2016) studied the 2011 M5.6 
Prague, Oklahoma earthquake sequence 



Key observation: one-day delay between M4.8 foreshock and M5.7 mainshock 
 
Assume: stress change from the foreshock triggered the mainshock 
Then: the delay implies some kind of hydro-mechanical process with damping 
Can: the delay be used, along with a numerical fault model, to estimate properties 
like fluid transmissivity in the fault zone, fault compliance, and earthquake rate-
and-state properties? 

Figure from McNamara et al. (2015) 

Slide adapted from J. Norbeck 



Conclusions from the Norbeck & Horne analysis 

• The study was informed by previous geomechanical and seismological 

studies 

• Key observation was the one-day delayed triggering 

• Their numerical experiments suggest that hydro-mechanical effects can 

plausibly explain the delayed triggering behavior 

• However, they are unable to define a unique set of fault properties or 

physical processes as “the answer” 

• Best results were obtained assuming fairly high fault zone compliance and 

fairly low fluid transmissivity in the fault zone 

 
Slide adapted from J. Norbeck 



Norbeck & Rubinstein are working on 

a new physics-based model for induced earthquakes 



Saltwater disposal well database 
• 958 injection wells; 1995–present 
• Completed in the Arbuckle aquifer; Arbuckle overlies basement rock 
• Injection rate data typically at 1-month resolution 
• No pressure data for most wells 

Slide adapted from J. Norbeck 



A simple fluid pressure model to capture first-order effects 
• Reliable injection-rate data is available; but not pressure data 
• Model: fluid pressurization rate is proportional to injection rate 
• Also need a few reservoir parameters that can be measured or 

estimated from field or lab data 

Slide adapted from J. Norbeck 



Forecast accuracy 

one-year hazard model 

physics-based model 

Slide from J. Norbeck 



Conclusions & Implications from 
Norbeck & Rubinstein analysis 

• Model is informed by injection rates and locations of disposal wells 

• Seismicity rate is governed by stressing rate 

• Model does a good job of estimating the seismicity rate 

• The system tends toward a steady-state seismicity rate; can 

injection be carried out such that the seismicity rate remains below 

some tolerable threshold? 
 

Slide adapted from J. Norbeck 



Thank you 
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