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What	is	an	induced	earthquake?

• An	earthquake	caused	by	human	activities

• Examples	–
– Mining	induced
– Reservoir	Impoundment
– Fluid	extraction
– Enhanced	Oil	Recovery
– Fluid	injection
– Hydraulic	fracturing

1967	Koyna India	earthquake.	180	people	

killed.	Reservoir	induced.	Magnitude	6.5.



Schematic diagram of mechanisms for inducing earthquakes. Earthquakes may 
be induced by increasing the pore pressure acting on a fault (left) or by changing the shear 
and normal stress acting on the fault (right). 
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Air	hockey	analogy	to	
fluid	injection-induced	
seismicity

When	the	air	is	off,	the	puck	
doesn’t	move,	but	turning	the	
air	on	reduces	the	friction	
between	puck	and	table	and	it	
slides	easily.
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The	discovery	of	injection-induced	
earthquakes: Rocky	Mountain	Arsenal

• Fluid	injection	begins	1962
• 130,000	barrels/month

• Earthquakes	began	shortly	after	
injection

Evans,	D.M.	(1966),	The	Denver	Area	
Earthquakes	and	the	Rocky	Mountain	Arsenal	
Well,	The	Mountain	Geologist.
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Cracks in highway overpass; concrete 
pillars damaged at a church; 
foundations, concrete floors, and walls 
cracked; windows broken. 

August	9,	1967;	
Mb=5.0	and	November	
9,	1967;	Mb=5.1

Denver Earthquakes
Rocky Mountain Arsenal
1962-1984

1962 1984



USGS	researchers	carried	out	a	controlled	
induced	seismicity	experiment	from	1970	-
1974	(Raleigh	et	al.,	1976)	in	cooperation	
with	Chevron	Oil	Company	in	the	Rangely
oil	field.	

Tested	whether	pore	pressure	increases	
would	cause	earthquakes.

Turned	seismic	events	“on”	and	“off”	by	
cycling	the	pore	pressures	above	and	
below	the	critical	reservoir	pore	pressure.	

Raleigh,	C.B.,	Healy,	J.H.	and	Bredehoeft,	J.T,	1976,	An	
Experiment	in	Earthquake	Control	at	Rangely,	
Colorado;	Science,	v.	191,	p.	1230-1237.

Rangely,	Colorado



Why	are	Induced	Earthquakes	
Suddenly	an	Issue?

Earthquakes	≥	Magnitude	3	
In	the	Central	and	Eastern	US

Ellsworth,	2013
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Earthquakes	≥	Magnitude	3	
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Ellsworth,	2013



Why	are	Induced	EQs	
Suddenly	an	Issue?

Damage	from	M5.3	Trinidad,	CO	Earthquake

Damage	from	M5.6	Prague,	OK	Earthquake



https://pubs.er.usgs.gov/publication/ofr20161035
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Raton Basin, Colorado

within 200 km) and a maximum azimuthal gap of 146°, using
stations up to 350 km from the event. There is no apparent
structure to the seismicity in this earthquake sequence, prob-
ably owing to earthquake locations with uncertainties of
about 15 km or more. An Mb 4.1 foreshock occurred 6 s
before the mainshock, and an ML 3.0 aftershock occurred
16 min later. There were no other M ≥3 earthquakes within
one month of these earthquakes. The magnitude of complete-
ness is Mc ! 3:0 (Appendix B). The moment tensor for the
mainshock indicates normal faulting on a nodal plane strik-
ing north–south (Fig. 8). As already noted, this is consistent
with the regional east–west extension (Heidbach et al., 2008;
Berglund et al., 2012).

The 2011 earthquake sequence began on August 21 and
included an M 4.6 earthquake on August 22, which was fol-
lowed by the M 5.3 mainshock 6 h later on 23 August. The
largest aftershock was an M 4.0 earthquake that occurred
later in the day on 23 August. The 2011 earthquake sequence
immediately abuts the 2001 earthquake sequence, extending
to the southwest, with virtually no spatial overlap between
the epicenters of the 2001 and 2011 sequences (Fig. 7a). Like
the 2001 sequence, the epicenters form a steeply dipping
tabular structure striking northeastward. As with the August
2001 and August 2005 sequences, mainshock focal mecha-
nisms are consistent with normal faulting on northeast-striking
structures (Fig. 8). The USGS responded to the earthquake
sequence by deploying a four-station temporary seismic net-
work to record the aftershocks. An extended discussion of this
earthquake sequence can be found in the Case Study: The Au-
gust–September 2011 Earthquake Sequence section.

The Relationship between Fluid Production and
Seismicity in the Raton Basin

We do not believe that the production of gas or water is
directly related to the earthquakes in the Raton Basin. Given
that the oil production in the area is minimal, and water is far
heavier than natural gas, the extraction of water will have the
largest stress effect. Examining the Colorado portion of the
basin through June 2012, we find that the maximum amount
of produced water in 2012 in a 5 km × 5 km square
(25 km2) within 20 km of the 2011 earthquake sequence
was approximately 66M barrels, or approximately 10M m3.
Assuming the production is uniform across the 25 km2, this
would give a withdrawal of approximately 40 cm of fluid
across the area, which is equivalent to a 4 kPa stress change.
Because fluid withdrawal is likely to be uneven, we consider
a factor of 5 uncertainty in the stress change, giving a 20 kPa
stress change, which is of the same order of magnitude as the
minimum threshold for natural earthquake triggering.

Studies of static stress triggered earthquakes typically
only see earthquakes triggered at static stresses of 10 kPa
or more (Hardebeck et al., 1998), although Ziv and Rubin
(2000) saw triggering at smaller stresses given specific cri-
teria. Earthquakes dynamically triggered by the passage of
teleseismic waves are typically triggered at 30 kPa or greater
(Gomberg and Johnson, 2005), but triggering stresses have
been seen to be as small as 5 kPa in areas particularly sus-
ceptible to earthquake triggering (Brodsky and Prejean,
2005). Because the stress changes from the production of
water are at the lower end of stresses where earthquakes are
triggered by natural processes (i.e., earthquakes are not trig-
gered in the vast majority of locations experiencing these
stress changes), we find it unlikely that fluid production is
contributing to the occurrence of the earthquakes in the
Raton Basin. Additionally, the maximum stress change that
we observe is located 15–-20 km to the northwest of the seis-
micity in the 2011 sequence.
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Figure 5. (a) Time progression of earthquakes in the Raton
Basin. Dashed line indicates the earthquake detection threshold for
the Raton Basin over the entire study period. (b) Cumulative num-
ber of earthquakes in the Raton Basin. This shows a large increase
in M ≥3 and M ≥3:8 earthquakes occurring in August 2001. The
station distribution in the area did not change significantly in the
area from 1970 to 2008, so we do not anticipate that the reason there
are more M 3 earthquakes arises from improved detection capabil-
ities. The color version of this figure is available only in the elec-
tronic edition.

The 2001–Present Induced Earthquake Sequence in the Raton Basin of Northern New Mexico and Southern Colorado 7

Rubinstein	et	al.,	2014

1970 2013

Fluid	
Injection

Earthquakes
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Nakai et	al.,	2017



Mother	Jones

• Wastewater	is	produced	
at	nearly	every	oil	and	gas	
well,	not	just	hydraulic	
fracturing	sites

• Wastewater	is	disposed	of	
in	deep	wells	by	injecting	
into	porous	formations

• Inject	for	years	or
more

• Up	to	1	million	
barrels/month

• ~180,000	Class	II	disposal	
wells	in	the	US

Wastewater	Disposal



Earthquakes	in	Weld	County

• Widely	felt	earthquake	
near	Greeley	on	June	1,	
2014

• No	prior	seismicity	nearby
• Closest	prior	earthquakes	
were	the	Rocky	Mountain	
Arsenal	earthquakes



USGS	DYFI	(Did	you	
feel	it)	report

290	responses

Felt	over	60	miles	
away	from	the	
epicenter

These	maps	are	produced	very	
rapidly	by	the	USGS	National	
Earthquake	Information	Center	
(NEIC)	in	Golden

Greeley	earthquake,
May	31,	2014
Magnitude	3.2
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Preliminary
Aftershock LocationsFirst	aftershock	locations	

from	CU	study.

Large	red	circle	is	USGS	
epicenter.

Blue	square	is	C4a	well.

Green	inverted	triangles	
are	CU	temporary	seismic	
stations.	Station	GRES	
was	telemetered	to	USGS.

June	8-20,	2014	earthquakes



Injection	History	and	Earthquakes,	Greeley

Used	matched	filter	to	search	for	earthquakes	prior	to	May	31,	2014	felt	earthquake.
No	earthquakes	found	from	8/11-10/13,	first	earthquake	match	November	2013.
C4A	high	volume	injection	started	July	2013.
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Colorado officials shut down
drilling waste well in Greeley
after 2nd earthquake in less
than month

BY: Jaclyn Allen (mailto:jaclyn@thedenverchannel.com)
POSTED: 5:11 PM, Jun 24, 2014
UPDATED: 11:02 PM, Jun 24, 2014

Autoplay: On

VIDEO BY KMGH

Colorado officials ordered the shutdown of an oil and gas wastewater well near Greeley after two earthquakes
rattled the area.

6/26/14 5:08 PMAfter second Greeley earthquake, COGCC orders halt of nearby wastewater injection well | GreeleyTribune.com

Page 1 of 2http://www.greeleytribune.com/news/11957606-113/cogcc-injection-activity-lepore

 

 Trenton Sperry
tsperry@greeleytribune.com

Back to: 
June 24, 2014

After second Greeley earthquake, COGCC orders halt of
nearby wastewater injection well

After a second earthquake northeast of Greeley, the Colorado Oil and Gas Conservation
Commission has asked High Sierra Water Services to stop disposing wastewater into one of its
injection wells.

The request came after a team of University of Colorado seismologists tracked a 2.6-magnitude
earthquake Monday afternoon in the area. The team began monitoring the region after a 3.4-
magnitude earthquake May 31.

High Sierra agreed Monday to a 20-day halt to wastewater injection as a precaution.

“High Sierra has been entirely cooperative,” said COGCC Director Matt Lepore. “Their big point has
I think been the same as ours, which is let’s get the best available scientific data and act
accordingly.”

Lepore said he and the COGCC engineering staff made the decision to ask High Sierra to halt
injection activity after the CU team informed them of the recent seismic activity. He said the halt
should help determine what — if any — link exists between the well and recent earthquakes.

“I think what we’re trying to do is ensure that there’s no further seismic activity and minimize any
risk to public safety in that regard,” Lepore said. “But we have not made the causitive determination
that there is a connection yet.”

During the shutdown, the COGCC plans to evaluate the area’s baseline, historical seismic activity;
continue coordination with the CU team; coordinate with the U.S. Geological Survey and Colorado
Geological Survey; evaluate other disposal wells in the area and review data associated with the well
in question.



Greeley	C4A	well	
modifications



Continued	seismic	monitoring	in	Greeley	area



Ongoing	research:	Seismometers	and	Injection	Wells	in	Weld	County

Morgan	County:	No	‘deep’	wells,	injection	rates	are	low,
no	earthquakes



Current	Morgan	County	
Injection	Interval

Main	Weld	County	
Injection	Interval

Higley and	Cox,	2007

Confining	Layer

Denver	Basin	Stratigraphic	Column

‘Basement'



What	have	we	learned	about	the	link	between	wastewater	disposal	
and	induced	earthquakes?

Earthquakes	happen	near	some	wells	and	not	others.	We	are	still	trying	to	learn	why.	Some	
things	we	do	know:

Don’t	inject	into	a	fault	(but	we	don’t	know	where	all	of	the	faults	are)

Don’t	inject	into	basement	(the	deep	crystalline	rocks	below	the	sedimentary	layers)

High	injection	rates	can	be	a	problem	– (COGCC	recommends	seismic	monitoring)

High	cumulative	volume	can	be	a	problem	– wells	close	together	all	contribute	to	increased	
pore	pressure

Injecting	at	high	pressure	can	be	a	problem,	but	induced	earthquakes	can	also	occur	in	cases	
where	injection	is	by	gravity	feed	

Seismic	monitoring	is	needed,	but	seismic	network	coverage	in	Colorado	is	sparse

Induced	seismicity	is	a	manageable	issue,	however, effective	management	requires	seismic	
monitoring,	injection	monitoring,	scientifically	informed	policies	and	procedures,	and	follow	
up	from	regulatory	agencies	(Colorado	Oil	and	Gas	Conservation	Commission	has	regulatory	
primacy	in	CO)



Integrate	geoscience,	
social	science	and	
engineering	in	study	of	
science	and		impact	of	
induced	earthquakes

NSF	Hazards	
SEES	project	
on	Induced	
Seismicity	at	
CU

*	SEES	=	Science,	Engineering,	and	Education	for	Sustainability	



Thank	You

Anne.Sheehan@colorado.edu
Earthquake.colorado.edu

www.iris.edu





Brown	et	al.,	2017



Next	steps	:
CU	– continue	monitoring

-seismology	
-pore	pressure	modeling	
- InSAR

COGCC		- traffic	light	system	being	considered
- earthquake	monitoring	requirement	for	high	rate	wells
- staged	injection	requirement	for	high	rate	wells
- inspect	drilling	reports	for	lost	circulation	zones

Colorado	Geological	Survey	–
- 2	new	seismic	stations	in	Colorado
- Induced	seismicity	working	group



Colorado earthquakes
M> 2.5

1973-1998

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



Colorado earthquakes
Magnitude > 2.5

1998-2015

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


