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Most Common Objections to CO2 Sequestration 

 HUGE COSTS – Carbon capture, pipelines, injection wells, 
    monitoring systems …  Roughly $0.5 Trillion/Year 
  LONG TIME TO IMPLEMENT – Many decades to 
     implement at the required scale 



Potential for Triggered Seismicity 

   PORE SPACE IS OCCUPIED – Injection Causes Pressure to Increase 
  LIMITED INJECTIVITY – Many Sites in Intraplate Areas Have Low 
    Permeability 
   BRITTLE ROCK – In Frictional Equilibrium 



§ 1996 to present 
§ 1 Mt CO2 injection/yr 
§  Seismic monitoring 

Statoil 
Pacala and Socolow (2004) 

1 GT C/y wedges 
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  Works	
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  Just	
  Do	
  It?	
  



§ 1996 to present 
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•  The issue is not whether CO2 can be safely stored at a 

given site; the issue is whether the capacity exists for 
sufficient volumes of CO2 to be stored geologically for it 
to have the desired beneficial effect on climate change.  

•  Can it operate at a scale that makes it one of the 
principal mechanisms to reduce GHG emission and 
justify expenditures of ~$0.5 T/y ? 

 
•   In this context, it must be recognized that large-scale 

CCS will be an extremely expensive and risky strategy 
for achieving significant reductions in greenhouse gas 
emissions. 



AEP Mountaineer 
CO2 Emissions ~7 
Mton/year 

CO2 Type 1 - AEP Mountaineer Project 

 
183 Coal burning plants 
in Ohio River Valley 
  
Emissions  ~700 million 
tonnes of CO2/year) 
 
 
 
  

A, Lucier, M.D. Zoback et al. (2006) 



Local and Regional Stress 

Mountaineer Power Plant Site 

Hurd and Zoback (2012) 

A, Lucier, M.D. Zoback et al. (2006) 

Friberg et al. (2014) 
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Geomechanically-Constrained Simulation* 

A, Lucier, M.D. Zoback et al. 2006) 
At What Injection Rate Does Injection Not 
Cause Observed Faults to Slip? 



•  Maximum Injection 
Rate Must be Less 
Than ~ 35 kton/year 
per injection zone  to 
Avoid Triggering  
 Fault Slip 

•  200 injection zones 
required! 

CO2 Type 1 - AEP Mountaineer Project 

AEP Mountaineer 
CO2 Emissions ~7 
Mton/year 



CO2 Type 2 - Large Scale CO2 Sequestration 
The Mt. Simon Sandstone, Illinois Basin 

(Zhou	
  et	
  al.	
  GROUND	
  WATER	
  48,	
  no.	
  4:	
  494–514,	
  2010) 

•  100 Million Tonnes/Year for  
     50 years 

•  US generates 2000 Million Tonnes/
Year of CO2 

•  100 Million Tonnes/Year is 1/7 of 
Emissions from Coal Burning Power 
Plants inJust  the Ohio River Valley 



Mt. Simon Sandstone, Illinois Basin 
(Zhou	
  et	
  al.	
  GROUND	
  WATER	
  48,	
  no.	
  4:	
  494–514,	
  2010) 



Modeling Large Scale CO2 Sequestration 
In the Mt. Simon Sandstone, Illinois Basin 
(Zhou	
  et	
  al.	
  GROUND	
  WATER	
  48,	
  no.	
  4:	
  494–514,	
  2010) 

CO2 Saturation Extends Only a Few km 
From Each Injection Well 

Pressure Perturbation Extends a  
100’s of  km From Injection Area 



Zoback	
  and	
  Gorelick	
  (2012) 



Faulting on Basement Faults in Response to 
 Injection in Overlaying Sedimentary Formations 

 

Horton (2012) 

Earthquake Hazard Depends on 
Whether Injection into 

Sedimentary Rocks Increases Pore 
Pressure in   

Potentially Active Basement Faults 



Basement Faults That are Potentially Active in the  
Current Stress Field Are Also Hydraulically Conductive 

Zoback and Townend (2001) 

Zhang et al. (2013) 



Recent Oklahoma Seismicity 

Tulsa	
  

Oklahoma	
  City	
  

!

Earthquakes > M 2.5 



Oklahoma’s Recent Earthquakes and 
Saltwater Disposal  

By Rall Walsh and Mark Zoback, submitted to Science Advances 
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Oklahoma Seismicity in the Perry Area 

Tulsa	
  

Oklahoma	
  City	
  

!

Perry 

Walsh and Zoback (submitted to Science Advances) 



Massive Saltwater  
Production  
(~ 50 -100 bbls of water  
for 1 bbl of oil) 

Massive Saltwater  
Injection  
(~120 million bbls/year) 

Flow	
  Rate	
  of	
  the	
  Macondo	
  well	
  



Mt. Simon (simulation) 
100 Million Tonnes/Year Injected into 
11,000 km2 
 

Mt. Simon ~400 m thick 

 
75,000 bbls/year per km2 

(6.3 bbl = 1 m3, ~8.2 bbls = 1 tonne) 
 

Perry Area (actual) 
72 Million bbls/year Injected into 
5,000 km2 
 

Arbuckle ~300 m thick 
 
24,000 bbls/year per km2 
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Mt. Simon (simulation) 
 
75,000 bbls/year per km2 
 

Perry Area (actual) 
 
24,000 bbls/year per km2 

 
At approximately 1/3 of the injection 
rate assumed by Zhou et al (2010) - 
which is only 5% of US emissions 
from coal burning power plants – 
appreciable seismicity is being 
triggered by saltwater injection in OK 
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•  The issue is not whether CO2 can be safely stored at a 

given site; the issue is whether the capacity exists for 
sufficient volumes of CO2 to be stored geologically for it 
to have the desired beneficial effect on climate change.  

•  Can it operate at a scale that makes it one of the 
principal mechanisms to reduce GHG emission and 
justify expenditures of ~$0.5 T/y 

 
•   In this context, it must be recognized that large-scale 

CCS will be an extremely expensive and risky strategy 
for achieving significant reductions in greenhouse gas 
emissions. 



State of Stress in Oklahoma 

Alt and Zoback (in prep) 
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McNamara et al. (GRL, 2015) 



(Zhou	
  et	
  al.	
  GROUND	
  WATER	
  48,	
  no.	
  4:	
  494–514,	
  2010) 


