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SUMMARY

The goal of this workshop was to gather representatives from Intermountain West (IMW) states to present their top five faults 
of concern and to create strategies to prioritize and fund active fault studies. The workshop focused on states outside Utah and 
Nevada, but workshop participation was open to all.

This gathering built on a similar exercise in 2008 (Crone and others, 2009) that ranked active faults by research priority in 
the IMW.

Representatives from Arizona, Colorado, Idaho, Montana, Oregon (in absentia), New Mexico, and Wyoming presented faults 
considered priorities for further study. Texas declined to send a representative. Workshop participants also offered sugges-
tions for improving the IMW region portion of the USGS solicitation for External Research Grants; these suggestions and the 
list of each state's top five priority faults were included in the Fiscal Year (FY) 2016 U.S. Geological Survey (USGS) External 
Research Grants Program Announcement.

 
WORKSHOP AGENDA

7:30 AM  A la carte breakfast

8:00 AM Welcome from the conveners and logistics
              Goals and product for the workshop

   Rich Briggs, USGS
   Ryan Gold, USGS

8:10 AM  Review of the 2008 workshop results and a summary of external IMW work (NEHRP) funded by the  
   USGS since 2006
    Rich Briggs, USGS

8:30 AM The Utah Working Groups: Where they started, and where they are now
    Bill Lund, Utah Geological Survey

9:00 AM Faults of concern: Arizona
    Phil Pearthree, Arizona Geological Survey

9:30 AM Faults of concern: Colorado
    Matt Morgan, Colorado Geological Survey

10:00 AM BREAK
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10:15 AM Faults of concern: Montana
    Mike Stickney, Montana Bureau of Mines and Geology

10:45 AM Faults of concern: Idaho
    Bill Phillips, Idaho Geological Survey

11:15 AM Faults of concern: Oregon
    Rich Briggs, USGS

11:45 AM Discussion

12:00 AM LUNCH

1:00 PM  Faults of concern: Wyoming
    Mort Larsen, Wyoming Geological Survey

1:30 PM  Faults of concern: New Mexico
    Dave Love, New Mexico Bureau of Geology

2:00 PM  Faults of concern: Texas
    Rich Briggs, USGS 

2:30 PM  The 2014 National Seismic Hazard Map update: Focus on IMW faults
    Ryan Gold, USGS

3:00 PM  BREAK

3:15 PM  Data gaps and research targets: Summary of 2015 faults of concern to help guide future state work and  
   USGS External Grants (NEHRP) funding 
    Rich Briggs, USGS
    Ryan Gold, USGS

3:45 PM  Open discussion
             Possible topics include:

• Balancing hazard and risk in the IMW: How to best prioritize studies?
• Challenges faced by State surveys in conducting active fault studies.
• IMW External Grants (NEHRP) funding: Status quo or changes required?
• Induced seismicity: How does this affect priorities?

4:30 PM  End
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WORKSHOP ATTENDEES

Attendee	 	 			Affiliation
Phil Pearthree     Arizona Geological Survey

Matt Morgan     Colorado Geological Survey

Mike Stickney     Montana Bureau of Mines and Geology

Susan Olig     URS Corporation

Bill Lund     Utah Geological Survey

Dean Ostenaa     Fugro Consultants

Bill Phillips     Idaho Geological Survey

Craig dePolo     Nevada Bureau of Mines and Geology

Mort Larsen     Wyoming State Geological Survey

Dave Love     New Mexico Bureau of Geology

Michael Fazio     City of Bluffdale, Utah

Rich Reed     unspecified

James Bela     Oregon Earthquake Awareness

Glen Boyle     Eagle Engineering

Sarah Derouin     U.S. Bureau of Reclamation

Glenda Besana-Ostman    U.S. Bureau of Reclamation

Susanne Janecke     Utah State University

Ivan Wong     URS Corporation

MOTIVATION FOR WORKSHOP

The IMW region spans the Rocky Mountains to the Sierra Nevada and encompasses most of the broadly deforming west-
ern United States. Relatively low slip rates and a multitude of distributed active faults present challenges for seismic hazard 
studies in this region. These challenges are compounded by rapid development and the urban character of IMW population 
centers, which tend to be concentrated along active faults.

The workshop was motivated by the need to balance fault studies across the broad IMW region, and to support state efforts 
to prioritize active faults for further study. This effort took a slightly different approach than previous prioritization attempts. 
Rather than create a ranked list of faults for the entire IMW region (Crone and others, 2009), a list was presented for each state 
by representatives of that state's geological survey. Also, by focusing on ”faults of concern,” each state set their own criteria 
for inclusion, such as population at risk, potential hazard, or current lack of information.

BACKGROUND MATERIAL FOR PARTICIPANTS

Bill Lund of the Utah Geological Survey presented a short history of the Utah Quaternary Fault Parameters Working Group 
(UQFPWG, http://geology.utah.gov/hazards/earthquakes-faults/utah-earthquake-working-groups/quaternary-fault-parame-
ters/). Strong collective action in Utah has resulted in unparalleled success in identifying, prioritizing, and acting on active 
fault characterization. Although no single approach will suit each state, the systematic progress made by the UQFPWG in 
Utah was discussed as a powerful way to make measureable progress on active fault problems.
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Ryan Gold outlined the criteria for inclusion of active faults as sources in the USGS National Seismic Hazard Map (NSHM) 
(Petersen and others, 2014). He also discussed the changes between the 2008 and 2014 versions of the NSHM in the IMW. The 
goal of this presentation was to foster conversation on the inclusion, or lack thereof, of faults deemed important by the states 
in the NSHM.

Top Five Faults of Concern

The faults highlighted by each state are summarized here. More detailed discussion for each state is included in the corre-
sponding state presentations:

Arizona: Lake Mary, Big/Little Chino, Mead Slope, Hurricane, and Needles faults

Colorado: Golden, Rampart Range, Ute Pass, Williams Fork Mountains, and Frontal faults

Idaho: Lost River, Squaw Creek, Sawtooth, Beaverhead, and Lemhi faults

Montana: Swan, Centennial/Madison, Continental, Bitterroot, and Brockton-Froid fault zones

New Mexico: Rincon Ridge, Northern Alamogordo, Mesilla Basin, Albuquerque Basin, and Southern San Andres 
Mountains faults

Oregon (IMW portion): Goose Lake Graben, West Klamath fault zone, La Pine Graben, Sisters-Metolius fault zone, 
Grande Ronde Valley faults

Wyoming: Teton, Grand Valley, Rock Creek, Greys River, and East Gros Ventre faults

 
DISCUSSION PERIOD

The workshop culminated in a discussion that revolved around two main themes: criteria used to select the faults of concern, 
and the future direction of active fault research in the IMW region. The discussion ended with collective ideas on why re-
search on active faults in the IMW region remains important in the face of many other pressing national needs.

The main points of each main thread of this conversation are paraphrased below in bullet form.

Criteria Used to Select Faults of Concern

• At present, the "faults of concern" list has little consistency because the framework is different for each state. 

• Similarly, the degree of vetting for faults listed by each state varies dramatically. Each state is at a different stage of  
 developing a structure for identifying and ranking priority faults.

• Do the criteria employed by each state for evaluating priority faults need to be uniform? Is the present list too   
 highly dependent on the individuals who created the priorities?

• Neighboring states may consider working together to develop lists—science and uniformity of mapping win.

• Five faults per state is perhaps too many—would three be better?

• A working group approach by each state, or by groups of states, would help to make the framework for highlighting faults  
 of concern more consistent.

• The current disconnect between the faults represented in the USGS Quaternary Fault and Fold Database, the faults   
 seen as important by the states, and the faults included in the NSHM is confusing and needs to be addressed by the   
 USGS.
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Future Direction of Active Fault Research in the IMW Region

• The IMW portion of the USGS External Grants Program Announcement should explicitly include state priorities  
 (this recommendation was acted upon for the FY16 External Grants Program Announcement).

• A science path toward funding is needed: The IMW portion of the USGS External Grants Program Announcement  
 should include a list of purely scientific issues important to hazard that can be studied on any fault, not just in high- 
 risk areas (this recommendation was acted upon for the FY16 External Grants Program Announcement).

• A few attendees would prefer that USGS External Research funding go to a single location or problem each year  
 until that issue is resolved; their message to USGS is to focus. Others prefer that funding be divided equally  
 between the states, because funding at present is unequal; their message to the USGS is to diversify. Most   
 attendees agree that a mix of hazard, risk, and scientific interest as vetted by outside panels should direct USGS  
 external funding. This is more or less the current model.

• Will UCERF3-style (Field and others, 2013) fault networks, rather than isolated sources, become standard in future  
 NSHM updates? If so, the entire approach used now, which focus on high-slip-rate faults, will need to be   
 reconsidered. All the low-slip-rate faults now ignored will become important. 

• There is a perception that the USGS is only concerned with faults with maximum perceived risk, and thus most  
 lightly populated IMW states feel neglected by the USGS. One attendee remarked, "If it's only population   
 multiplied by probability, it's the Wasatch." As a counter to the view that only population matters, another attendee  
 pointed out one significant earthquake could be devastating for many lower-population states in the context of the  
 state's economy.

• As the NSHM moves toward time-dependent hazard, faults near urban areas will become critical. We do not have  
 the urban paleoseismic chronologies we need.

Why Study Faults in the IMW Region?

• Participants recognize that the IMW lags behind other regions if annualized losses alone are the metric for  
 evaluating hazard and risk. But the consensus of the group is that this limited perspective misses larger truths  
 about the region:

w The IMW region hosts the highest relative concentration of urban populations in the country.

w Most people in the IMW region live near mountains for water, thus usually on the hanging wall of and  
 near to an active fault.

w Construction in the IMW region is often old and/or substandard, with many unreinforced masonry  
 structures due to history and climate, and not designed for potential ground shaking intensities.

w There have been nearly as many M7+ earthquakes in the IMW region since the late 1800s as in California  
 over the same time period. We cannot count on the next IMW M7+ earthquake occurring in a sparsely  
 populated area.

w Infrastructure (including energy) in the IMW region is distributed, and so high environmental impacts  
 may result from a large earthquake outside a populated area. Evaluations centered solely on cities miss an  
 important source of risk in the IMW region.
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in	  conjunc(on	  with	  the	  Basin	  and	  Range	  Province	  Seismic	  
Hazard	  Summit	  III	  (BRPSHSIII)	  

January	  12,	  2015,	  Salt	  Lake	  City,	  Utah	  

Conveners:	  Rich	  Briggs	  (rbriggs@usgs.gov)	  
Ryan	  Gold	  (rgold@usgs.gov)	  



Overview	  

1.   Welcome	  and	  logis0cs	  

2.   Review	  agenda	  

3.   Workshop	  goals	  and	  product	  

4.   Review	  of	  the	  2008	  workshop	  results	  and	  a	  
summary	  of	  recent	  USGS	  External	  Grants	  
(informally	  known	  as	  ‘NEHRP’)	  work	  in	  the	  
Intermountain	  West	  





Workshop	  goals	  and	  product	  

Goal:	  Top	  5	  faults	  of	  concern	  from	  IMW	  states	  
outside	  Nevada	  and	  Utah.	  

We	  want	  to	  put	  a	  spotlight	  on	  high-‐priority	  faults	  
in	  advance	  of	  the	  next	  updates	  to	  the	  Na(onal	  
Seismic	  Hazard	  Maps,	  tenta(vely	  scheduled	  for	  
2017.	  

Product:	  Workshop	  report	  and	  update	  to	  USGS	  
External	  Grant	  solicita0on	  that	  can	  be	  used	  to	  
guide	  future	  work.	  



Faults	  of	  Concern	  

The	  concept	  "faults	  of	  concern"	  is	  meant	  to	  
capture	  hazardous	  and/or	  high	  risk	  faults,	  
especially	  faults	  for	  which	  liWle	  is	  known.	  

It	  is	  meant	  to	  strike	  a	  balance	  between	  hazard,	  
risk,	  and	  knowledge,	  a	  par(cular	  challenge	  in	  the	  
IMW	  region.	  

These	  are	  priority	  faults,	  important	  faults,	  
understudied	  faults,	  etc.	  



Example	  Fault	  of	  Concern	  (outside	  IMW):	  
The	  Spokane	  Fault	  

Wicks,	  C.,	  C.	  Weaver,	  P.	  Bodin,	  and	  B.	  Sherrod	  (2013),	  
InSAR	  Evidence	  for	  an	  ac(ve	  shallow	  thrust	  fault	  
beneath	  the	  city	  of	  Spokane	  Washington,	  USA,	  Journal	  
of	  Geophysical	  Research:	  Solid	  Earth,	  118(3),	  1268-‐1276.	  





h^p://pubs.er.usgs.gov/publica(on/ofr20091140	  









Informa0on	  available	  at	  hWp://earthquake.usgs.gov/research/
external/research.php	  	  



1)  IMW	  panels	  have	  overwhelmingly	  supported	  
proposals	  for	  work	  in	  Nevada	  and	  Utah.	  

2)  The	  average	  funded	  proposal	  since	  2006	  is	  a
$46k,	  one	  year	  study	  focusing	  on	  a	  previously-‐
iden0fied	  problem	  near	  an	  urban	  area	  with	  
immediate	  impact	  on	  the	  Na0onal	  Seismic	  
Hazard	  Maps.	  There	  are	  important	  excep0ons	  
–	  but	  they	  are	  excep0ons.	  





IMW	  generally	  tracks	  the	  overall	  External	  Research	  Program	  sta0s0cs	  

25%	  successful	  
40%	  successful	  



	  Oregon	  
•  Goose	  Lake	  Graben	  
•  West	  Klamath	  Fault	  Zone	  
•  La	  Pine	  Graben	  
•  Sisters	  Metolius	  fault	  zone	  
•  Grande	  Ronde	  Valley	  faults	  

	  Idaho	  
•  Lost	  River	  fault	  
•  Square	  Creek	  fault	  
•  Sawtooth	  fault	  
•  Beaverhead	  fault	  
•  Lemhi	  fault	  

	  Montana	  
•  Swan	  fault	  
•  Centennial	  /	  Madison	  faults	  
•  Bi^erroot	  fault	  
•  Con(nental	  fault	  
•  Brockton-‐Froid	  

	  Colorado	  
•  Golden	  fault	  
•  Rampart	  Range	  fault	  
•  Ute	  Pass	  fault	  	  
•  Williams	  Fork	  Mountains	  
•  Frontal	  fault	  

	  Arizona	  
•  Lake	  Mary	  fault	  	  
•  Big/Li^le	  Chino	  fault	  
•  Hurricane	  fault	  
•  Mead	  Slope	  fault	  
•  Needles	  fault	  complex	  	  

	  Wyoming	  
•  Teton	  fault	  
•  Grand	  Valley	  fault	  
•  Rock	  Creek	  fault	  
•  Greys	  River	  
•  East	  Gros	  Ventre	  

	  New	  Mexico	  
•  Rincon	  Ridge	  fault	  
•  N	  Alamogordo	  fault	  
•  Mesilla	  Basin	  faults	  
•  Albuquerque	  Basin	  faults	  
•  S.	  San	  Andres	  Mtns	  faults	  























o Utah: priority faults deemed 
to need further study have been 
identified by the Utah 
Quaternary Fault Parameters 
Working Group (UQFPWG). 
An updated list of these 
priorities as defined by the 
UQFPWG will be available in 
March 2012 at: http://
geology.utah.gov/ghp/
workgroups/pdf/
priorities2013.pdf. To learn more 
about activities of all of the Utah 
Working Groups, go to http://
geology.utah.gov/ghp/
workgroups/index.htm.	  









Ryan	  Gold	  
Slide	  contribu.ons	  from	  Rob	  Williams	  and	  Mark	  Petersen	  



2%	  probability	  of	  exceedance	  –	  PGA	  
	  Average	  return	  :me	  of	  2500	  years	  

Es:mate	  of	  earthquake	  shaking	  hazard	  



Elements	  of	  Probabilis:c	  Seismic	  Hazard	  Analysis	  

Geologic	  fault	  studies	  may	  contribute	  most	  to:	  
1.   Where	  will	  earthquakes	  occur	  in	  

the	  future?	  

2.   How	  oLen	  will	  they	  happen	  and	  
how	  large	  can	  they	  get?	  

3.   How	  hard	  will	  they	  shake	  the	  
ground?	  

4.   When	  answers	  are	  available	  for	  
Steps	  1-‐3:	  Add	  up	  all	  of	  the	  sources	  
to	  find	  the	  probability	  of	  exceeding	  
damaging	  shaking.	  

(after FEMA 451, Ellsworth 2014).	  



Criteria for including faults in the hazard model!

1.  Shown to be active in the Quaternary	  

2.  Fault geometry (length, dip; to constrain magnitude)"

3.  Slip rate or recurrence interval data"

4.  Results vetted in a peer-reviewed publication"

Paleoseismology	  Geophysics	  

Stephenson et al., 2013	   Gold, unpublished	  

Mapping	  

Angster et al., 2014	  



Petersen	  et	  al.,	  2014	  

2008	  
NSHM	  

2014	  
NSHM	  

2014	  	  
minus	  
2008	  
(difference)	  

2014:2008	  
(ra:o)	  



Petersen	  et	  al.,	  2014	  

Gore	  Range	  frontal	  
fault	  &	  	  Williams	  Fork	  
Mtns	  fault	  

Sawtooth	  fault	  

West	  Cache	  fault	  



Petersen	  et	  al.,	  2014	  

Peak	  Ground	  
accelera:on	  
difference	  

Gridded	  seismicity	  
model	  

Fault	  source	  model	  
(difference)	  

Ground	  mo:on	  
models	  
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Peak	  Ground	  
accelera:on	  
difference	  

Gridded	  seismicity	  
model	  

Fault	  source	  model	  
(difference)	  

Ground	  mo:on	  
models	  





•  Review historical seismicity and Quaternary faults 
across AZ 

•  Identify 5 most hazardous faults in state based on 
slip rate / recurrence info, proximity to urban areas, 
what is and is not known about their behavior 

•  Briefly summarize salient features and what is and 
isn’t known about these faults 



!  Moderate seismicity 
mainly in northern AZ 
since then 

!  Absence of seismicity in 
much of SW AZ 

1900 to present  

!  Flagstaff area cluster 

~1850 to 1900 

!  lots of action in N Mexico, 
S California 

!  a big earthquake in the 
southern Basin and Range 

M5.3 6/14 

M4.7 11/14 

! Recent earthquakes 



•  ~100 faults active 
since 2.6 Ma 

•  concentrated along 
Colorado Plateau 
margin 

•  highest slip rate ~0.2 
m/kyr 

•  ~13 active since 15 ka 

•  ~12 faults trenched - 
most barely studied 



What is new since 2008? 
! Detailed geologic mapping of areas including Q fault 

zones 
•  mostly Statemap projects 
•  more thoroughly characterized some fault zones 
•  some new temporal constraints 

!  Trenching and detailed analysis of the Washington fault 
zone – UGS 
•  much more detailed mapping and structural analysis 
•  evidence for 2 Holocene surface ruptures near AZ-UT border 

!  Incipient geodesy 
•  measurements over past ~15 yrs 
•  surprisingly similar extension rates across southern and northern AZ 
•  complications from large plate boundary earthquakes 



Most hazardous 
faults in AZ  

•  Populations centers – 
Phoenix, Tucson 

•  Lake Mary etc -  
Flagstaff 

•  Big/Little Chino - 
Prescott 

•  Hurricane - 
Southwest UT 

•  Mead Slope - Las 
Vegas 

•  Needles - Mohave 
Valley 

•  Honorable mention 
Washington, Algodones, 
Santa Rita, Carefree 

Hurricane 

Lake Mary Big/Little Chino 
Needles  

Algodones  

200 k? 

150 k 
75 k 

100 k 

4.5 M 

1 M 

2 M 
Mead Slope 

Santa Rita  

Carefree  

Washington  



Yuma 

Plio-
Pleistocene 

Colorado River 
deposits 

Gran 
Desierto 

dunes 



•  Fairly high regional 
seismic hazard? 
–  historical seismicity 
–  abundant young faults 

•  Lake Mary fz  
–  potentially longest, length 

very uncertain, most 
displacement of any fault 
zone in area 

•  Close to Flagstaff 
pleasantly expanding 
urban area 









!  Apparently pretty 
short 

!  Offsets a variety of 
Pleistocene fans by 
increasing amounts 

!  Essentially in Lake 
Mead, near Las 
Vegas and very 
near Hoover Dam 

!  Many other Q faults 
in Las Vegas area, 
few in AZ 

Las Vegas 

Hoover Dam 





trench locations 

Southern 
section 

Whitmore 
section 

Shivwits 
section 

Anderson Junction 
section 



•  Basalt erupted ~850,000 yrs 
ago 

•  Displaced ~200 m 
•  Long-term slip rate of ~0.2 

mm/yr 

•  Displacement of early 
Holocene deposits locally, and 
Pleistocene deposits 

•  20 m vertical displacement of 
~100 ka Q3 surface 

•  Slip rate of ~0.2 mm/yr 





•  Small-offset graben formed on Pleistocene fan recognized in 1970’s 
•  Much larger monoclinal fold and more faults recognized more recently 
•  In rapidly populating Bullhead City / Laughlin / Needles area 





*includes fault length in Utah 



Colorado	  Geological	  Survey	  at	  the	  Colorado	  School	  of	  Mines	  
Golden,	  Colorado	  
mmorgan@mines.edu	  



DENVER	  



Golden	  fault	  









Rampart	  Range	  fault	  











Ute	  Pass	  fault	  









Williams	  Fork	  Mtns.	  fault	  









Frontal	  fault	  









Idaho	  –Faults	  of	  Concern	  

Bill	  Phillips	  

Idaho	  Geological	  Survey	  
University	  of	  Idaho	  
Moscow,	  Idaho	  

USGS	  Workshop	  on	  EvaluaCon	  of	  Hazardous	  Faults	  
	  in	  the	  Intermountain	  West	  Region	  –	  2015	  Update	  

Salt	  Lake	  City,	  Utah	  
January	  12,	  2015	  	  



Talk	  Outline	  

•  Procedure	  for	  IdenCfying	  Faults	  of	  Concern	  
•  Neotectonic	  Framework	  of	  Idaho	  

•  Idaho	  Faults	  of	  Concern	  
•  SuggesCons	  for	  Further	  Work	  



Procedures	  for	  IdenCfying	  Faults	  of	  Concern	  

1.  Evaluate	  all	  Idaho	  faults	  in	  USGS	  fault	  database	  with	  
Holocene-‐latest	  Quaternary	  class	  

2.  Remove	  faults	  lacking	  evidence	  for	  <15ka	  
deformaCon	  

3.  Assign	  Risk	  score	  based	  upon	  populaCon	  and	  
infrastructure	  

4.  Assign	  Hazard	  score	  as	  measured	  by	  slip	  rate	  
5.  Assign	  Data	  Quality	  and	  Completeness	  score	  

6.  Add	  interes9ng	  and	  poorly	  understood	  structures	  



Idaho	  Geologic	  Provinces	  

•  Snake	  River	  Plain	  –	  Yellowstone	  
•  ESRP	  
•  WSRP	  

•  Columbia	  River	  Basalt	  Group	  
•  Basin	  and	  Range	  
•  Challis	  Volcanic	  Province	  
•  Idaho	  Batholith	  
•  WY-‐ID	  Thrust	  Belt	  
•  Accreted	  Terranes	  

•  Idaho	  Shear	  Zone	  
•  North	  American	  Craton	  

Idaho	  Geologic	  Map	  Postcard	  by	  L.	  Stanford	  	  (IGS	  2014)	  

Neotectonic	  Framework	  of	  Idaho	  



Regional	  Seismicity	  and	  Quaternary	  Faults	  

Sources:	  WUS	  Seismic	  Catalog	  2014	  Un-‐Declustered;	  USGS	  Fault	  Database,	  All	  Quaternary	  Faults	  

Boise	  

Pocatello	  

Idaho	  
Falls	  

Moscow	  

Challis	  

Coeur	  d’Alene	  Spokane	  



Candidate	  Idaho	  Faults	  of	  Concern	  (mostly	  <15ka	  DeformaCon)	  

Source:	  USGS	  Fault	  Database,	  accessed	  1/2015	  

BL	  E	  Bear	  Lake	  
B	  Beaverhead	  
C	  Cuddy	  Mtn	  
Le	  Lemhi	  
L	  Lost	  River	  
G	  Grand	  Valley	  
H	  Heise	  
M	  Malad	  City	  
Re	  Rexburg	  
R	  Rush	  Peak	  
S	  Sawtooth	  
SC	  Squaw	  Creek	  

C	  
R	  
SC	  

S	   L	  

G

BL	  

Le	  

H
Re	  

M

B	  



Idaho	  Seismic	  Catalog	  

Catalog	  courtesy	  
Morgan	  Moschef	  



Idaho	  Historical	  Seismicity	  Mw>=5	  

1942	  

1905	  

1928	  

1916	  

1937	  

1963	  

1983-‐4	  

1917	  

2001	  

1988	  

1975	  

1983	  

1945	  

1944	  



USGS	  OFR2014-‐1091	  



SE	  Idaho	  	  

Malad	  	  

Pocatello	  
Valley	  

E	  Bear	  
Lake	  



Malad	  City	  Segment	  of	  Wasatch	  Fault	  
Poorly	  Studied	  (But	  Important?)	  Fault	  

Image	  by	  Bill	  Phillips	  courtesy	  UGS	  and	  Mike	  Hylland	  	  



Central	  Idaho	  	  

Beaverhead	  

Lemhi	  

Lost	  River	  
Sawtooth	  

White	  
Clouds	  
Swarm	  



Beaverhead	  Fault	  



Big	  Gulch	  Segment	  of	  Lemhi	  Fault	  



Images	  from	  Thackray	  et	  al.,,	  2013	  

Sawtooth	  Fault	  



SW	  Idaho	  	  

Squaw	  
Creek	  

Sawtooth	  

Deadwood	  

Long	  
Valley	  

Rush	  Peak	  

Cuddy	  
Mtn	  



Earthquake	  Swarms	  

2014	  Idaho	  Seismicity	  

Silver	  
Valley	  

McCall	  

Teton	  
Basin	  

Challis	  



Teton	  Basin	  Earthquake	  Swarm	  2013-‐2014	  

Earthquake	  locaCons	  	  by	  Mike	  SCckney	  



2005	   2014	  

Long	  Valley	  Earthquake	  Swarms	  	  

Alpha	  	   McCall	  



Challis	  Earthquake	  Swarm	  2014	  (Mmax	  =	  4.8)	  

Image	  and	  earthquake	  
locaCons	  by	  Mike	  SCckney,	  
MBMG	  



Challis	  2015	  Earthquake	  Swarm	  (Mmax	  4.9)	  

2015	  

Image	  USGS	  
1/10/15	  
30	  days	  >2.5	  M	  



RelaConship	  Challis	  Swarm	  with	  Amershocks	  of	  Borah	  Peak	  1983	  Mw	  6.9	  

Image	  from	  SCckney	  et	  al.	  2014,	  AGU	  



Spokane	  Fault	  

Figures	  from	  Wicks	  et	  al.,	  2013	  

•  Swarm	  May	  –	  Nov	  2001	  
•  105	  earthquakes	  recorded	  
•  Mmax	  =	  4.0	  
•  No	  known	  Quaternary	  faults	  

•  Temporary	  seismic	  array	  deployed	  
PNSN	  (Wright	  et	  al.,	  2002)	  

•  Widely	  reported	  by	  regional	  news	  
media	  



Spokane	  Swarm	  –	  Use	  of	  InSAR	  to	  IdenCfy	  Fault	  
CMOM	  cumulaCve	  moment	  
CEQS	  cumulaCve	  seismicity	  

Interferogram	  Cme	  span	  

DeformaCon	  detected	  by	  InSAR	  
Figures	  from	  Wicks	  et	  al.,	  2013	  



Spokane	  Fault	  
•  Other	  work	  

–  AeromagneCc	  Survey	  
•  MagneCc	  anomaly	  coincides	  with	  

Spokane	  fault?	  

–  LiDAR	  
–  Seismic	  ReflecCon	  

–  Community	  Workshops	  

•  Lessons	  Learned	  
–  Swarms	  in	  high	  risk-‐low	  

hazard	  areas	  may	  moCvate	  
new	  research	  (and	  funding)	  

–  ImperaCve	  to	  deploy	  
temporary	  arrays	  in	  poorly	  
monitored	  areas	  

–  InSAR	  was	  “game-‐changer”	   Richard	  Blakely,	  USGS	  Press	  
Release	  	  1/3/2014	  

WA	  	  	  	  	  	  	  	  ID	  



Idaho	  Faults	  of	  Concern	  -‐	  2015	  
•  Candidate	  Faults*	  

–  Beaverhead	  
–  Eastern	  Bear	  Lake	  
–  Lemhi	  	  

–  Lost	  River	  
–  	  Malad	  City	  

–  Sawtooth	  
–  Squaw	  Creek	  
–  Swarms	  

•  Long	  Valley	  	  
•  Spokane	  
•  Teton	  Basin	  

*alphabeCcal	  order	  

5	  Idaho	  Faults	  of	  Concern	  

1.  Lost	  River	  (science	  +	  people)	  
2.  Squaw	  Creek	  (close	  to	  Boise)	  
3.  Sawtooth	  (new	  data	  +	  people)	  
4.  Beaverhead	  (science	  +	  INL)	  
5.  Lemhi	  (science	  +	  INL)	  

Runner	  Ups:	  
•  E	  Bear	  Lake	  (highest	  slip	  rate	  +	  

people)	  
•  Long	  Valley	  (swarms	  +	  people)	  
•  Malad	  City	  (science	  +	  people)	  
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Montana	  Seismic	  Sources	  

Mike	  S0ckney	  
Montana	  Bureau	  of	  Mines	  and	  Geology	  



PGA	  2%	  in	  50	  years	  

Swan	  

Bi?erroot	  

Brockton-‐Froid	  

Madison	  

Centennial	  

Con0nental	  



Swan	  Fault	  
156	  km	  long	  







Deep	  seismicity	  



Centennial	  and	  Madison	  faults	  
62	  and	  99	  km	  







Con0nental	  Fault	  
18	  km	  long	  



Con0nental	  Fault	  exposed	  in	  north	  
wall	  of	  the	  Con0nental	  Pit	  



Con0nental	  Fault	  looking	  north	  



FEMA	  Sponsored	  Project	  



Geologic	  Map	  of	  Bu?e	  and	  Environs	  



Ground	  Penetra0ng	  Radar	  Survey	  



Ground	  Penetra0ng	  Radar	  Interpreta0on	  

Ver0cal	  Exaggera0on	  1:10	  

D
epth	  (m

)	  



Seismic	  Refrac0on	  Tomography	  Survey	  



Seismic	  Refrac0on	  Tomography	  Results	  









M	  6.7	  Con0nental	  Fault	  Earthquake	  Scenario	  



Debris	  genera0on	   0.32	  M	  tons	  =	  12,640	  truck	  loads	  

Casual0es	   8-‐46	  (0me	  of	  day	  dependent)	  

Building	  related	  economic	  losses	   $833	  M	  

U0lity	  system	  economic	  losses	   $415	  M	  

Transporta0on	  System	  economic	  losses	   $16	  M	  

Total	  economic	  losses	   $1.26	  Billion	  



Bi?erroot	  Fault	  
98	  km	  long	  





Bi?erroot	  Valley	  LiDAR	  coverage	  

25	  km	  

1,048	  km2	  

~4.5	  x	  109	  LiDAR	  points	  
Average	  rela0ve	  accuracy	  6	  cm	  



Late	  Quaternary	  fault	  scarps	  iden0fied	  in	  LiDAR	  data	  



~4.5	  c	  

Scale	  1:6,000	  



Scale	  1:15,000	  

~78	  c	  

~12.5	  c	  



1	  

3	  

~40	  c	  

~7	  c	  

Scale	  1:12,500	  



~	  24	  c	  

~16	  c	  

2a	  

2b	  

Scale	  1:12,500	  





Feb	  25,	  2014	  M	  3.8	  earthquake	  	  
and	  ac0ve	  injec0on	  wells	  



Brockton-‐Froid	  fault	  zone	  
81	  km	  long	  





Auger	  hole	  transect	  across	  the	  
Brockton-‐Froid	  fault	  zone	  

Roger	  Colton	  figure	  



Rogers	  and	  Ma5ox,	  1985	  



Devonian	  and	  Ordovician	  forma0ons	  
faulted	  at	  depth	  







Conclusions	  

•  High	  Resolu0on	  LiDAR	  coverage	  of	  these	  and	  
other	  Quaternary	  faults	  (especially	  in	  forested	  
regions)	  would	  be	  a	  major	  step	  forward	  in	  
quan0fying	  Montana’s	  seismic	  hazards	  

•  Some	  rela0vely	  low-‐hazard	  regions	  have	  
poten0ally	  ac0ve	  faults	  

•  Resources	  and	  personnel	  will	  be	  required	  to	  
gain	  new	  knowledge	  about	  seismic	  hazards.	  



David W. Love and Dan Koning 
New Mexico Bureau of Geology & Mineral Resources  
New Mexico Institute of Mining and Technology 

With contributions from Al 
Sanford, Jon Price, Sean 
Connell, USGS, and many 
others 



•  New Mexico in 150 years: two magnitude 6 quakes  
•    
•  California in 150 years: >150 magnitude 6 & 7quakes 

•  The 30 quakes of M 4.5 or greater in New Mexico in 150 
years would occur in California in about 3 years 



•  Many faults in NM remain 
unstudied 

•  Many critical unknowns 
•  Many more historic EQ in 

past (1900-1910) 
•  Poor correlation between 

quakes and fault scarps 
•  The Rio Grande rift has 

many faults and relay 
ramps, many buried 

•  Central rift has Socorro 
magma body 

•  Jemez caldera produced 
several Quaternary 
tephras, useful for dating 

•  Pleistocene terraces and 
lakes help establish 
chronology 

•  Alluvium and eolian 
deposits mask scarps  

•  Is extension and rift 
slowing down? 

•  Which faults should be 
considered active? 





Instrument-detected quakes 
1962- 2012 

•  New Mexico’s overall hazard and risk 

Quaternary faults 



!Stretching of crust across New Mexico " 

Berglund et al. (2012) 

One nanostrain is the strain producing 
a deformation of one part per billion 
(10-9) 



USGS fault 
& fold 
database 

poor correlation between quakes & faults 



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

by Justin L. Rubinstein, William L. Ellsworth, 
Arthur McGarr, and Harley M. Benz 
Bulletin of the Seismological Society of America, 
Vol. 104, No. 5, pp. –, October 2014, doi: 
10.1785/0120140009 

Induced (and some natural) earthquakes in the 
Raton Basin 

Raton 

Induced earthquakes also occur NW of Carlsbad 



Pajarito fault system 

Sangre de Cristo 
fault zone 

Northern  
New Mexico 

Taos 

Santa Fe 



Fault Age of most recent 
surface rupture(s) 
(ka) µ 

Recurrence interval/
slip rate 

Avg vertical 
displacment per 
event 

Reference 

Northern Sangre de 
Cristo 

5-8 [8-13, 13-35] 3-40 ka 
0.1-0.2 mm/yr 

1.5-2.5 m McCalpin, 1982; 
1986; 2006) 
Ruleman and 
Machette, 2007 

Central Sangre de 
Cristo 

9 +/- 2 ~12 ka 
0.17 mm/yr during 
late Pleistocene 

2.3 m Crone and Machette, 
2005 

Southern Sangre de 
Cristo, north part 

0.18 mm/yr over past 
3.9 Ma; 0.04 mm/yr 
since late middle 
Pleistocene 

Ruleman et al., 2013 

Southern Sangre de 
Cristo, south part 

10-30  10s of ka Kelson et al., 2004 

Pajarito 1.4*, 6.5-5.2, early 
Holocene 

20-40 ka 
0.1 mm/yr§ 

McCalpin, 2005; 
Reneau et al., 2002 

Rendija Canyon** 9 or 23 33-83 ka 
0.03 ± 0.1 mm/yr 

2.0 ± 0.5 m Wong et al., 1995 
Kelson et al., 1996 

Guaje Mountain** 6.5-4.0 [~39, 
144-300] 

10s of ka 
0.01 mm/yr since 1.2 
Ma 

0.5-2.0 m Gardner et al., 2003 
Wong et al., 1995 
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Courtesy Sean Connell 

Greater Albuquerque 
area 

Rincon Ridge fault 

Central New Mexico 



Albuquerque, NM = 4 to 5% 

USGS 
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County Dump  28 or 47-34 ka 10s of ka 
0.02-0.05 mm/yr 

1.4 ± 0.7 m McCalpin, 1997 
Personius et al., 1999 
McCalpin et al., 2006 

East Paradise fault 
zone 

10-80 ka 80-150 ka 0.5-1.3 m Personius et al., 1999 

Hubbell Spring 15-6 ka 14-27 ka 
0.2-1.0 mm/yr 

0.4-3.7 m 
(vertical) 

Olig et al., 2011 
Personius et al., 2001 
Personius and Mahan, 
2003 

Socorro Canyon Late Holocene ~30-70 ka 
0.04 mm/yr 

1.5-2.0 m Phillips et al., 2003 

La Jencia, north part  3, 28-40, 150 
ka**** 

~100 ka 1.5-4.5 Machette, 1988 

La Jencia, south part 5-6, 15 1-5 Machette, 1988 

Central New Mexico 
Fault Age of most recent 

surface rupture(s) 
(ka)  

Recurrence interval/
slip rate 

Avg vertical 
displacment per 
event 

Reference 



Courtesy Phil Miller 

Southern New Mexico and El Paso, TX 



El Paso, TX ~2% 

USGS 
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Caballo  1.6-5.0  ka 50-100 ka 
0.02-0.03 mm/yr 

1.25-2.6 Foley et al., 1988 
Machette et al., 1998 

Alamogordo, south 
part 

8-10; 10.5-11.2 
ka***** 

10s of ka*** 1-6 Koning and Pazzaglia, 
2002 
Koning, 1999 

Organ Mountains 1-5 ka 4-15 ka 
Poorly constrained 

As much as 5 m Gile, 1986, 1994; 
Machette et al., 1987 

East Franklin 
Mountains 

13-17 ka 14-19 ka 
0.18 mm/yr for late 
Pleistocene; 0.145 
mm/y post-500 ka 

~3-4.5 m McCalpin, 2006 

Southern New Mexico 

Probably should consider faults in Mesilla Basin, Hueco-Tularosa 
Basins, along San Andres Mountains, southern Jornada fault zone, and 
northern Alamogordo fault 

Fault Age of most recent 
surface rupture(s) 
(ka) µ 

Recurrence interval/
slip rate 

Avg vertical 
displacment per 
event 

Reference 



Faults with potential high hazard that deserve further study: 
Mesilla Basin, Hueco-Tularosa Basins, along San Andres Mountains, 
southern Jornada fault zone, and northern Alamogordo fault 

N
orthern Alam

ogordo 

fault zone 

southern New Mexico 



•  1. Rincon Ridge fault study if possible 
•  2. northern Alamogordo fault 
•  3. faults of Mesilla Basin 
•  4. faults of Albuquerque Basin 
•  5. southern San Andres Mountains 



http://www.ees.nmt.edu/Geop/NM_Seismicity/ 

Socorro  area has 37 % of 
earthquakes larger than 
magnitude 2, but only 1.6 percent 
of the area of New Mexico 

Earthquakes come in swarms 

Socorro Seismic Anomaly 







“horizontal velocities of ~1-1.5 
mm/ year and vertical velocities 
of ~2 mm/yr in a radial dilational 
pattern” (George et al. 2012) 



Hypothesis 
by Andy 
Newman to 
explain rapid 
uplift—still 
being tested 





Courtesy Smith family 

Very similar in size to 
1987 Whittier Narrows 
earthquake in California, 

$522 million damage 



12 July 1906            M 5.57 
16 July 1906           M 5.76 
15 November 1906 M 6.18 
Sanford (2008) 



•  1. Need to upgrade seismic network 
•  2. Rincon Ridge fault study if possible 
•  3. northern Alamogordo fault 
•  4. faults of Mesilla Basin 
•  5. faults of Albuquerque Basin 
•  6. southern San Andres Mountains 





9.	  Metolius-‐Sisters	  faults,	  OR	  

11.	  Klamath	  graben	  faults,	  OR	  

20.	  Wallula	  fault,	  OR	  	  

23.	  Powder	  River	  Peninsula	  fault,	  OR	  

38.	  Grande	  Ronde	  Valley	  fault,	  OR	  	  



Basin	  And	  Range	  faults	  in	  Oregon	  

2012	  PacNW	  NSHM	  meeLng	  
Ian	  Madin,	  DOGAMI	  



High	  ResoluLon	  Lidar	  data	  collected	  since	  2007	  has	  idenLfied	  numerous	  Holocene	  faults	  in	  the	  Oregon	  
Basin	  and	  Range	  even	  though	  none	  of	  the	  lidar	  was	  collected	  for	  the	  purpose	  of	  fault	  idenLficaLon.	  	  Even	  
in	  desert	  areas	  of	  Oregon,	  lidar	  is	  an	  essenLal	  tool	  for	  comprehensive	  idenLficaLon	  and	  characterizaLon	  
of	  acLve	  faults.	  	  In	  addiLon	  to	  idenLfying	  several	  completely	  new	  faults,	  some	  previously	  mapped	  faults	  
are	  not	  supported	  by	  the	  lidar	  topography.	  

Holocene	  Basin	  and	  Range	  Faults	  idenLfied	  with	  new	  
lidar	  

Holocene	  Basin	  and	  Range	  Faults	  from	  2003	  USGS	  
database	  (O-‐03-‐095)	  



Oregon	  “Top	  Five”	  faults	  



Sisters	  -‐Metolius	  Fault	  Zone	  
• Many	  cut	  last	  glacial	  deposits	  (pink)	  in	  
steep,	  heavily	  glaciated	  and	  volcanically	  
acLve	  terrain	  
• Extend	  85	  km	  from	  Bend	  to	  Mt.	  Jefferson	  
(NW	  edge	  of	  lidar	  coverage)	  
• EsLmated	  offset	  of	  ~20	  ka	  surface	  of	  7.6	  
m	  and	  12.	  2	  m,	  slip	  rate	  ~0.38	  and	  0.61	  
mm/yr	  
• NSHM	  Metolius	  fault	  source	  crudely	  
coincident	  in	  part,	  with	  slip	  rate	  of	  .038	  
mm/yr	  
• PopulaLon	  at	  risk	  ~	  200,000	  

New	  scarps	  
from	  lidar	  



hep://earthquake.usgs.gov/
hazards/qfaults/map/
hazfault2014.html	  







La	  Pine	  Graben	  Faults	  
• Many	  	  faults	  idenLfied	  from	  lidar,	  cut	  
20	  ka	  last	  glacial	  deposits	  in	  volcanically	  
acLve	  terrain(pink)	  	  
• Extend	  20	  km,	  longest	  conLnuous	  trace	  
~10	  km	  
• 3	  are	  in	  Quaternary	  fault	  database,	  not	  
included	  as	  source	  in	  NSHM.	  
• Dilman	  Meadows	  scarp	  has	  three	  
events	  post	  20Ka,	  .5	  to	  2	  m	  offset	  each,	  
most	  recent	  post	  7	  ka.	  





West	  Klamath	  Fault	  Zone	  
Scarps	  from	  lidar	  up	  to	  13m	  high,	  more	  typically	  
1-‐2m	  high	  in	  20	  ka	  glacial	  deposits,	  or	  very	  young	  
fans,	  extend	  60	  km	  along	  west	  side	  of	  Klamath	  
Lake	  
West	  Klamath	  Fault	  zone	  is	  in	  Quaternary	  fault	  
database	  and	  is	  source	  in	  NSHM,	  but	  all	  are	  given	  
either	  130	  ka	  or	  750	  ka	  age	  class,	  whereas	  these	  
scarps	  are	  Holocene.	  
Klamath	  Falls	  urban	  area	  experienced	  damaging	  
earthquakes	  in	  1993	  





Goose	  Lake	  Graben	  Faults	  
• Fault	  passes	  through	  city	  of	  Lakeview	  
• In	  Quaternary	  fault	  database,	  not	  
included	  as	  source	  in	  NSHM.	  
• Significant	  recent	  seismicity	  beneath	  
Lakeview	  
• Lidar	  to	  be	  flown	  in	  2015	  (nokor	  
seismic	  hazards,	  but	  for	  irrigaLon	  
management)	  
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M4.7 1/06/2014 08:34:46 UTC



Grande	  Ronde	  Valley	  Faults	  
• Many	  	  faults	  mapped,	  in	  Quaternary	  
database,	  not	  a	  source	  in	  NSHM	  
• Lidar	  coverage	  shows	  most	  previously	  
idenLfied	  scarps	  are	  actually	  landslides	  
along	  trace	  of	  fault	  
• PopulaLon	  of	  25,000	  at	  risk	  
• Faults	  are	  generally	  located	  on	  
bedrock/colluvium	  slopes,	  do	  not	  cross	  
many	  Quaternary	  deposits	  



Quaternary Faults  
Wyoming  

Wyoming State Geological Survey 
Mort Larsen 
BRPSHS III 

January 12,2015 

Geology - Interpreting the past - providing for the future 

martin.larsen@wyo.gov 
307.766.2286  ext.233 

Rock Creek Fault: Photo by Seth Wittke 

mailto:martin.larsen@wyo.gov
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QUATERNARY FAULTS

< 15,000 years

< 130,000 years

< 750,000 years

< 1,600,000 years

Class B



Top 5 Quaternary faults of concern in 
Wyoming (IMW)  

1. Teton 

2. Grand Valley 

3. Rock Creek 

4. Greys River 

5. East Gros Ventre  
   



QUATERNARY FAULTS

< 15,000 years

< 130,000 years

< 750,000 years

< 1,600,000 years

Class B1. Teton 

2. Grand Valley 

5. East Gros Ventre 

4. Greys River 

3. Rock Creek 



Teton Fault System 
• Comprised of 6 sections 

• Length of the fault system       
~ 60 km 

• Trench and paleoseismic 
studies completed on the 
Northern, Middle and 
Southern sections  

• Latest event on the Southern 
Section ~ 7150 yr B.P.   

• Potential Max M7.5 

• Slip rate ~ 0.2-5.0 mm/yr 

• Recurrence interval ~ 2,150-
15,000 k.y. 

• Populated area 
• High tourism numbers 

• Impact to infrastructures 

• Could be isolated from 
response 



Grand Valley Fault 
System 

• Comprised of 3 sections 

• Grand Valley 

• Prater Mountain 

• Star Valley 

• Length of the fault ~ 95 km 

• Star Valley (52 km) 

• Trench 

• Latest event occurred ~ 
5540 yr B.P. 

• Potential Max M7.5 

• Slip rate 0.2 and 1 
mm/yr 

• Recurrence interval >  4-
7 k.y. 

• Populated area  

• Impact to infrastructures and 
agriculture 



Rock Creek 

• Length of the fault ~ 41 km 

• Trench 

• Latest event occurred ~3280 
and 3880 yr B.P. and at least 
~10 k.y. before the 
penultimate event  

• Potential Max M7.2 

• Slip rate ~ 0.2-1 mm/yr 

• Recurrence interval 0.6-1.5, 
>3.3, and > 10 k.y. 

• Size of the fault system  

• Example of fault progression? 

• Sublette (750 ka- 1.6 Ma) 

• Eastern Bear Valley (1.6 
Ma) 

 

 



Greys River Fault 
 

 
• Length of the fault ~ 50 km 

• Trench 

• Most recent faulting occurred 
~1910 and 2110 yr B.P. 

• Potential Max M7.1 

• Slip rate 0.2 and 1 mm/yr 

• Recurrence interval 2.0-5.2 
k.y. 

• Impact to infrastructures and 
agriculture 



East Gros Ventre  
Class B fault 

 

 

• Length of fault ~20 km 

• Max M not determined 

• Slip rate < 0.2 mm/yr 

• Recurrence interval not 
determined 

• Relationship to the Teton 
Fault?   

• Populated area 
• High tourism numbers 

• Impact to infrastructures 

• Could be isolated from 
response 

 

 

 











30	  days	  M	  2.5+	  seismicity	  
11	  January	  2015	  





1.	  E.	  Franklin	  Mtns.	  fault,	  NM	  and	  TX	  	  

30.	  Amargosa	  fault,	  northern	  Mexico	  	  

42.	  Lobo	  Valley	  fault,	  TX	  	  
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