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Colorado’s Earthquake and Fault Map 

Presenter
Presentation Notes
 The Colorado Earthquake Hazard Mitigation Council published a map in 2008 of earthquakes and faults in Colorado. The map can be obtained at the Colorado Geological Survey (CGS). 



Orange dots: USGS Seismic Event > 2.5M 
Blue Square: Injection Wells 

USGS Seismic Events > 2.5M 
 

Presenter
Presentation Notes
 The United States Geological Survey (USGS) maintains a database of Colorado earthquakes at the National Earthquake Information Center (NEIC) in Golden. 



Three History Examples of 
Induced Seismicity in Colorado 

Rocky Mountain Arsenal, Adams County, 
Colorado 

 
Rangely Oil Field, Rio Blanco County, 

Colorado 
 

Paradox Valley, Dolores County, Colorado 
 
 

Presenter
Presentation Notes
Rocky Mountain ArsenalMost earthquakes or seismicity occur as a result of naturally-occurring geologic phenomena. However, there have been some cases where seismicity was suspected to have been triggered by injection of fluids into the subsurface. The term “Induced Seismicity” has been used to describe man-made earthquakes of this type. The most notable case in Colorado was at the Rocky Mountain Arsenal (the “Arsenal”) near Denver. Earthquakes began after a 12,000-foot injection well was drilled at the Arsenal for the disposal of waste fluids. Injection commenced in March 1962. Shortly thereafter, an unusually frequent series of earthquakes occurred during the period from January 1963 to August 1967. In 1968 injection stopped, and the Army began removing fluid from the Arsenal well at a very slow rate in an effort to reduce earthquake activity. In Nicholson, 1990, Earthquake Hazard Associated with Deep Well Injection- A Report to the U.S. E.P.A.5 injection volumes were related to earthquake events, demonstrating that these earthquakes were induced by fluid injection at the Arsenal. In the late 1950s, liquid waste was stored in ponds at the U.S. Army’s Rocky Mountain Arsenal, famous for its store of nerve gas during the Cold War. In order to alleviate environmental concerns, they decided to inject the liquid into a two-mile deep well. Less than a year after injection began, earthquakes began occurring in the vicinity. Thousands of small earthquakes (in 1967 two earthquakes over magnitude 5.0) were recorded near the Arsenal.  The largest caused an estimated $1 million in damage in Commerce City and north Denver.  After a couple of years of this earthquake activity, a geologist in Denver claimed that the volume of liquid being injected into the Arsenal disposal well correlated with the number of earthquakes occurring in the area; the greater the volume of injected liquid, the higher the number of earthquakes (Figure 7).  The Army denied it, many geologists doubted it, and the USGS set out instruments to prove that he was wrong. Instead, they proved that this Denver geologist was correct. Fifteen years later the President’s Council on Environmental Quality recognized the geologist, David Evans, with a $50,000 award.  Rangely Oil FieldThe USGS was excited about these findings and wondered whether earthquakes could be controlled elsewhere by injecting water. They turned to the giant Rangely oil field in northwest Colorado where minor earthquakes appeared to be associated with water injection used to improve oil recovery. The area of injection was experiencing around 50 minor earthquakes per day. The oil company agreed to let the USGS conduct an experiment to determine whether they could turn earthquakes off and on. They discovered that they could. When the injection ceased, the earthquakes dropped from more than 50 to fewer than ten per day.  When they began injection again, the daily number jumped back up to over 50. Over a two-year period, the USGS turned earthquake activity off, on, off, on, and off again–a successful and exciting experiment. Paradox ValleyThe Bureau of Reclamation is diligently working in the Paradox Valley to reduce the amount of salt entering the Dolores River and ultimately the Colorado River.  They are currently withdrawing the salty water before it can contaminate the Dolores River.  The intercepted salty water is disposed of by a combination of evaporation ponds and injections deep into Earth. The Bureau’s scientists expected that this process might trigger earthquakes and thus deployed a network of local seismometers to monitor any activity. They have generated more than 3,000 minor earthquakes since beginning injection in 1995. After experiencing a magnitude 4.3 in May of 2000, they reduced injection to every other month. The result has been no more earthquakes over M 4.0. 
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Three History Examples of Induced Seismicity in Colorado 
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Rocky Mountain Arsenal Rangely Oil FieldParadox Valley



Rocky Mountain Arsenal Deep Disposal Well 

Red dots: Oil and Gas Wells 
Orange dots: USGS Seismic Event > 2.5M 
Blue Square: Injection Wells 

Rocky Mountain Arsenal 
 Deep Disposal Well 
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Presentation Notes
Rocky Mountain ArsenalMost earthquakes or seismicity occur as a result of naturally-occurring geologic phenomena. However, there have been some cases where seismicity was suspected to have been triggered by injection of fluids into the subsurface. The term “Induced Seismicity” has been used to describe man-made earthquakes of this type. The most notable case in Colorado was at the Rocky Mountain Arsenal (the “Arsenal”) near Denver. Earthquakes began after a 12,000-foot injection well was drilled at the Arsenal for the disposal of waste fluids. Injection commenced in March 1962. Shortly thereafter, an unusually frequent series of earthquakes occurred during the period from January 1963 to August 1967. In 1968 injection stopped, and the Army began removing fluid from the Arsenal well at a very slow rate in an effort to reduce earthquake activity. In Nicholson, 1990, Earthquake Hazard Associated with Deep Well Injection- A Report to the U.S. E.P.A.5 injection volumes were related to earthquake events, demonstrating that these earthquakes were induced by fluid injection at the Arsenal. In the late 1950s, liquid waste was stored in ponds at the U.S. Army’s Rocky Mountain Arsenal, famous for its store of nerve gas during the Cold War. In order to alleviate environmental concerns, they decided to inject the liquid into a two-mile deep well. Less than a year after injection began, earthquakes began occurring in the vicinity. Thousands of small earthquakes (in 1967 two earthquakes over magnitude 5.0) were recorded near the Arsenal.  The largest caused an estimated $1 million in damage in Commerce City and north Denver.  After a couple of years of this earthquake activity, a geologist in Denver claimed that the volume of liquid being injected into the Arsenal disposal well correlated with the number of earthquakes occurring in the area; the greater the volume of injected liquid, the higher the number of earthquakes (Figure 7).  The Army denied it, many geologists doubted it, and the USGS set out instruments to prove that he was wrong. Instead, they proved that this Denver geologist was correct. Fifteen years later the President’s Council on Environmental Quality recognized the geologist, David Evans, with a $50,000 award. 



Red dots: Oil and Gas Wells 
Orange dots: USGS Seismic Event > 2.5M 
Blue Square: Injection Wells 

Rangely Oil Field 

Rangely Oil Field 

Presenter
Presentation Notes
Rangely Oil FieldThe USGS was excited about these findings and wondered whether earthquakes could be controlled elsewhere by injecting water. They turned to the giant Rangely oil field in northwest Colorado where minor earthquakes appeared to be associated with water injection used to improve oil recovery. The area of injection was experiencing around 50 minor earthquakes per day. The oil company agreed to let the USGS conduct an experiment to determine whether they could turn earthquakes off and on. They discovered that they could. When the injection ceased, the earthquakes dropped from more than 50 to fewer than ten per day.  When they began injection again, the daily number jumped back up to over 50. Over a two-year period, the USGS turned earthquake activity off, on, off, on, and off again–a successful and exciting experiment.



Paradox Valley Deep Disposal Well 

Red dots: Oil and Gas Wells 
Orange dots: USGS Seismic Event > 2.5M 
Blue Square: Injection Wells 

Paradox Valley Deep Disposal Well 

Presenter
Presentation Notes
Paradox ValleyThe Bureau of Reclamation is diligently working in the Paradox Valley to reduce the amount of salt entering the Dolores River and ultimately the Colorado River.  They are currently withdrawing the salty water before it can contaminate the Dolores River.  The intercepted salty water is disposed of by a combination of evaporation ponds and injections deep into Earth. The Bureau’s scientists expected that this process might trigger earthquakes and thus deployed a network of local seismometers to monitor any activity. They have generated more than 3,000 minor earthquakes since beginning injection in 1995. After experiencing a magnitude 4.3 in May of 2000, they reduced injection to every other month. The result has been no more earthquakes over M 4.0. 



Possible Causes of the  
Historic Induced Seismicity 
 Rocky Mountain Arsenal,  

 Large injection volumes,  
 High injection rate 
 Low porosity reservoir 
 Low permeability reservoir 

 
 Rangely Oil Field,  

 Large injection volumes,  
 High injection rate 

 
 Paradox Valley, Dolores County, Colorado 

 Large injection volumes,  
 High injection rate 

 
 
 



Colorado’s Underground 
Injection Program 



COLORADO STATISTICS 

 

As of April 1ST  2014, There are 920 UIC wells 

350 DISPOSAL WELLS (34 are Tribal) 

570 ENHANCED RECOVERY WELLS (2 are EPS) 

 

 

Presenter
Presentation Notes
The federal Underground Injection Control (UIC) program began on December 1974 with the creation of the Safe Drinking Water Act (SDWA). The SDWA established the UIC Program, administered by the United States Environmental Protection Agency (EPA), to protect Underground Sources of Drinking Water (USDW’s) from impacts related to underground fluid injection practices. The EPA delegated primacy for regulation of Class II UIC wells to the State of Colorado for underground injection of oil and gas exploration and production waste on April 2, 1984. Colorado has administered the UIC program in accordance with federal regulations (40 CFR, Parts 144, 145, 146, and 147) since that time, providing the EPA with semi-annual reports, http://water.epa.gov/type/groundwater/uic/index.cfm. The Colorado Oil and Gas Conservation Commission (COGCC) is the State regulatory agency that permits Class II UIC wells for injection of oil and gas exploration and production waste and enhanced recovery wells. The COGCC Class II UIC permit review process is defined by COGCC Rule 303 Permit to Drill, Rule 324B Exempt Aquifers, Rule 325 Underground Disposal of Water, Rule 326 Mechanical Integrity Testing, and Rules 706, 707, and 712, which identify Financial Assurance requirements. The permit process involves the review and approval of Form 21, Mechanical Integrity Test, Form 26, Source of Produced Water for Disposal, Form 31 Underground Injection Formation Permit Application, and Form 33 Injection Well Permit Application. Information included with these forms and required supplementary documentation describe well construction, ground water and injection zone isolation, fracture gradient, maximum injection rate, maximum injection volume, maximum injection pressure, injection zone water quality, and potential seismicity associated with fluid injection. 



COLORADO’s  
UNDERGROUND INJECTION REGULATIONS 

 RULE 325 ADDRESSES UNDERGROUND DISPOSAL OF WATER 

 RULES REQUIRE WRITTEN NOTICE TO SURFACE OWNER AND MINERAL 
OWNER WITHIN ¼ MI. 

 PUBLICATION OF DISPOSAL WELL NOTICE IN LOCAL NEWSPAPER FOR 30 
DAY COMMENT PERIOD 

 VARIOUS WELL BORE CONSTRUCTION INFORMATION 

 TESTING FOR WATER QUALITY OF DISPOSAL FORMATION. IF TDS IS < 
10,000 PPM TDS AN AQUIFER EXEMPTION IS REQUIRED. 

 FOR ENHANCED RECOVERY OPERATIONS THESE STEPS ARE DONE OVER THE 
ENTIRE UNIT AREA 



WELL BORE DIAGRAM  
PLACE & CEMENT PRODUCTION CASING 
Fluid inflow prevented by cement 

GROUND SURFACE 

WELLHEAD 

CEMENT 
SURFACE CASING 

CEMENT 
& CASING 

INJECTION FORMATIONS 

CEMENTED CONDUCTOR  

AQUIFER(S) 

Production Casing:       
Hole with cemented steel  

Figure 4 

Per COGCC Rules 317.i, j, & k and verified per Rule 
308A 

Well construction for fluid isolation 



GROUND SURFACE 

WELLHEAD 

CEMENT 
SURFACE CASING 

HYDROCARBON FORMATIONS 

CEMENTED CONDUCTOR  

AQUIFER(S) 

Wellbore Integrity 

Per COGCC Rule 326 
Per COGCC Rules 207.b. and 608.e 

MECHANICAL INTEGRITY TEST 
Applied pressure monitoring of internal casing 
pressure 
BRADENHEAD MONITORING TEST 
Monitoring for internal annulus pressure 
 

Bradenhead valve 

TUBING 
PRODUCTION CASING 

PERFORATIONS 

BRIDGE PLUG 

PRESSURIZED FLUID 



Safeguard for underground 
injection. 



Safeguards 
 Injection volume limits 
 
 Injection Pressure less than fracture gradient 

 
 Injection Rate 
 
 Review for seismic activity: USGS  

 
 Review for geologic maps 

 
 DWR review for of injection zone 

 
 
 

Presenter
Presentation Notes
 COGCC, in accordance with federal law and COGCC’s rules and policies, believes safeguards are in place to reduce the likelihood of induced seismicity. The current safeguards defined by COGCC permit process are injection volume; pressure below the fracture gradient; and, input from the Colorado Division of Water Resources (CDWR) and CGS to reduce the potential for induced seismicity related to UIC Class II wells. 



Step Rate Test for Fracture Gradient  

Presenter
Presentation Notes
Maximum surface injection pressure is calculated based on a default fracture pressure gradient of 0.6 psi per foot of depth. The operator may elect to conduct a Step Rate Injection Test to define whether a higher injection zone fracture gradient exists. From the resulting fracture gradient, the COGCC UIC engineer designates a maximum surface injection pressure at the operator’s requested injection rate as a condition of permit approval. COGCC’s policy is to keep injection pressures below the fracture gradient, which is defined uniquely for each injection well, minimizing the potential for seismic events related to fluid injection. Some injection wells do not need to inject under pressure because the formation will take water on a vacuum. 



Colorado Geology Survey Review 

Presenter
Presentation Notes
Beginning in September of 2011, the COGCC UIC permit review process was expanded to include a review for seismicity by the CGS. CGS uses their geologic maps, the USGS earthquake database, and area-specific knowledge to provide an opinion of seismic potential. If historical seismicity has been identified in the vicinity of a proposed Class II UIC well, COGCC requires an operator to define the seismicity potential and the proximity to faults through geologic and geophysical data prior to any permit approval. 



STANDARD CONDITIONS OF APPROVAL 

ALL APPROVED INJECTION PERMITS HAVE: 

 Maximum Allowable Injection Pressure that is below the injection zone fracture 
pressure. 

 Maximum Allowable Injection Volume:  this is calculated to hold the radius of 
influence of injected fluid to ¼ Mile. The volume may be increased at a later 
date with additional review and approval by COGCC.  

 There may be special data, test or log required periodically. 
o Bradenhead test 
o Temperature, radioactive or noise logs 
o Cased hole integrity logs 
o Transit Analysis. 



UIC Inspection and  Enforcement 
FOR BOTH DISPOSAL AND SECONDARY RECOVERY 

 All UIC wells are inspected annually 
o INJECTION PRESSURE IS CHECKED 
o ANNULAR PRESSURE IS CHECKED 

 All UIC wells are pressure tested for casing integrity every 5-years. 

 All UIC wells are equipped with a packer and tubing annulus are inspected for 
leaks through by opening the tubing annulus value.  

 Any well showing abnormal pressure on the tubing annulus  is required to cease 
injection, be repaired of abandoned.  





1. Colorado has several case studies on 
induced seismicity 

2. Colorado’s Underground Injection Program 
has evolved 

3. There safeguard for underground injection 
 Injection volume limits 
 Injection Pressure less than fracture gradient 
 Injection Rate 
 Review for seismic activity: USGS  
 Review for geologic maps 
 DWR review for of injection zone 

Key Points 



Visit Us On the Web 
colorado.gov/cogcc 

 
 

 

  



EXTRA SLIDES 
 



317.o. Requirement to log well. For all new drilling operations, the operator shall 
be required to run a minimum of a resistivity log with gamma-ray or other 
petrophysical log(s) approved by the Director that adequately describe the 

stratigraphy of the wellbore. A cement bond log shall be run 
on all production casing or, in the case of a 
production liner, the intermediate casing, when 
these casing strings are run. These logs and all other logs run 
shall be submitted with the Well Completion or Recompletion Report and Log, Form 
5. Open hole logs shall be run at depths that adequately verify the setting depth of 
surface casing and any aquifer coverage. These requirements shall not apply to the 
unlogged open hole completion intervals, or to wells in which no open hole logs are 
run.  

CEMENT BOND LOG 
 



Per COGCC Rule 317.o  requires cement bond 
logs for all wells. 

Top of Cement 

Cement Bond Logs 
to verify placement 
of cement 
 



Calculation of Maximum Injection 
Volume 

MIV = φ h π (1/4 mile)2  

φ = Porosity 

h = Reservoir height    

 π = PI 
 
 

Presenter
Presentation Notes
Further, the geophysical logs are used to determine the injection zone thickness and porosity, and the logs are used to verify that the bounding shale zones are thick enough to provide zonal isolation. The COGCC UIC engineer calculates a maximum injection volume, based on thickness and porosity from the log data. By COGCC policy, the injection volume is restricted to a one-quarter mile radial volume. The restriction is intended to constrain the total volume of injected fluids during the life of the injection well. 



Calculation of Maximum Injection 
Pressure 

FG = [ISIP* + (.433XSGXD)] / D 
*Or whatever pressure is determined to be used 

1.  Calculate the fracture gradient (FG): 

2.  Calculate the maximum injection 
pressure (Pmax): 

Pmax = [FG - (.433XSG)] X D 
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