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Presenter
Presentation Notes
Thank you for inviting me. 

Shown here is an image of damage from the M 5.6 2011 Prague earthquake which is the largest induced earthquake
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Presentation Notes
This talk will cover results from 2 papers that resulted from a working group on induced seismicity funded by the USGS Powell Center. The Powell Center funds data compilation and synthesis studies by teams of collaborators from USGS and academia. 

The study began in October 2012 at a time when the problem was recognized but the cause was still controversial.



The rate of increase of M>3 earthquakes is unprecedented

Cumulative Number of M=3 Earthquakes, 1973-2014
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Presentation Notes
Before the recent increase in seismicity began the background rate of earthquakes in the central and eastern US was 24 per year. This is reflected in the constant slope of the cumulative number plot. Between 2009 and 2013 rates increased to 193 per year. Then in 2014 rates increased to 688. In 2015 the number of earthquakes in Oklahoma is expected to exceed 1000. Rates dropped in the last 90 days possibly due to new restrictions on injection volumes


= Earthquake increase is limited to only a few areas
where oil and gas production occur
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Presentation Notes
This graphic illustration designed dramatically conveys how the increased seismicity is related to oil and gas production. Llenos removed the earthquakes associated with known occurrences of induced seismicity associated with wastewater disposal. The squares show the locations and the curve is adjust downward each time.

It is important to stress that the process of hydrofracture rarely causes felt earthquakes. The observed increase in induced earthquakes is due to disposal of the produced brines from oil and gas production. In some areas such as Arkansas and Ohio the brines are from shale gas production. In Oklahoma the brines are from both oil and gas production.



Underground
Injection Control
(UIC) Program

Begun by EPA in 1980’s
6 types of liquid waste

Class Il are oil and gas
>188,000 Class Il wells in
Central and Eastern U.S.

Two types:
Salt water disposal (SWD)
net injection
Enhanced oil recovery (EOR)
recirculation
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Presentation Notes
There are many problems associated with surface disposal of produced waters. 

For this reason the EPA began the underground Injection Control Program in the early 1980’s in order to provide for liquid waste disposal in deep brine-filled formations.  There are 6 types of liquid waste with Class II being those from oil and gas production. The wells are further divided into Saltwater Disposal where brines produced from the oil or gas reservoir are injected into a different formation, usually deeper. Class II wells also include those used for enhanced oil recovery where brines are reinjected into the reservoir horizon. An important distinction is that there is a net fluid gain in formations used for SWD.




Parameters Hypothesized to Affect Seismicity

Operational:

Cumulative volume
Injection Rate
Injection Pressure
Injection Depth

Geological and hydrological:

Stratigraphy
‘Proximity to basement
Faults

Background stress
Background pore pressure
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Study Plan

o Compile injection well database

for central and eastern US P ~~
»  Find injection wells associated /' Epicenter
with earthquakes using spatial /
and temporal criteria :|
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5 km
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Well must be active at the time

@ Earthquake Epicenter
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Note that the earthquake catalog epicenter locations are only accurate to 10 km. That is why deployments of local portable seismic networks is so crucial in determining if a sequence of suspected induced earthquake is associate with injection. 

Local deployments can provide locations accurate to a few hundred meters or less. This is adequate to determine if the earthquakes line up along faults and whether the locations are migrating away from a well with time.


Injection Well Database
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Assoclated
Injection
Wells

18,757 associated
~ 10% of all wells
14,490 are active
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High-rate
Injections
(>300,000 barrels/
month) are much
more likely to be
associated with
earthquakes
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Presenter
Presentation Notes
Percentage associated is independent of rate until the highest rates where there is a tendency for more wells than expected to be associates

Red dashed lines are confidence intervals which widen for high rates reflecting that there are fewer wells injecting at those rates.


Case study: Could high rate injection trigger the
Oklahoma Jones swarm?

Swarm 2009-2012 A I ‘ﬁ ..
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Presentation Notes
4 large injection wells are located SW of the swarm; 3 wells are on one pad and a fourth is 3.5 km away.


B
Why are injection rates so high in Oklahoma®?

* Indewatering high Oil in tight
porosity

volumes of water are
pumped to lower reservoir
pressures causing oil and
gas to migrate from tight
porosity

e Initial water:oll ratios 1000:1

e Production water:oll ratios

30:1 Hunton
40:1 Arbuckle
 National average 5:1 Water-filled
fractures
>
s USGS http://www.equalenergy.ca/en/presentations/oklahoma
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Dewatering involves pumping large amounts of formation water from fractures in order to trigger migration of oil from tighter matrix porosity.  A number of formations in Oklahoma have oil that can be produced by dewatering. 

Key point to get across is that when HUGE volumes of water are taken out, HUGE volumes of water need to go in somewhere.   Nat Avg is 5:1
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Monthly volume per well unit, 10° bbl/mo

150 of 10,937 active OK wells
contribute 20% total volume

1 Chambers

Colored wells are in dewatering plays

e SE OKC wells, Arbuckle
7 Deep Throat ® Central OK wells, Hunton
® Northern OK wells, Miss. Lime

6 Flower Power

15 Sweetheart
One pad with 3 wells ~3 million bbls/mo

(Flower Power, Deep Throat, Sweetheart)
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Presentation Notes
Over 10,000 injection wells in OK 

Note that the massive wells are in the dewatering plays, they are massive because of the dewatering plays producing such unusual volumes of water






Dewatering production and disposal

WEST A4 : EAST
12.9 kilometers _

4,000 - £ 1,200
£]11.300
4,500 |- Z111,400
- 5,000 g‘j = 41,500
& =l _ 141,600

£ 5500 £ 5
= ' = ﬂqu 1;?00
S 6000f 1 £x71:800
= 141,900
6,500 E 12,000
< 12,100

7,000 - 2 )
£ 112,200
7,500 - = |42300

2,400

% USGS 700 m deeper

science for a changing world

Depth, in meters


Presenter
Presentation Notes
Cross section across the Nemaha fault. The fault crosses approximately north-south through the Oklahoma City metro area. 

In the SE OKC wells, fluid is extracted from the Arbuckle Group, carbonate rocks, on the west side of the fault 
and injected within the Arbuckle Group and basement on the east, downthrown side of the fault. 

Production and disposal wells are within hundreds of meters of the fault. 
---------------------------------------------------------------------------------------
The wavy red line marks the major pre-Pennsylvanian unconformity. Wells noted were used in construction of the cross section in (28). Metro area from the University of
Oklahoma Center for Spatial Analysis.

The thin brown layer at the base of the Arbuckle Group is the Reagan Sandstone. 



Hydrogeologic Conceptualization
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Presentation Notes
Need distance from Chambers to the other 3 wells on the same pad

Fix fonts.

 One bulk /diffusivity was used for the Arbuckle, but the vertical permeability is 1 order of magnitude smaller than horizontal. This 10:1 anisotropy implicitly (and approximately) takes into consideration of major sedimentary rock features including cyclic layering. 

-- The basement is assumed to be isotropic with a depth-decreasing hydraulic diffusivity from 0.01 m2/s at the top to 0.0001 m2/s  at the base (from 3 km to 8 km depth)

Diffusivity values shown reproduced produced wellhead pressures consistent with reported values. Decreasing or increasing the diffusivity of the Arbuckle by one order of magnitude resulted in unreasonable wellhead pressures.





The model
pressure
front tracks
the onset of
seismicity
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Presentation Notes
Well locations are shown as triangles. Earthquake epicenters are shown as black dots.

Injection wells to the NE begin operating starting in in 1995. Wells to the SW begin operating in 2005.

Most of the pressure comes from the large wells in the SW

The 0.1 MPa contour arrives at the location of the swarm in 2009. Between 2009 and 2012 the swarm moves NE as the 0.1 MPa pressure front migrates.
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Dozens of low rate wells to the northeast add

pore pressure contribution of smaller magnitude
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The contribution of dozens of wells around the Jones swarm was modeled, basically every well large or small. 

The left panel shows the total cumulative volume from the 4 high rate wells and the 69 lower rate wells. 

The right panel shows that 85% of the pressure comes from the 4 SW wells and only 15% comes from the 69 lower rate wells to the NE.


Conclusions and Recommendations

 The entire increase in recent U.S. mid-
continent seismicity is associated with ol
and gas production

e High injection rates (>300,000 bbl/month)
iIncrease the likelihood of earthquake
association

 Cumulative injected volume does not affect
the likelihood of association

 Need better access to data on
permeabilities, downhole pressures, and
stresses In target formations.
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