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1 Summary	
An Enhanced Geothermal System (EGS) reservoir  is created by  inducing shear slip on existing fractures 
by  injecting water  at high pressure  (“hydroshearing”)  into  a  rock  formation. The  shear  slip  increases 
fracture permeability and generates seismic vibrations, or “induced seismicity”, that can be detected by 
seismometers and used to map EGS reservoir growth. Most  induced seismic events have a magnitude 
less than 2.0 and are not felt at the surface. However, some EGS projects have generated events  large 
enough  to be  felt and cause minor damage. Thus,  it  is critical  that EGS projects  follow procedures  to 
evaluate, monitor, and mitigate the risk of felt or potentially damaging induced seismicity.  


The  International Energy Agency  (IEA) developed  a protocol  for  addressing  induced  seismicity during 
geothermal projects that was adopted by the U.S. Department of Energy (DOE) for EGS demonstration 
projects (Majer et al., 2008). AltaRock Energy  Inc. (AltaRock) has adapted this protocol to the geologic 
and environmental conditions for its Newberry EGS Demonstration and developed site‐specific controls 
and  mitigation  procedures.  A  recent  update  to  the  IEA  protocol,  now  available  in  draft  form 
(Majer et al., 2011), has also been incorporated into this plan. 


A  primary  component  of  induced  seismicity mitigation  is  the  installation  and  operation  of  a  seismic 
monitoring system. Previously there was only one regional seismic station within 25 km (16 miles) of the 
Demonstration  site  operated  by  the  Pacific  Northwest  Seismic  Network  (PNSN).  To  improve  the 
coverage of this network, AltaRock added two stations to the PNSN. AltaRock has also  installed a  local 
microseismic array (MSA) of seven seismic stations surrounding the target EGS well, NWG 55‐29, that is 
currently collecting background natural seismicity data. A final MSA, to be operational during and after 
EGS reservoir creation, has been designed and AltaRock is currently obtaining permits for its installation. 
AltaRock will also be installing a strong motion seismometer (SMS) at Paulina Lake, about 3 km (1.9 mi) 
southeast  of  NWG  55‐29,  to  measure  any  ground  acceleration  (shaking)  generated  by  the 
Demonstration. 


In addition  to  the  seismic monitoring described above, AltaRock has conducted detailed geologic and 
geophysical  investigations of  the Demonstration  area. An  evaluation of  the  stress  state  and  regional 
fault  and  fracture  patterns  concluded  that  there  is  no  evidence  of  recent  faulting  or  other  brittle 
deformation near NWG 55‐29 (Cladouhos et al., 2011). These results suggest that hydroshearing of the 
small fractures  intersected by the well will not trigger slip on any nearby fault. URS Corporation (URS), 
an  independent  engineering  consultant,  prepared  an  Induced  Seismicity  and  Seismic  Hazards  Risk 
Analysis for the Newberry EGS Demonstration (Wong et al., 2010). Based on case histories of other EGS 
projects, URS assumed a range of 3.5 to 4.0 for the  largest magnitude of a seismic event that could be 
induced  by  the  EGS  Demonstration.  URS  then  conducted  a  cumulative  probabilistic  seismic  hazard 
analysis to determine the risk due to both natural and  induced seismicity. This type of analysis relates 
the magnitude  of  a  seismic  event  to  the  shaking  that might  occur  at  nearby  locations.  Their  report 
concludes  that  “the  results  of  the  probabilistic  seismic  hazard  analysis  indicate  that  there  is  no 
difference  in  hazard  at  La  Pine,  Sun  River,  and  the  Project  site  (NWG  55‐29)  between  the  baseline 
conditions  (which  incorporates the hazard  from both natural tectonic and volcanic seismicity) and the 
EGS induced seismicity.” AltaRock believes that the model used by URS to evaluate risk, which is based 
on data  from The Geysers geothermal  field, overestimates  the shaking  that might occur at Newberry, 
and  thus  represents a cautious approach. The URS model of  shaking at Newberry, which assumes an 
induced seismic event with a magnitude (M) of 3.5 at the target injection well, NWG 55‐29, predicts 0.01 
gravity  (g)  peak  ground  acceleration  (PGA)  in  La  Pine  and  0.1 g  PGA  at  Paulina  Lake.  For  natural 
earthquakes, a PGA of 0.1 g  is perceived by humans as strong shaking and the potential for damage  is 



http://esd.lbl.gov/files/research/projects/induced_seismicity/egs/EGS-IS-Protocol-Final-Draft-20110531.pdf

http://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2011/cladouhos.pdf

http://www.newberrygeothermal.com/URS_SeismicReport.pdf

http://www.iea-gia.org/documents/ProtocolforInducedSeismicityEGS-GIADoc25Feb09.pdf
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light (Wald et al., 1999). However, it has been observed that perceived shaking and damage due to EGS 
induced seismicity is typically lower than for natural events (Majer et al., 2007). 


For  control  and mitigation  of  induced  seismicity,  this  document  defines  limits  (or  ‘triggers’)  that,  if 
activated, will initiate mitigation actions up to and including stopping injection and immediately flowing 
the well  to  reduce  reservoir  pressure.  The  triggers will  be monitored  during  hydroshearing  and  EGS 
reservoir  creation, and  throughout  the  remainder of  the Demonstration. These  triggers are based on 
real‐time measurement of  seismic activity on  the PNSN  regional network,  the AltaRock MSA and  the 
Paulina Lake SMS. There are three  levels of mitigation based on event magnitude or shaking:  (1) hold 
flow rate and pressure constant  if a  locatable seismic event with 2.0 ≤ M ≤ 2.7 occurs;  (2) reduce flow 
rate and pressure  if a seismic event with 2.7 ≤ M ≤ 3.5, or 0.014 g ≤ PGA ≤ 0.028 g on  the SMS occurs; 
and  (3)  stop  injection  and  flow well  to  reduce  reservoir  pressure  if  a  seismic  event with M ≥ 3.5  or 
PGA ≥ 0.028 g on  the SMS occurs. Diverter materials will be added  to  the  injected water  to shift  fluid 
flow to a different well depth if events are located at a depth of less than 6000 feet or within 500 meters 
of the Newberry National Volcanic Monument (NNVM). Each trigger  level also  includes more frequent 
and detailed reporting and communication activities. 


2 Background	
Newberry Volcano in central Oregon has been an area of ongoing geothermal energy interest since the 
1970s. The Newberry Volcano National Monument was created  in 1983 to preserve the scenic beauty 
and  the  volcanic  features  inside  the  Newberry  Volcano  caldera  while  providing  for  geothermal 
development and other uses on adjacent lands. Land that had been leased for geothermal development 
inside the caldera was exchanged for land outside the Monument boundaries with the proviso that the 
presence of the Monument would not preclude development of projects suitable to the site outside the 
Monument.  


2.1 Preliminary	Screening		
AltaRock  selected  the Newberry  area  and NWG  55‐29  as  a  highly  favorable  EGS  demonstration  site 
through a screening process and evaluation of previously permitted geothermal activities.  In 1994, an 
Environmental  Impact Statement  (EIS) was conducted  for CE Newberry  (CalEnergy)  for  the “Newberry 
Geothermal Pilot Project” on the volcano’s western flank. In June 1994, the U.S. Forest Service (FS) and 
the  U.S.  Bureau  of  Land  Management  (BLM)  issued  a  joint  Record  of  Decision  to  implement  the 
Newberry  Geothermal  Pilot  Project.  The  approved  project  included  exploration,  development,  and 
production operations  for 14 well pads, a 33‐megawatt power plant, a 115‐kV  transmission  line, and 
supporting facilities on the west flank of Newberry Volcano, outside of the Newberry National Volcanic 
Monument. In 1995, CalEnergy drilled four exploration holes, including two production‐size bore holes. 
The  CalEnergy  wells  showed  very  high  temperatures  (over  600°F  at  9200  ft),  but  extremely  low 
permeability and were not productive (Spielman and Finger, 1998).  


In  2007,  an  Environmental  Assessment  (EA)  of  the  “Newberry Geothermal  Exploration  Project” was 
completed  for  Davenport  Newberry,  which  had  acquired  adjacent  leases  in  1997.  A  Finding  of  No 
Significant  Impact  (FONSI) was  issued by BLM and FS  for  this project,  including  temperature gradient 
drilling, geophysical exploration and drilling of  two deep exploratory wells. Davenport  completed  the 
drilling of exploratory wells NWG 55‐29 and NWG 46‐16 in July and November 2008, respectively. These 
holes  both  reached  depths  of  over  10,000  feet  and  exhibited maximum  temperatures  of more  than 
600°F (315°C), but were not commercially productive. 
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In 2007, AltaRock developed a process for selecting sites for EGS demonstration projects. Criteria for site 
selection  includes:  (1)  temperature  at depth;  (2)  tectonic  stress;  (3)  geology;  (4)  fracturing  and  joint 
spacing; (5) existing resource information; (6) geophysics; (7) social, political and environmental factors, 
including  the ability  to  secure permits; and  (8) economics. Two  critical  components of criteria #7 are 
environmental impact and seismic hazard susceptibility. In 2009, as AltaRock prepared a proposal to the 
DOE under the EGS Demonstration Project FOA that eventually led to this Demonstration, ten potential 
sites were evaluated using our site selection process (Appendix M). The Newberry Volcano site scored 
well for many reasons and an agreement was made with Davenport regarding the use of the two wells 
for the purpose of demonstrating EGS technology developed by AltaRock.  


The Newberry site is strong in most of the criteria used for selection, including very high temperatures, 
extensional  stress  regime,  favorable  geology,  extensive  resource  data,  and  previously  successful 
permitting.  The  existing  EIS  and  EA  suggested  that  no  major  obstacles  exist  to  the  contemplated 
demonstration project. Public comments received during Phase I of this Demonstration have indicated a 
favorable social and political climate. Preliminary screening indicated that the induced seismicity hazard 
would be low because there are no large, stressed faults in the vicinity of the potential site. The nearest 
town, La Pine, is about 10 miles (16 km) from the well field and no recorded historic (since 1891) large 
(M>5.0) earthquakes have occurred within 100 miles (160 km) of the site.  


2.2 Demonstration	Project	
AltaRock,  supported by  the U.S. Department of  Energy  (DOE)  Energy  Efficiency & Renewable  Energy 
Geothermal  Technologies  Program  Award  Number  DE‐EE0002777 1 ,  is  now  conducting  an  EGS 
demonstration at Newberry Volcano. Geoscience investigations indicate that this area is one of the most 
promising  EGS  sites  in  the  United  States,  with  a  large  conductive  thermal  anomaly  yielding  high‐
temperature wells,  but with  permeability  orders  of magnitude  less  than  conventional  hydrothermal 
wells. NWG 55‐29, a geothermal exploration well drilled  in 2008  to a  total measured depth of 10,060 
feet, exhibits a maximum temperature of more than 600°F (315°C), but very low permeability, making it 
an ideal well for an EGS demonstration (Figure 2‐1).  


The goals of the EGS demonstration project include (Osborn et al., 2010): 


 Stimulate  (hydroshear) multiple  zones  in well NWG 55‐29 using AltaRock’s proprietary diverter 
technologies 


 Create an EGS reservoir with a long dimension of approximately 1000 m (3280 ft) 


 Demonstrate single‐well reservoir testing methods, including tracers 


 Confirm EGS reservoir viability through production of geofluid from the stimulated well 


 Drill two production wells to intersect the EGS reservoir 


 Using NWG 55‐29 as  the  injector, demonstrate EGS viability  through a  reservoir circulation  test 
lasting 30‐60 days 


                                                            


1 U.S.  Department  of  Energy,  Energy  Efficiency  and  Renewable  Energy,  Geothermal  Technologies  Program, 
Newberry Volcano EGS Demonstration. 



http://www4.eere.energy.gov/geothermal/projects/53
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Figure  2‐1.  Regional map  showing  location  of  the  Newberry  EGS  Demonstration  (Well  NWG  55‐29)  at  the 
intersection of three structural trends in central Oregon. Colored lines are faults from the USGS Quaternary fold 
and fault database. The fault ages are coded by color, from oldest to youngest: blue, younger than 1.6 million 
years; green, younger than 750,000 years; yellow, younger than 130,000 years; and orange, younger than 15,000 
years. 


2.3 Seismicity	Background	
This document describes procedures  to evaluate, monitor, and mitigate  the  risk of  felt or potentially 
damaging induced seismicity due to the Newberry EGS Demonstration. The topics and concepts covered 
in  this  document  are  necessarily  technical.  This  subsection  provides  some  basic  background  on 
seismicity  and  earthquakes.  For  additional  information,  please  see  the U.S. Geological  Survey  online 
glossary2 and FAQ3 on earthquakes; the material below is derived from these sites, except where noted.  


Earthquake – This term is used to describe both sudden slip on a fault, and the resulting ground shaking 
and  radiated  seismic energy  caused by  the  slip, or by volcanic or magmatic activity, or other  sudden 
stress  changes  in  the earth  (USGS definition). A  shaking or  trembling of  the earth  that  is  volcanic or 
tectonic in origin (Merriam‐Webster definition).  


                                                            


2 USGS Earthquake Glossary 
3 USGS Earthquake FAQ 



http://earthquake.usgs.gov/learn/glossary/

http://earthquake.usgs.gov/learn/faq/
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Seismic Waves  – When  an  earthquake  occurs,  it  releases  energy  in  the  form  of  seismic waves  that 
radiate  from  the  earthquake  source  in  all  directions.  The  different  types  of  energy waves  shake  the 
ground in different ways and also travel through the earth at different velocities. The fastest wave, and 
therefore the first to arrive at a given location, is called the P wave. The P wave, or compressional wave, 
alternately compresses and expands material in the same direction it is traveling. The S wave is slower 
than the P wave and arrives next, shaking the ground up and down, and back and forth, perpendicular to 
the direction it is traveling. Surface waves follow the P and S waves.  


Seismic Event – A generic term for occurrences  in which energy  is briefly released  in the Earth's crust, 
resulting  in a  series of  seismic waves. Because an earthquake  implies  to  the  layman a  shaking of  the 
earth that  is felt by humans or animals, the term seismic event or microseismic event  is often used by 
geoscientists when  communicating with  the  public  about minor  and micro  earthquakes  (Table  2‐1). 
Many seismic events are too small to be felt, and can only be measured by precision instruments.  


Table 2‐1. Comparison of quantitative and qualitative measures of ground shaking.4  


MMI1 
Peak Ground 


Acceleration (g) 
Peak Ground 
Velocity (cm/s) 


Perceived 
Shaking 


Potential 
Damage 


I  < 0.0017  <0.1 Not Felt None 


II‐III  0.0017 ‐ 0.014  0.1 ‐ 1.1 Weak None 


IV  0.014 ‐ 0.039  1.1 ‐ 3.4 Light None 


V  0.039 ‐ 0.092  3.4 ‐ 8.1 Moderate Very light 


VI  0.092 ‐ 0.18  8.1 ‐ 16 Strong Light 


VII  0.18 ‐ 0.34  16 ‐ 31 Very Strong Moderate 


VIII  0.34‐0.65  31‐60 Severe Moderate/Heavy


Continues to MMI XII, but not relevant for this discussion.
1 Please see Intensity below for discussion of MMI. 


Earthquake  Size  Distributions  –  It  has  long  been  recognized  that  small  earthquakes  are  far  more 
common than big earthquakes. This relationship can be expressed by a formula called the Gutenberg‐
Richter relationship: 


    log (N) = a ‐ bM,  


where N  is  the number of  events  having  a magnitude  greater  than or  equal  to M,  and  a  and b  are 
parameters fit to the data. The parameter b, called the b‐value, is usually close to one, which means that 
for each logarithmic decrease in magnitude there are about 10 times as many earthquakes (Table 2‐2). 
Most  of  the  earthquakes  generated  by  the  EGS  Demonstration will  have magnitudes  less  than  2.0. 
Worldwide there are estimated to be over 36,000 events of this size range per day.  


Shear Slip – Slip  is  the  relative displacement of  formerly adjacent points on opposite  sides of a  fault, 
measured on the fault surface. Shear slip can occur seismically or aseismically (without creating seismic 
waves). 


Seismometer  and  Seismogram  –  A  seismometer  is  an  instrument  used  to  record  the  seismic waves 
generated by earthquakes on a seismogram.  


   


                                                            


4 USGS Intensity and Corresponding PGA 



http://earthquake.usgs.gov/earthquakes/shakemap/background.php#intmaps
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Table 2‐2. Worldwide, annual counts of earthquakes by magnitude.5 


Class  Magnitude   Average Annually Daily Average 


Great  8 and higher   1 


Major  7 – 7.9   15 


Strong  6 – 6.9   134 


Moderate  5 – 5.9   1319  4


Light  4 – 4.9   13,000 (estimated) 36


Minor  3 – 3.9   130,000 (estimated) 360


Micro  2 – 2.9   1,300,000 (estimated) 3,600


Micro  1 – 1.9  13,000,000 (estimated) 36,000


Seismic Array – Many seismometers are installed in networks or arrays spread across the area of interest 
to locate seismic events in the region. To determine the location of seismic events, seismologists identify 
the arrival times of P and S waves on the seismograms of all instruments that have recorded the seismic 
waves. These arrival times are commonly called P‐picks and S‐picks. Theoretically, 3 P‐picks and 3 S‐picks 
can be used to triangulate the location of a seismic event. In practice, on a microseismic array like that 
described below, 5 P‐picks and 2 S‐picks will yield acceptable  location accuracy, and 7 P‐picks and 3 S‐
picks will yield good location accuracy (Gillian Foulger, personal communication). 


Hypocenter and Epicenter – The hypocenter is the point within the earth where an earthquake rupture 
starts. The epicenter is the point directly above it at the surface of the Earth.  


Magnitude – The magnitude of an earthquake  is determined  from  the  logarithm of  the amplitude of 
waves recorded on a seismogram at a certain period. The original magnitude scale was the Richter scale, 
usually denoted as ML. 


Moment and Moment Magnitude – Moment  is a physical quantity proportional to the slip on the fault 
times  the area of  the  fault  surface  that  slips;  it  is  related  to  the  total energy  released  in  the  seismic 
event,  and  is  denoted Mo.  The moment  can  be  estimated  from  seismograms.  The moment  is  then 
converted  into a number similar to other earthquake magnitudes by a standard  formula. The result  is 
called the moment magnitude (Mw). Moment magnitude provides an estimate of earthquake size that is 
valid over the entire range of magnitudes, a characteristic that was lacking in previous magnitude scales, 
like  the  Richter  scale.  Therefore,  seismologists  now  prefer  the  moment  magnitude  scale  and  it  is 
common practice to use just magnitude and M to refer to moment magnitude6. 


Comparative Energy Release – The formula relating moment magnitude (Mw) to moment (Mo)  in dyne‐
cm is4:  


    Mw = log10 (Mo) / 1.5 ‐ 10.7 


Practically, this means that for each increase in moment magnitude, there is a 31.6 x (101.5) increase in 
total seismic energy. That  is, an M 3.5 event releases the same amount of energy as about thirty‐two 
M 2.5 events. 


Intensity  –  The  intensity  is  a  number  (written  as  a  Roman  numeral)  describing  the  severity  of  an 
earthquake  in  terms  of  its  effects  on  the  earth's  surface  and  on  humans  and  their  structures.  The 


                                                            


5 USGS Earthquake Facts and Statistics 
6 USGS Earthquake Magnitude Policy 



http://earthquake.usgs.gov/earthquakes/eqarchives/year/eqstats.php#table_us

http://earthquake.usgs.gov/aboutus/docs/020204mag_policy.php
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Modified Mercalli  Intensity  (MMI) scale  is most commonly used  in  the United States. There are many 
intensities for an earthquake, depending on where the observer is located, unlike the magnitude, which 
is one number  for each earthquake. Table 2‐3 shows  the qualitative MMI scale. Table 2‐4  relates  the 
MMI that would be typically felt at the earthquake epicenter to ranges of magnitudes. 


Ground Velocity and Acceleration – Ground velocity  is a measure of how fast a point on the ground  is 
shaking as a result of the passage of the seismic waves of an earthquake. During an earthquake, ground 
shaking  also  produces  acceleration,  the  change  from  one  velocity  to  another.  Ground  velocity  and 
acceleration decrease with distance  from  the earthquake’s epicenter. The peak ground velocity  (PGV) 
and peak ground acceleration (PGA) are the largest velocity and acceleration, respectively, recorded by a 
particular  station during an earthquake. Both PGV and PGA can be used  to quantify  the potential  for 
damage from an earthquake. Engineers typically use PGV, or particle velocity, while seismologists more 
commonly  use  PGA.  Ground  velocity  and  acceleration  are  both measured  on  special  seismometers 
called  Strong Motion  Sensors  (SMS). PGA  is  typically quantified with  respect  to gravity  (g). Table 2‐1 
compares intensity, peak ground acceleration and peak ground velocity.  


Table 2‐3. First eight of twelve levels of the Modified Mercalli Intensity7 scale. 


I. Not felt except by a very few under especially favorable conditions. 


II. Felt only by a few persons at rest, especially on upper floors of buildings. 


III.  Felt  quite  noticeably  by  persons  indoors,  especially  on  upper  floors  of  buildings. Many  people  do  not 
recognize it as an earthquake. Standing motor cars may rock slightly. Vibrations similar to the passing of a 
truck. Duration estimated.  


IV. Felt  indoors by many, outdoors by few during the day. At night, some awakened. Dishes, windows, doors 
disturbed; walls make  cracking  sound.  Sensation  like  heavy  truck  striking  building.  Standing motor  cars 
rocked noticeably.  


V.  Felt  by  nearly  everyone; many  awakened.  Some  dishes, windows  broken.  Unstable  objects  overturned. 
Pendulum clocks may stop.  


VI. Felt by all, many frightened. Some heavy furniture moved; a few instances of fallen plaster. Damage slight. 


VII. Damage negligible  in buildings of good design and construction; slight to moderate  in well‐built ordinary 
structures; considerable damage in poorly built or badly designed structures; some chimneys broken.  


VIII. Damage slight in specially designed structures; considerable damage in ordinary substantial buildings with 
partial  collapse.  Damage  great  in  poorly  built  structures.  Fall  of  chimneys,  factory  stacks,  columns, 
monuments, walls. Heavy furniture overturned.  


Continues to XII, but not relevant for this discussion.


 


   


                                                            


7 USGS Modified Mercalli Intensity Scale 



http://earthquake.usgs.gov/learn/topics/mercalli.php
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Table 2‐4. Comparison of magnitude and maximum MMI8. 


Magnitude 
Typical Maximum Modified 
Mercalli Intensity at Epicenter 


1.0 ‐ 3.0   I 


3.0 ‐ 3.9   II – III 


4.0 ‐ 4.9   IV – V 


5.0 ‐ 5.9   VI – VII 


6.0 ‐ 6.9   VII – IX 


7.0 and higher   VIII or higher 


2.4 AltaRock	Technology9	
AltaRock uses  the  term hydroshearing  to describe  the process of  injecting water  at high pressure  to 
cause existing fractures to dilate and slip  in shear (Cladouhos et al., 2009). A byproduct of shear‐slip  is 
the generation of seismic waves  that can be used  to map  fracture  location and size. Hydroshearing  is 
significantly  different  than  tensional  fracturing,  or  hydrofracking,  commonly  used  in  the  oil  and  gas 
industry.  Permeability  enhancement  occurs  at  lower  fluid  pressures  during  hydroshearing  because 
hydroshearing  relies  on  displacement  along  preexisting  fractures,  as  opposed  to  hydrofracking  that 
creates entirely new fractures. Hydroshearing opens natural fractures that will dilate and remain open, 
even  when  fluid  pressure  is  reduced,  because  of  the  irregularities  of  natural  fracture  surfaces.  In 
contrast, hydrofracking requires the injection of chemicals and proppants to keep the planar, man‐made 
fractures open and permeable. 


The creation of EGS reservoirs has historically involved the stimulation of a single fracture zone in each 
well bore. During  stimulation  the  existing  fracture with  the  lowest hydroshearing pressure will open 
when water  is pumped  from  the  surface and pressure  is applied  in  the  injection well. Other existing 
fractures that require a higher hydroshearing pressure are not affected.  


The  stimulation  of  multiple  fracture  zones  in  a  single  injection  well  will  significantly  increase  EGS 
efficiency. To create multiple fracture sets  in a single well requires hydraulic  isolation of each fracture 
network  after  it  has  been  stimulated.  To  provide  hydraulic  isolation  for  the  creation  of  multiple 
fractures, a diverter material  (a temporary sealant) can be used. After stimulation of the  first  fracture 
zone, a diverter material is added to the injected water to temporarily seal off that zone at the borehole. 
Additional pressure is then applied to the injected water and a second fracture zone is stimulated. After 
multiple fracture zones are stimulated,  injection  is discontinued and the well bore  is allowed to reheat 
to the original well temperature. This causes the diverter material to dissolve, leaving all fractures open 
for circulation and flow during operation of the EGS system.  


AltaRock  is a pioneer  in  the use of diverters  in geothermal applications. AltaRock has developed,  lab‐
tested,  and  patented  a  portfolio  of  materials  designed  for  the  moderate  to  high  temperatures 
encountered in geothermal wells. Different diverter materials are used, depending on the temperature 
conditions  in  the  target well. For  lower  temperature wells, AltaRock has used  commercially available 
diverters  commonly  used  in  oil  and  gas  wells  such  as  BioVert®,  a  Halliburton  product10.  Some 


                                                            


8 USGS Magnitude / Intensity Comparison 
9 AltaRock holds a portfolio of patents, patent applications,  licenses and related proprietary  intellectual property 
regarding its diverter and stimulation technology, materials and methods. 
10 Halliburton BioVert® NWB Diverter for Near‐Wellbore Applications 



http://earthquake.usgs.gov/learn/topics/mag_vs_int.php

http://www.halliburton.com/ps/default.aspx?pageid=5318&navid=93&prodid=PRN::IQTUO2H9U
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information  about  AltaRock’s  diverters  for  high  temperature  applications  is  proprietary,  but  can  be 
shared with  regulatory agencies prior  to  specific applications. The Evaluation of Water Usage  for The 
Newberry  EGS  Demonstration11 contains  additional  detailed  information  about  AltaRock’s  diverter 
technologies. 


2.5 Protocol	for	Induced	Seismicity	
The DOE requires that EGS demonstration projects throughout the U.S. follow the guidelines provided 
by  the  International  Energy Agency  (IEA) Protocol  for  Induced  Seismicity Associated with Geothermal 
Systems (Majer et al., 2008, and provided as Appendix A). This protocol includes the following steps (re‐
ordered and grouped below): 


Communications 


 Step 1: Review Laws Evaluate Regulations; 


 Step 4: Establish a Dialogue with Regional Authority; 


 Step 5: Educate Stakeholders;  


 Step 7: Interact with Stakeholders;  
Technical 


 Step 6: Establish Microseismic Monitoring Network; 


 Step 2: Assess Natural Seismic Hazard Potential;  


 Step 3: Assess Induced Seismicity Potential; and 


 Step 8: Implement Procedure for Evaluating Damage. 


While this document was being revised, the protocol, now authored by the DOE and titled Protocol for 
Induced Seismicity Associated with Enhanced Geothermal Systems  (EGS), was published online  in draft 
form (Majer et al., 2011, and provided as Appendix B). The second protocol  is more detailed than the 
first  and  includes  knowledge of  induced  seismicity obtained  in  the  intervening  three  years.  The new 
protocol’s steps are:  


 Step 1: Perform Preliminary Screening Evaluation  


 Step 2: Implement an outreach and communication program 


 Step 3: Identify criteria for ground vibration and noise 


 Step 4: Establish seismic monitoring 


 Step 5: Quantify the hazard from natural and induced seismic events 


 Step 6: Characterize the risk from induced seismic events 


 Step 7: Develop risk‐based mitigation plans  


In addition, the new protocol provides a recommended approach for each of the steps. Because the new 
protocol was  not  available  until  the  final  preparation  of  this  document,  in  the  second  year  of  the 
Newberry EGS demonstration, some  recommended approaches or  language of  the new protocol may 
not be  followed here. However, the general steps of both  the new and old protocol are satisfied  (see 
Appendix C for compliance matrix to both).  


The new protocol, in particular, suggests approaches for estimating the long‐term risk of an EGS project. 
The Newberry EGS Demonstration  is  limited to about 21 days of stimulation and up to 77 days of well 
flow testing. The data gathered during the Demonstration will be critical  for calculating the  long‐term 
risk of EGS development at Newberry. However,  this mitigation plan and  the permits  that AltaRock  is 


                                                            


11 Evaluation of Water Usage for The Newberry EGS Demonstration 



http://www.iea-gia.org/documents/ProtocolforInducedSeismicityEGS-GIADoc25Feb09.pdf

http://esd.lbl.gov/files/research/projects/induced_seismicity/egs/EGS-IS-Protocol-Final-Draft-20110531.pdf

http://www.newberrygeothermal.com/Newberry_Water_Usage_Plan_Public_Version.pdf
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currently  seeking  do  not  attempt  to  address  the  risk  beyond  the  duration  of  the  Demonstration 
activities. 


AltaRock’s Phase I report, currently in preparation, provides the research and analysis involved in project 
planning, including detailed procedures for seismic monitoring and stimulation to be conducted in Phase 
II. Here we summarize research and plans most relevant to induced seismicity controls and mitigation.  


3 Pre‐stimulation	Activities		


3.1 Review	of	Laws	and	Regulations	


3.1.1 Regulatory	Oversight	
The primary  federal agencies  responsible  for  regulatory oversight are  the BLM, FS and DOE. All  three 
agencies  have  responsibilities  under  the  National  Environmental  Policy  Act  (NEPA)  to  conduct  an 
environmental analysis and prepare an Environmental Assessment (EA), and make a determination and 
decision  based  on  the  findings  of  the  EA.  BLM  has  responsibility  for  subsurface  activities  and 
management of geothermal operations. BLM also ensures that operations are conducted in accordance 
with NEPA decisions and mitigation measures defined in the EA to minimize resource impacts.  


Because three federal agencies are involved, a lead and cooperating agencies were designated, and each 
has  its own specific purposes for  involvement. The primary activity will occur below ground on federal 
geothermal leases administered by the BLM. Therefore, BLM is acting as the lead agency for the analysis 
and  preparation  of  the  EA,  and  the  FS  and  DOE  are  cooperating  agencies.  The  specific  roles, 
responsibilities, and timelines of each agency are outlined in separate Memorandums of Understanding 
(MOU) between BLM and FS, and BLM and DOE.  


In addition to the federal agencies above, several Oregon state agencies have oversight, monitoring, and 
permitting responsibilities. Oregon Department of Geology and Minerals Industries (DOGAMI) has state 
authority over geothermal well drilling, Oregon Department of Environmental Quality  (DEQ)  regulates 
Underground  Injection  Control  (UIC),  and  Oregon  Department  of  Water  Resources  oversees 
groundwater use  and  issues water  rights permits. Deschutes County  is  responsible  for  implementing 
Oregon statewide building codes for private buildings on leased federal lands. 


3.1.2 Laws	and	Regulations	Reviewed	
AltaRock  has  conducted  a  review  of  relevant  federal,  state  and  local  laws  and  regulations,  and  has 
determined that laws and regulations are not so restrictive that any effects of induced seismicity would 
not be allowed. No laws or regulations in Oregon specifically prohibit or regulate induced seismicity. In 
the absence of laws and regulations relating directly to induced seismicity from EGS activities, AltaRock 
reviewed  laws  and  regulations  relating  to  activities  that  could potentially  cause  vibration or  induced 
seismicity,  such as  the  impounding of  reservoirs, and mining and quarrying  (Cypser and Davis, 1998), 
both activities that are not uncommon in Oregon.  


The following laws, regulations, and administrative requirements were reviewed. Those relevant to this 
Demonstration are discussed in more detail below. 


 National Environmental Policy Act 


 Noise Control Act, 42 U.S.C. § 4901 


 Clean Water Act 


 2009 ORS Chapter 517, Mining and Mining Claims 
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 2009 ORS § 540.350, Dams, Dikes and Other Hydraulic Works 


 2009 ORS Chapter 467, Noise Control 


 2009 ORS Section 197, Comprehensive Land Use Coordination 


 2009  ORS  §  401.918,  Emergency  Management  and  Services,  Seismic  Safety  Policy,  Advisory 
Commission 


 2009 ORS § 467.120, Agricultural and Forestry Operations, Mining or Rock Processing 


 2009 ORS § 469.501, Energy Facility Siting, Construction, Operation and Retirement Standards 


 Oregon Water Resources Department, Division 20, Dam Safety 


 Oregon Department of Geology and Mineral Industries, Division 20, Geothermal Regulations 


 Oregon  Department  of  Geology  and  Mineral  Industries,  Division  30,  Oregon  Mined  Land 
Reclamation Act 


 Oregon Department  of  Environmental Quality, Administrative  Rules, Division  35, Noise  Control 
Regulations 


 Deschutes County Code (DCC), Chapter 8.08, Noise Control: County Noise Control Ordinances 


 DCC Chapter 18: County Zoning 


 DCC Chapter 23.76: County Comprehensive Plan, Energy 


 City of La Pine, Comprehensive Plan, March 2010 


Dams, Reservoirs, Mining and Quarrying 


Laws  and  regulations  governing  dams  do  not  specifically  refer  to  induced  or  triggered  seismicity  or 
earthquakes, but do prohibit the construction of “any dam, dike or other hydraulic structure or works, 
the failure of which would result in damage to life or property” (2009 ORS § 540.350, 2009 ORS Chapter 
517, Oregon Water Resources Department, OAR Division 20, Dam Safety; emphasis added). Under 2009 
ORS § 540.350, governing  the building of dams, the commission’s approval of  the site and plans does 
not  relieve  the  owners  of  liability  to  damage  to  life  or  property.  The  Oregon  Water  Resources 
Department also provides guidelines and rules on dam safety, which includes “hazard ratings” for dams 
based on the type and extent of damage to people or property that occurs if a dam fails. No information, 
guidelines or policy were found that suggested that reservoir  induced seismicity was a serious concern 
in Oregon. The focus appears to be on dam failure  in the event of natural seismicity and flooding as a 
result of failure. 


Mining and quarrying laws and regulations similarly aim to minimize or eliminate damage to people and 
property, but do not specifically have regulations directed at  induced seismicity  (DOGAMI Division 30, 
632‐030‐0005, 2009 OAR Chapter 517). For example, Section 632‐030‐0025 of DOGAMI, Division 30 lists 
requirements for an operating permit, including how to minimize damage to property and people, and 
2009 OAR § 517.990 provides that a person who “knowingly and recklessly causes substantial harm to 
human  health  or  the  environment” without  a  permit  is  subject  not  just  to  civil  penalties,  but  also 
criminal penalties.  


EGS and Strict Liability  


AltaRock also reviewed the standard for strict liability in Oregon to determine whether a theory of strict 
liability would be applied  to  induced seismicity. While  the Newberry EGS Demonstration will  likely be 
held  to a high standard of care,  it  is also  likely  that  if  individuals are  injured or property  is damaged, 
Oregon courts will apply trespass, negligence or nuisance theory of liabilities rather than strict liability. 


Whether an activity is abnormally dangerous is a question decided by the courts, and the standard used 
is whether an activity  is “extraordinary, exceptional, or unusual, considering  the  locality  in which  it  is 
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carried on; when  there  is  a  risk of  grave harm  from  such  abnormality;  and when  the  risk  cannot be 
eliminated by the exercise of reasonable care” (Buggsi, Inc. v. Chevron USA, Inc., 857 F. Supp. 1427, 1432 
[D. Or. 1994]; see also Tri‐County Metropolitan Transit District v. Time Warner Telecom of Oregon, Dist. 
Court. D. Or.  2008,  finding  that  drilling  under mass  transit  rail  lines  in  an  urban  setting was  not  an 
ultrahazardous activity).  


Several  factors  suggest  that a  court may not apply a  standard of  strict  liability  to  the Newberry EGS 
Demonstration. For example, the activity is not located in a populated area, and “the existence of a high 
degree of risk of some harm to persons and property” is shown to be low in subsequent sections of this 
plan  (see  Restatement  (second)  of  Torts  §  519).  Furthermore,  the  existence  of  stringent  laws  and 
regulations  controlling a particular activity are also  taken  into account, and Oregon does not provide 
induced seismicity guidelines to other industries such as mining. It is likely, therefore, that Oregon courts 
would not apply a theory of strict liability to the EGS project.  


If  individuals are  injured or property  is damaged,  it  is  likely  that  the  individual could, however, claim 
compensation  under  trespass,  negligence  or  nuisance  theory  of  liabilities.  A  similar  conclusion  was 
reached for an analysis of Colorado  law and  induced seismicity (Cypser, 1996). AltaRock’s research did 
not reveal any cases under which an individual sought compensation for induced seismicity in Oregon.  


Geothermal Energy and Deschutes County  


The only statute that AltaRock believes deals directly with induced seismicity from a geothermal project 
is  the Deschutes  County  Code  Chapter  23.76  (County  Comprehensive  Plan,  Section  on  Energy).  This 
chapter provides that there are geothermal investigations occurring in the County near Newberry Crater 
and  that  “problems  with  objectionable  smells  from  released  gases,  possible  groundwater 
contamination, earth subsidence or quakes are all hazards to be considered in geothermal energy use” 
(emphasis added). The chapter further provides that the County’s support for geothermal development 
shall  be  conditioned  upon  satisfactory  evidence  that  sufficient  safeguards  are  provided  for  “induced 
seismicity.”  This  chapter  suggests  that  Deschutes  County  does  not  prohibit  activity  based  on  the 
likelihood of induced seismicity. 


3.2 Communications	


3.2.1 Pre‐Stimulation		


Community outreach meetings have been held in La Pine, Sunriver, Bend, and at the Demonstration site 
to  communicate  plans  with  regulatory  agencies  and  local  stakeholders,  and  provide  educational 
opportunities on the Demonstration plans and benefits (Appendix D, Table D1). Two web sites, several 
social media outlets, and a toll‐free telephone line (1‐855‐USA4EGS) have been established to promote 
Demonstration  communication. We  routinely  provide  project  updates  to  a  contact  list  of  over  225 
recipients. AltaRock has posted project plans and technical reports to the Demonstration websites12 and 
social  media  sites13  to  keep  the  public  informed  of  recent  developments,  and  to  relay  related 
information about geothermal energy, enhanced geothermal systems, and related energy issues. These 
sites will be  continuously updated  through  the  lifetime of  the Demonstration  to keep  the public and 


                                                            


12 www.newberrygeothermal.com and www.altarockenergy.com 
13 www.facebook.com/NewberryEGS, www.twitter.com/NewberryEGS and 
www.newberrygeothermal.wordpress.com 
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regulators  informed,  including  frequent text and video updates during periods of major  field activities 
such as stimulation, drilling and  flow  testing. Additional public meetings will be held shortly after  the 
Environmental  Assessment  (to which  this  document will  be  attached)  has  been  released  for  public 
review.  Informational  kiosks,  currently  in  preparation  and  describing  the  methods  and  uses  of 
geothermal energy, and EGS in particular, will be installed at Lava Lands Visitor Center and Paulina Lake 
Visitor Center. 


To date, AltaRock has also provided more than twenty presentations at public venues and professional 
meetings,  including the outreach meetings mentioned above, the 2010 Geothermal Resources Council 
Annual Meeting, the Oregon Geothermal Working Group meeting, and the 2011 Stanford Geothermal 
Workshop.  AltaRock  meets  regularly  with  county,  state  and  federal  elected  leaders,  and  other 
stakeholders,  including environmental groups,  to  inform  them of our progress and plans. Appendix D 
Tables D2  and D3  list meetings  and  presentations  that  have  been  conducted  as  of  the  date  of  this 
report.  


3.2.2 Stimulation	
Before  well  stimulation  begins,  notices  will  be  published  in  the  local  newspapers  and  contact 
information (phone numbers, email addresses, websites, etc.) provided for interested citizens to receive 
more information, ask questions and report concerns. The Demonstration web sites12 will be updated to 
inform the public that the well stimulation has begun. NNVM visitors, and owners and users of NNVM 
assets  (i.e.,  lodges  and  cabins),  will  be  notified  of  impending  stimulation  activities,  including  the 
potential  for  subsequent  notification  of  mitigation  triggers,  procedures  for  reporting  damage  and 
related actions. Public meetings will be held monthly during active Phase II field operations, including a 
meeting after stimulation  is complete, to discuss the results with stakeholders. These public meetings 
will  include  presentations  to  explain  preliminary  results  and  the  next  steps, with  time  set  aside  for 
questions and answers so that the community can voice their concerns. 


Additional preparations and notifications will be implemented for users of Road 500, leading to Paulina 
Peak, due to the history of frequent rock falls along that road. These  indirect mitigation actions, to be 
established in cooperation with FS staff, are detailed below in Section 5.4(2). 


3.2.3 Post‐Stimulation	
Following well stimulation and flow testing, the results of these operations will be communicated to the 
public and other  stakeholders  through our  contact  list, web  sites,  social media, press  releases, peer‐
reviewed  publications,  and  required  DOE  reporting.  Plans  for  post‐stimulation  activities will  also  be 
reported,  including  the  potential  for  cancellation  of  the  project  and  site  reclamation,  or  continued 
activities including stage‐gate review and drilling of production wells.  


In addition to the public outreach described above, frequent regulatory and technical communications 
with  government  agencies  and  labs will  continue  throughout  the  project, with  increased  frequency 
during stimulation and well testing, and event‐specific communications in response to mitigation event 
triggers.  The  technical  communications  are  described  in  Sections  4.5,  5.2,  5.3  and  5.4.  All 
communications are summarized in Table 3‐1. 
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Table 3‐1. Summary of Communications and Outreach Plan  


Phase  Type  Audience When  Section 


Pre‐
stimulation 


Public Outreach and Professional 
Meetings, Presentations, and Discussions 


Public, Media, 
Regulators, 
Politicians, Other 
Stakeholders 


> 20 since Fall 
2009 


3.2.1; 
Appendix D 


Pre‐
stimulation 


Social Media and Websites Updates Public Weekly  3.2.1


Pre‐
stimulation 


Local Newspaper Notice  Public 4 weeks prior 
to stimulation 


3.2.1


Pre‐
stimulation 


Informational kiosks at Lava Lands and 
Paulina Lake Visitor Centers 


Public Summer 2011  3.2.1


Pre‐
stimulation 


Public Outreach Meetings  Public After release of 
EA for public 
comment 


3.2.1


Stimulation  Public Outreach Meetings  Public Monthly  3.2.2


Stimulation  Social Media and Websites Updates Public Weekly  3.2.2


Stimulation  Daily stimulation and seismicity reports DOE, BLM, FS, 
LBNL, PNSN 


Daily (Real 
time if 
possible) 


4.5


Stimulation  Exception Reports  DOE, BLM, FS, 
LBNL, PNSN 


As required by 
triggers 


5.2


Post‐
stimulation 


Public Outreach Meetings  Public At end of 
Phase II 


3.2.3


Post‐
stimulation 


Final Report  DOE, Public At end of 
Phase III 


3.2.3


3.3 Seismic	Monitoring	and	Background	Seismicity	
A  review  of  historic  data  demonstrates  that  Newberry  Volcano  is  essentially  aseismic  (Wong  et  al., 
2010).  In  the  pre‐instrumental  period,  between  1891  and  1980,  no  earthquakes  greater  than M 5.0 
occurred within 100 km of Newberry Volcano. Since  the  instrumental period began  in 1980 with  the 
expansion of the PNSN into Oregon, the historic record is probably only complete for events of ML ≥ 3.0. 
Since 1980, there have been only six ML ≥ 3.0 earthquakes within 100 km of the Newberry Volcano, most 
of which occurred  in 1999 during a  single  swarm  located 98 km  southeast of Newberry. Wong et al. 
(2010) conclude that based on the  instrumental record, no earthquakes have been recorded within 10 
km of well NWG 55‐29 or Newberry Volcano. Four microseismic events have been recorded below the 
edifice of Newberry Volcano at distances of 10‐15 km (6‐9 mi) from NWG 55‐29 (see Figure 5 in Wong et 
al.,  2010).  These  events, which  occurred  in  2004  and  2005  at  depths  between  4  and  8  km,  all  had 
ML ≤ 2.2 (ANSS, 2011).  


Six seismic stations of the transportable USArray surrounded Newberry from 2006‐200814. The data was 
loaded  into  the  PNSN  archives  (Bob  Woodward,  personal  communication,  July  2010).  The  nearest 
station was  50 km  away,  so  the  temporary  stations  did  not  improve  the  sensitivity  of  the  network 
sufficiently  to  detect  any microseismicity  at  Newberry.  The  data  from  the  USArray  stations  around 
Newberry has been  received  from  IRIS and  is being analyzed  to determine whether  it can be used  to 
improve the velocity model using ambient seismic noise techniques.  


                                                            


14 http://www.iris.edu/earthscope/usarray/ 



http://www.newberrygeothermal.com/URS_SeismicReport.pdf
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To  improve  seismic  coverage  around  Newberry  Volcano,  two  new  seismic  stations  (2 Hz,  three‐
component sensors) have been installed to supplement the PNSN, one at River Meadows Home Owners 
Association (RMHA) in Three Rivers and another at La Pine High School (LPHS)15. These new stations will 
improve the regional network detection threshold and  location accuracy  in the Demonstration area. A 
temporary surface microseismic array (MSA) consisting of 7 stations (4.5 Hz three‐component sensors) 
was installed in August 2010 around NWG 55‐29 to provide information needed for design of the array 
that  will  operate  during  creation  and  circulation  testing  of  the  EGS  reservoir,  as  well  as  collect 
background  seismicity  to  determine  whether  any  natural  microseismicity  is  occurring  under  the 
Demonstration  area  at  magnitudes  too  low  to  be  detected  by  the  regional  network  (M<2.0).  In 
cooperation with the U.S. Geological Survey (USGS), a calibration survey of the temporary surface MSA 
was  performed  in  August  2010  to  develop  a  velocity  and  attenuation model  of  the  site.  The main 
calibration  shots were  20‐24 pounds of  explosive  set off  at  12  shot  points  in  15 m‐deep  shot holes. 
Analysis of 36 arrival time measurements on seven AltaRock seismometers and 182 arrivals on 25 USGS 
seismometers, all at the surface, yielded a robust 5‐layer velocity model down to a depth of 900 m. In 
addition, the temporary surface MSA minimum magnitude threshold was estimated to be M 0.5 based 
on analysis of the signal from the explosive shot compared to the noise level (Foulger Consulting, 2010). 


After the calibration survey, the temporary surface MSA was modified for winter operation and  left to 
record  natural  background  seismicity  to  determine whether  any  natural microseismicity  is  occurring 
under the Demonstration area at magnitudes too low to be detected by the regional network (M<2.0), 
but large enough to be detected by surface seismometers (M>0.5). To date, more than seven months of 
data have been downloaded and processed. No  local events have been detected by  the surface MSA. 
Although the network was designed to detect small  local events, the network did detect a February 8 
M 5.4 event offshore Oregon (Figure 3‐1), the March 11 M 9.0 earthquake in Japan, and other regional 
and  teleseismic earthquakes. The  temporary  surface MSA will be operated until  replaced by  the  final 
array in Phase II. 


                                                            


15RMHA and LPHS on map at http://www.pnsn.org/WEBICORDER/BETTER/pnsn_staweb/index.html 
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Figure  3‐1.  Seismic  energy  recorded  on  16  of  21  components  of  the  currently  installed MSA  (7  stations,  3 
components each) from M 5.4 regional event that occurred about 230 km off the Oregon coast at a depth of 34 
km after 22:00 UTC on February 8, 2011. 


The proposed station locations (Figure 3‐2) and required permits for the final MSA will be evaluated as 
part of the EA. After permitting, AltaRock will proceed with installation of the final MSA consisting of 6‐
10 borehole seismometers and 4‐7 surface seismometers. Deployment in boreholes at least 200 m (656 
ft) deep is desirable because placing the sensors at depth will improve data quality by reducing ambient 
noise  from  surface  and  near‐surface  sources,  and  by  reducing  waveform  distortion  caused  by 
propagation through weathered rocks near the surface. Surface occupancy and disturbance are limited 
within the NNVM and in the adjacent Special Management Area; therefore, the station coverage to the 
east of NWG 55‐29 is primarily limited to surface MSA stations rather than borehole installations. Eight 
stations will  be  located  between  the  stimulation  zone  and NNVM  to  provide  accurate  locations  for 
seismic  events  nearest  the  NNVM,  including  surface  stations  NM08  (currently  operating),  NM41 
(proposed for Special Management Area), NM40 (proposed location in NNVM on west rim trail), NM06 
(located 570 m east of the stimulation zone), NM22 (located immediately above the stimulation zone), 
and borehole stations NN19 and NN21 (located just outside the Special Management Area). In addition 
to these MSA stations, a strong motion sensor (SMS) will be installed at or near the Paulina Lake Visitor 
Center  (PLVC).  Any  shaking  recorded  on  this  sensor  is  expected  to  be  about  10  times  greater  than 
shaking that might occur in La Pine (see Section 3.3), making PLVC a more appropriate SMS monitoring 
site. As noted above, the currently operating temporary array will be replaced by the permanent MSA 
after Phase II activities are approved and permitted. A drilling contractor, MSA equipment suppliers and 
installation team have already been selected and are waiting for approval and permits. Table 3‐2 details 
the schedule for borehole drilling, seismometer and telemetry installation, and equipment testing.  
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Table 3‐2. Final MSA installation schedule. 


 
Event 


Minimum 
Duration 


Week of 
Completion  Details 


Procure seismic 
equipment 


13 weeks  13 Starts after approval of ISMP. 


Drill five MSA holes1  7 weeks  20 Starts after Phase II activities are approved. Assumes 
10 days to drill and complete each hole. 


Install Seismic 
equipment 


3‐4 weeks  24 Assumes 16 stations, 1 station installation per day, 1 
week to set up communications and data center.  


Test MSA  1 week  25
1Four MSA holes already exist or will be drilled as part of another project. 


Accurately determining  the  location of earthquake epicenters and hypocenters  is  largely a  function of 
the  geometry  of  the  seismic  network.  To  evaluate  various  proposed  network  geometries,  AltaRock 
contracted with Foulger Consulting, a globally recognized leader in seismic system design, to model the 
accuracy  of  7  different  proposed  networks.  All  simulations  of  seismic  networks  with  7‐9  borehole 
sensors and 0‐4 surface sensors, using different combinations of the  locations  indicated on Figure 3‐2, 
yielded  initial  horizontal  location  errors  of  less  than  408 m  (1340  ft)  with  an  average  error  of  all 
networks of 218 m  (715  ft; Foulger Consulting, 2011). These  location errors are a worst case  for real‐
time, single‐event  locations. During the actual stimulation, event  locations will be  iteratively  improved 
and  errors  reduced  by  relative  relocation  techniques,  improved  velocity  models,  and  review  by 
seismologists. For now, we take a cautious approach and assume a horizontal accuracy of 400 m.  It  is 
important  to note  that  the  stimulation  zone  is  limited  to  an  area within 1000 m of NWG 55‐29  (see 
Section 4.3). Events located outside this radius will trigger mitigation (see Section 5). For example, even 
an event that is calculated to have occurred 500 meters outside the NNVM boundary, but could actually 
have occurred up to 400 meters closer, will still trigger mitigation before any impact to NNVM. 


Each station will be equipped with batteries, solar panels, and either a 900 MHz telemetry radio or cell 
phone modem (depending on local conditions) to collect and transmit real‐time, continuous data to an 
operational center to be auto‐processed. The raw data will also be provided in real‐time via broadband 
internet connection  to Lawrence Berkeley National Laboratory  (LBNL) where  the data will be archived 
and displayed to the public on the EGS Induced Seismicity website16. The current MSA plan calls for 16 
stations with telemetry, which provides redundancy in the event a station is temporarily out of service. 
Field  seismologists  and  IT  specialists  will  be  on‐contract  to  ensure  that  90%  of  the  stations  are 
operational at all times, and to conduct any station repairs as quickly as possible.  


 


                                                            


16 LBNL EGS Induced Seismicity Website 



http://esd.lbl.gov/research/projects/induced_seismicity/egs/
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Figure 3‐2. Final MSA,  including borehole  installations, shown  in  relation  to planned  stimulation zone. Ellipse 
with 1 km north‐south major axis, centered over the middle of the open‐hole  interval,  is current prediction of 
the microseismicity  cloud  that will be  induced and  the approximate extent of  the EGS  reservoir, based on a 
preliminary stress model. Multiple zones will have different depths, but roughly the same map view. Hatched 
area  is Special Management Area  (no surface occupancy) adjacent to NNVM, shown  in green. Even  if the EGS 
reservoir  grows  in  an  unexpected  direction  (not  north‐south),  the map  shows  sufficient  room  for  an  EGS 
reservoir of any orientation around NWG 55‐29.   


Auto‐processing software will be set to auto‐locate events on which 5 or more P‐picks and 2 or more S‐ 
picks can be made. The operational center will be staffed by seismologists that will refine seismic wave 
auto‐picks,  improve  event  locations,  and  track  maximum  event  size  and  the  size  distribution  of 
microseismicity (the b‐value), 24 hours a day. The Project Manager will ensure that a seismicity report is 
transmitted daily to the DOE, BLM, FS, PNSN and LBNL. Trigger and mitigation reports will be prepared 
and sent to the DOE, BLM, FS, PNSN and LBNL  if any triggers are exceeded or mitigation actions taken 
(see Section 5). 


Locations  and  seismograms  of  identified  seismic  events will  then  be  sent  via  Internet  to  LBNL. Data 
sharing and archiving agreements,  links, and search tools will ensure that the raw seismic data will be 
available  to  the  public  and  scientific  community  from  LBNL17,  PNSN18 and  the  Northern  California 


                                                            


17 Lawrence Berkeley National Laboratory, Earth Sciences Division ‐ EGS Earthquake Maps   



http://esd.lbl.gov/research/projects/induced_seismicity/egs/
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Earthquake Data Center19 (NCEDC) websites. This system will be operational before stimulation begins, 
and operation will continue throughout the Demonstration.  


3.4 Maximum	Magnitude	Predictions		
Maximum magnitudes  (Mmax)  and  earthquake  rates  are  the  two most  important  inputs  into  seismic 
hazard analyses. The magnitude of an earthquake is proportional to the area of the fault that slips in an 
event and the amount of stress that is released (i.e., stress drop). Several conditions must be met for a 
potentially damaging earthquake  to occur. There must be a  large enough  fault, stresses must be high 
enough to cause slip, and the fault needs to be pre‐stressed and near failure. As recognized by many, 
the  characteristics of  induced  seismicity are  controlled by  the  characteristics and distribution of pre‐
existing fractures and faults, and the local stress field in the volume of rock surrounding the well where 
fluid is being introduced (Majer et al., 2007). 


Two basic approaches are used to estimate the potential Mmax for Newberry EGS activities, analogs from 
other  EGS  and  geothermal  projects  and  theoretical  models.  Because  few  EGS  projects  have  been 
undertaken worldwide,  finding  suitable  analogs  is  challenging.  Theoretical  approaches depend on  an 
a priori knowledge of the rupture characteristics of future induced seismicity, which requires subsurface 
characterization of the affected volume of rock around the well. This information is not yet available for 
Newberry, but will be obtained as further investigations are performed. 


Although  the number of EGS  sites analogous  to Newberry Volcano  is  limited, observations at  sites  in 
similar geologic and tectonic settings, such as Fenton Hill, Ogachi and Hijiori, suggest that Mmax may be 
less  than  M 3.0  (Wong  et  al.,  2010).  In  a  broader  review  of  Mmax  associated  with  other  EGS 
demonstrations, the highest observed value has been an M 3.7 event in Cooper Basin, Australia, where 
no  damage  was  reported  (Majer  et  al.,  2007;  confirmed  by  Geodynamics  reservoir  development 
manager, Robert Hogarth, June 2011). The next largest event was an M 3.4 event in Basel, Switzerland. 
Although  not  an  EGS  site,  The  Geysers  has  recorded  an M 4.6  earthquake,  but  this  occurred  in  an 
extensively  exploited  geothermal  field  that  has  operated  for  nearly  five  decades.  The  first M > 4.0 
induced  earthquake  at  The  Geysers  occurred  in  1982,  nearly  20  years  after  geothermal  production 
began (Wong et al., 2010). 


To  develop  site‐specific,  theoretical models  of Mmax  for  the Newberry  EGS  Demonstration,  AltaRock 
commissioned the William Lettis & Associates division of Fugro Consultants (Fugro)  in April, 2011. This 
assessment included additional analysis of LiDAR20 data, updated physical and injection plan parameters, 
a model incorporating high heat flow at Newberry, and estimates of the probability of the different Mmax 
levels. Included on the Fugro team was Dan O’Connell, who is also PI on a DOE Geothermal Technologies 
Program project within the topic area of Seismicity and Reservoir Fracture Characterization. O’Connell’s 
project  is  testing  a model  of  induced  seismicity  and  fluid  flow  with  data  from  the  Paradox  Valley 
injection  well  and  the  Coso  geothermal  field21.  The  Fugro  report  is  included  as  Appendix  E  and 
summarized here.  


Additional  lineament  analyses  of  LiDAR  data  did  not  disclose  any  significant  features within  a  1‐km 
radius of the well that could be activated by EGS stimulation. Within a 5‐km radius, mapped lineaments 
                                                                                                                                                                                                


18 The Pacific Northwest Seismic Network 
19 Northern California Earthquake Data Center will be responsible for long‐term archiving of EGS project data. 
20 Light Detection and Ranging, a method for high‐precision topographic mapping. 
21 http://www1.eere.energy.gov/geothermal/2010_peer_review_seismicity.html. 



http://www.newberrygeothermal.com/URS_SeismicReport.pdf

http://www.newberrygeothermal.com/URS_SeismicReport.pdf

http://www.pnsn.org/

http://www.ncedc.org/
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are  associated with  drainage  and  depositional  features  on  the  flanks  and margins  of  the Newberry 
Volcano (Figure 8 of Appendix E). None of these  lineaments were  identified as faults and,  in any case, 
their orientations make them unlikely  to slip  in the current stress  field determined  from the borehole 
televiewer  (BHTV)  breakouts  and  active  tectonic  features  mapped  in  the  broader  region 
(Cladouhos et al., 2011). 


Fugro used three alternative approaches to evaluate Mmax for the Newberry EGS Demonstration based 
on physical properties of the surrounding rock mass and proposed injection process. These approaches 
provide single‐valued deterministic estimates of Mmax for specific combinations of physical parameters 
estimated for the site (Table 3‐3).  


The first method, taken from Brune (1970), is based on dynamic stress drop, which controls the absolute 
amplitude of radiated seismic waves, and corresponding ground shaking. For an induced event created 
by slip on a fault with a 500 m (1640 ft) radius (the radius of the maximum dimension of the proposed 
EGS reservoir) and a stress drop of 3 MPa, an Mmax of 3.89 is calculated.  


The  second method,  based  on McGarr  (1976),  relates  the  sums  of  the  seismic moment  released  in 
earthquakes to a change in volume. In the case of fluid injection, it is the volume added to the system by 
injection. Using a crustal rigidity of 3.5 GPa and the planned  injected volume of 8 million gallons for a 
single fracture stage (~30,000 m3), an Mmax of 3.28 is calculated.  


The third method, from Leonard  (2010),  is based on a set of  internally consistent scaling relationships 
between seismic moment and rupture area, length, width, and average displacement. The length of the 
fault plane of an Mmax event can be constrained  to be  the  target  length of  the EGS reservoir, 1000 m 
(3280  ft). The vertical extent of  the  fault plane can be constrained by  the depth  to  the brittle‐ductile 
transition below NWG 55‐29, which  is an extremely shallow 3.5 km (2.2 mi) due to the high heat flow. 
Using these constraints on a 50° dipping fault plane, an Mmax of 3.98 is calculated. The three Mmax values 
calculated by Fugro substantiate the earlier estimate by URS of Mmax ranging from 3.5‐4.0.  


Table 3‐3. Summary of the three deterministic approaches used to estimate Mmax. Only highest Mmax estimated 
by each method is shown in this table. Mmax based on a wider range of input values shown in Appendix E. 


Technique  Characteristics  Highest Mmax 


Brune (1970)1  Dynamic stress drop, 500 m (1640 ft) radius, 3 MPa 
stress drop 


3.89 


McGarr (1976)2  Injected volume of 30,545 m3 (8 million gallons)  3.24 


Leonard (2010)3  Based on fault area 1000 m (3280 ft) strike length and 
1473 m (4833 ft) vertical extent limited by shallow 
(3.5 km) brittle‐ductile transition 


3.98 


1 Table 3 of Appendix E 
2 Table 4 of Appendix E 
3 Table 5 of Appendix E 


The final approach used by Fugro relies on the ‘seismogenic  index’ developed by Shapiro et al. (2010). 
Shapiro et al. (2007) observed that the number of induced earthquakes with a magnitude larger than a 
given value  increases approximately proportionally with the  injected fluid volume. Using the seismicity 
rate of  induced events and  the  fluid  injection  rate, Shapiro et al.  (2010) derived a seismogenic  index. 
This  parameter  can  be  used  to  compare  the  induced  seismicity  effects  of  injection  conducted  at 
different  project  locations.  The  Shapiro  et  al.  (2010)  analysis  is  appealing  because  it  provides  a 







21 
 


probabilistic prediction of maximum magnitude based on  a  relatively modest  amount of  site  specific 
information. 


Fugro calibrated and tested the Shapiro et al. (2010) method using data from the initial 14‐day injection 
sequence at the Paradox Valley and found that the observed Mmax = 0.9 falls within the 95% confidence 
region of the predicted Mmax < 1.2 (Figure 9 of Appendix E). The median prediction of Mmax (4.39) and the 
observed Mmax  (4.3), over a 4‐year  long‐term  injection  in which more than 2 million metric  tons (>500 
million gallons) of waste were disposed, are also in agreement.  


Applying the method of Shapiro et al. (2010) to the Newberry EGS Demonstration, Fugro finds that the 
probability of the Newberry injection activity inducing an event with M > 3.0 is less than 1% over a 50‐
day period that would  include  injection and pressure dissipation (flow‐back). At a 95% probability, the 
maximum  induced event  is predicted  to be M < 2.2. The median  (probability = 0.5) Mmax  for  the most 
conservative assumptions is less than M = 1.0 (Table 3‐4 and Appendix E). 


Table 3‐4. Calculated probability of event occurrence. 


Event 
Magnitude 


Event Probability


Minimum Maximum


>1  0.7% 40%


>2  0.1% 6%


>3  0.01% 0.8%


>4  0.002% 0.09%


In  light  of  the  largest  seismic  events  induced  during  previous  EGS  projects  and  three  deterministic 
models, an upper‐bound for Mmax for the Newberry EGS Project of M 3.5 to 4.0  is defensible. Applying 
the recently developed Shapiro model, the probability of an event with M > 3.0 is less than 1%, with the 
most likely (median) Mmax < 1.0. 


3.5 Assessment	of	Induced	Seismicity	and	Seismic	Hazards	Risk		
AltaRock  contracted with URS  Corporation  (URS)  to  conduct  an  independent  Induced  Seismicity  and 
Seismic Hazards Risk Analysis for the Demonstration (Wong et al., 2010, and provided as Appendix F). 
This report should be read  in  its entirety as a preface to this plan. The tasks performed  in this analysis 
included:  


1. Review of available data from previous EGS projects 
2. Evaluation of local and regional faults for seismic risk 
3. Site‐specific probabilistic seismic hazard analysis 
4. Seismic risk evaluation 


The executive summary of this report concludes: 


“The results of the probabilistic seismic hazard analysis indicate that there is no difference in hazard at La 
Pine, Sunriver, and the Project site (NWG 55‐29) between the baseline conditions (which incorporates the 
hazard  from both natural  tectonic and volcanic  seismicity) and  the EGS  induced  seismicity. As a  result, 
potential EGS induced seismicity poses no seismic risk to the residents in the neighboring communities.  


However, potentially larger EGS earthquakes of M 3.0 and higher, should they occur, will probably be felt 
in  La  Pine  and  Sunriver,  but  not  at  damaging  levels  of  ground motions  (>0.10  g).  Individual  residents 
within 10 km of the Project site will feel the larger events. The strength of shaking will depend on the size 
of the event, and distance to and site conditions at each location. The effects of induced seismicity will be 



http://www.newberrygeothermal.com/URS_SeismicReport.pdf
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more of a nuisance than a hazard to the vast majority of  local residents because of the small size of the 
events and distances to centers of population.” 


For  additional  technical  details,  the  reader  is  directed  to  the  report  itself,  publicly  available  on  the 
Demonstration website. URS also developed shake maps, also publicly available, based on a predicted 
upper‐range seismic event of M 3.5 at 1 km depth  (3280 ft)  in the target well (Wong et al., 2011, and 
Appendix G). The shake map predicts PGA of 0.25 g at the wellhead, 0.10 g at Paulina Lake, and less than 
0.01 g at La Pine (Figure 3‐3). For natural earthquakes, a PGA of 0.10 g is perceived by humans as strong 
shaking and  the potential  for damage  is  light  (Wald et al., 1999) However,  it has been observed  that 
perceived shaking and damage due to EGS induced seismicity is typically lower (Majer et al., 2007).  


To  independently  evaluate  the  projected  shaking  shown  in  Figure  3‐3,  we  compared  it  to  actual 
measurements from The Geysers geothermal field in northern California, where more than 50 years of 
geothermal production has resulted in more induced seismicity and seismic monitoring than anywhere 
in  the world. We compiled PGA data available  from  the USGS shake maps22 recorded at SMS stations 
within 20 km of The Geysers for eight seismic events between November 2009 and March 2011 with M 
between 3.5 and 3.7. This data is plotted in Figure 3‐4, along with a single shaking measurement (PGA of 
0.05 g)  from  the ML  3.4  injection  induced  event  that  occurred  under  Basel  (Majer  et  al.,  2007).  A 
comparison  of  the  predicted  shaking  (orange  curve)  to  measured  shaking  at  The  Geysers  (blue 
diamonds)  shows  that  there  is a  reasonable  fit between  the URS  shake map predictions and Geysers 
shake  data. However,  a  shake map  appropriately  calibrated  to Geysers  geology  and  geophysics may 
overestimate  the  shaking expected at Newberry; greater  shaking  is expected  for a  seismic event of a 
given magnitude at The Geysers due  to  the presence of  competent bedrock near  the  surface, which 
more readily propagates seismic energy due to higher internal friction. The surface geology at Newberry 
is dominated by thick unconsolidated volcanic materials, which have  lower  internal friction and absorb 
more seismic energy, thereby reducing shaking (Aki and Richards, 1980). 


The relative intensities of shaking shown in Figure 3‐4 suggest that an SMS would be best positioned at 
Paulina Lake, where  the nearest occupied  structures are  located,  to  record  shaking  that could  trigger 
mitigation actions. Locating the SMS  in La Pine would not be useful because the  low  levels of shaking 
predicted at La Pine (PGA << 0.01 g) approach the level of seismic noise common to such a small town, 
such as passing trains and truck traffic.  


 


                                                            


22 USGS Earthquake Shake Maps 



http://earthquake.usgs.gov/earthquakes/shakemap/
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Figure 3‐3. Shake map  from URS Addendum Figure 1  (Wong et al., 2011). Only Class A Quaternary  faults are 
shown, so the Class B Newberry Caldera ring fractures are not shown. 
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Figure  3‐4.  Comparison  of  PGA measured  at  The Geysers  to  PGA modeled  in  shake map  for M 3.5  event  at 
NWG 55‐29 at a depth of 1 km,  from Figure 3‐3. Dashed curves show projection of shaking  for smaller events 
(M 3.0, M 2.7, and M 2.0) mentioned in the text by scaling the solid curve by moment. NNVM and PLVC‐SMS are 
distances to Monument and proposed SMS from NWG 55‐29. 


3.6 Potential	Effects	of	Induced	Seismicity	
In  the  previous  two  sections,  the  combined  conclusions  of  two  different  independent  engineering 
analyses indicate that: 


 The theoretical maximum magnitude of an induced seismic event at Newberry is M 4.0  


 The probability of a seismic event with a magnitude between M 3.0 and M 4.0 is less than 1% 


 There is no difference in seismic hazard between the natural seismicity and the hazard introduced 
by EGS induced seismicity 


 If an M 3.5 seismic event did occur, the potential for damage at the nearest structures within the 
NNVM would be light, corresponding to a Modified Mercali Intensity of VI (Table 2‐1) 


These conclusions provide strong evidence that the Newberry site is an appropriate location for an EGS 
demonstration. Further characterization of the potential effects of induced seismicity is provided below. 


3.6.1 Populations	within	the	Potential	Shake	Zone	
The population centers closest to the Demonstration site are Bend, Sunriver, Three Rivers and La Pine 
(Table 3‐5). Bend, 23 miles from NWG 55‐29, is by far the largest, with a 2010 population of 76,639. The 
other towns have a combined year‐round population  less than 6000, although the Sunriver population 
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soars  to 20,000  in  the  summer. All  four of  these population  centers are  located outside of  the  zone 
within which perceivable shaking (PGA>0.01g) may occur (12‐13 km from NWG 55‐29; Figure 3‐3). 


Table 3‐5. Number of people outside area of perceivable shaking as determined by Wong et al. (2011).  


City  Population Distance from NWG 55‐29 


Bend  76,6391 37 km (23 mi)


Sunriver  1,3182 (20,000 in Summer)3  20 km (12.4 mi) 


Three Rivers  2,3532 15 km (9.3 mi)


La Pine  1,6531 15 km (9.3 mi)
1Deschutes County Oregon Population 1990‐2010 
2Population and Housing Occupancy Status: 2010 Cities and CDPs 
3Sunriver Area Chamber of Commerce 


Populations  in the zone where perceivable shaking may occur are  limited to visitors to the NNVM and 
the adjacent Deschutes National Forest. This transient population is primarily limited to summer months 
due to winter snow closures (Table 3‐6). We estimate that 659 people could be within the zone where 
perceivable shaking may occur during the peak summer season daytime hours. During the night, up to 
333  people might  be within  the  zone where  perceivable  shaking may  occur.  Some  visitors  are  also 
present  during winter days  and overnight  stays,  accessing  the  area only by  foot,  ski or  snowmobile. 
These populations are probably 10 to 100 times lower than summer populations. 


Table 3‐6. Number of visitors within area of perceivable shaking as determined by Wong et al. (2011).  


Location 
Season Total 2010     


(May ‐ Oct) 
Peak Month 
Total (August) 


Estimated Daily 
Average during 
Peak Season 


DAYTIME  56,118  20,405 659


Entrance Station  56,1181  20,4051 6592


Paulina Lake VC*  3,7071  1,9941 652


OVERNIGHT  29,891  ND 333


Campgrounds*  20,5021,3  ND 2284


Paulina Lake Cabins*  4,8965  ND 555


East Lake Cabins*  4,4936  ND 506


ND – no data 
*Visitors to these locations are also counted at the Entrance Station. 
1Statistics provided by Rod Bonacker (FS) via email on Jun 14th, 2011. 
2Calculated by dividing the Peak Month Total (August) by 31 days. 
3Season Total extends thru March 2011. 
4Calculated by dividing the Campground Season Total by 90 days (length of peak season);  likely overestimated 
because Campground Season Total extends thru March 2011.  
5Estimate assumes Paulina Lake Cabins are 80% occupied for 80% of peak season. 
6Estimate assumes East Lake Cabins are 80% occupied for 80% of peak season. 


3.6.2 Vulnerability	of	Structures	
On May 16, 2011, FS provided AltaRock with a  list of 52 key assets within  the NNVM, which  includes 
various buildings, two bridges, a road, a dam, and three slope faces. These assets include all structures 
between  the 0.06 g  and 0.10 g  contour  lines of PGA on  Figure 3‐3,  as well  as many other  structures 
located within  the 0.01 g  to 0.05 g  contour  lines. The  list  includes Paulina  Lake  Lodge and associated 
cabins, East Lake lodge and associated cabins, Paulina Lake Guard Station and associated FS structures, 
and other  structures along  the Paulina‐East  Lake Road. The dam and  collocated bridges  span Paulina 
Creek at the outlet of Paulina Lake, adjacent to Paulina Lake Lodge. One of the slopes crosses a road cut 



http://www.paulinalakelodge.com/lodging.html

http://www.eastlakeresort.com/Accomidations.aspx?p=8

http://oregon.gov/DAS/OEA/census_and_acs.shtml

http://www.pdx.edu/sites/www.pdx.edu.prc/files/media_assets/Place_Housing.html

http://www.sunriverchamber.com/community/index.aspx
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on Road 500 leading to Paulina Peak, which is prone to rock fall that results in rocks on the roadway. The 
two  other  slopes  are  located  on  the  north  sides  of  Paulina  and  East  Lakes,  respectively,  which  FS 
presented as a slope stability concern. The vulnerability of structures in and around La Pine will not be 
assessed because analysis by URS  (Wong et al., 2011)  indicated  that damage at  that distance  (15 km, 
9 mi) is extremely unlikely.  


On  June  9  2011,  a  structural  engineer  with  Simpson  Gumpertz  &  Heger  (SGH)  and  a  geotechnical 
engineer  with  Treadwell  &  Rollo  (T&R)  accompanied  Rod  Bonacker  of  the  FS  to  conduct  a  visual 
inspection of the bridges, the dam, and 15 representative buildings and cabins. The purpose of the visit 
was to become familiar with the construction types of the buildings and the bridges. They determined 
that  the buildings are all of wood‐frame construction. The older vintage buildings are  log cabin  style, 
while the newer buildings are more traditional modern wood frame construction, all with either a stone 
or concrete foundation. The three structures at the outlet of Paulina Lake were also inspected: the small 
(3 to 4 feet high) dam, the older (1954) and integral concrete bridge which is no longer in use, and the 
new (2008) steel bridge installed over the concrete bridge. The talus slopes could not be observed in the 
field due to snow cover. On June 22, 2011, AltaRock presented the preliminary results of the field visit to 
the BLM, FS and DOE, and proposed  the methodologies  for evaluating  the assets. All agencies agreed 
that the proposed method would adequately characterize the structural vulnerability of these assets.  


The  results of  the SGH  structural engineering evaluation of  the buildings and bridges are attached as 
Appendix H. Twelve representative structures were scored using the national standard document, FEMA 
154,  Rapid  Visual  Screening  of  Buildings  for  Potential  Seismic  Hazards:  A  Handbook.  For  the  twelve 
NNVM  structures  scored,  the  PGA  resulting  in  a  10%  probability  of  collapse was  determined  to  be 
between  0.25  and  1.1  g.  Further  analysis  indicates  that  in  a  “worst  case”  0.10  g  PGA  that  an M 3.5 
seismic event could produce the collapse probability would be 1.2% or less for all NNVM structures. SGH 
noted that the bridge is constructed “on fairly competent bedrock.” SGH calculates the PGA limit for the 
bridge to be 0.28 g, similar to most susceptible buildings.  


SGH  also  evaluated  thresholds  for  cosmetic  damage  to  buildings  and  recommended  that  the  peak 
particle velocity be  limited  to 2 cm/s  to minimize  the potential  for cosmetic damage  to  the buildings. 
This  correlates  to  an  approximate  PGA of  0.025 g. As will be discussed  in  sections below, mitigation 
measures designed  to  slow  induced  seismicity will begin at a PGA of 0.014 g, well below  the  shaking 
level that might cause cosmetic damage, and an order of magnitude below the shaking level that would 
cause collapse of NNVM buildings. 


The T&R geotechnical engineering evaluation of the dam and steep slopes is attached as Appendix I. The 
dam is described as a concrete wall 3 to 4 feet high and 12 to 14 inches thick, connected to a concrete 
bridge on  the downstream side. Both concrete structures are “keyed  into and bottomed  in” bedrock. 
According to the evaluation, no concrete dam is known to have failed as a result of earthquake induced 
ground motion, including a 372 foot high concrete arch dam that survived accelerations of 0.6 to 0.8 g 
caused by an M 6.6 earthquake. Therefore,  the engineers conclude  that “the probability of additional 
damage to the dam is low and the probability of failure of the dam is extremely remote.” 


The  likelihood of  landslides on  the  slopes of  concern  in  the NNVM was  evaluated by  comparing  the 
maximum  stable  slope  inclination  for  the  five  rock  types exposed  to  the  slope  inclinations measured 
from LiDAR imagery. The T&R geotechnical engineer concludes that “all geologic units have a low to very 
low risk of a deep seated  landslide during static and minor earthquake  loading with PGA’s up to 0.1g.” 
T&R provides further support for this conclusion from a survey by the USGS (Keefer, 1984) of landslides 
caused by earthquakes, which concluded  that  for a  landslide  to occur during an M 4 earthquake,  the 
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epicentral distance would need  to be  less  than 0.2 km. At Newberry,  the nearest  slope of concern  is 
more than 4 km away from the NWG 55‐29 stimulation zone. 


The  FS  has  also  expressed  concern  about  snow  avalanches  being  triggered  by  induced  seismicity. 
According  to Avalanche  Safety  for  Skiers  and  Climbers  (Daffern,  1992),  the major  factors  controlling 
avalanche risk are weather, snowfall,  temperature, wind direction, snow pack conditions, slope angle, 
slope  orientation,  terrain,  and  vegetation. When  the  above  conditions  create  an  avalanche  hazard, 
avalanches can be triggered naturally by additional snowfall, temperature changes, rock fall, ice fall, and 
occasionally by earthquakes  (Wong et al., 2011), or artificially by  skiers,  snowmobiles, and controlled 
explosive work. Thus, an induced seismic event could potentially serve as a trigger to a snow avalanche, 
but the potential for an avalanche would be controlled by the natural risk factors unrelated to human 
activity.  If the avalanche hazards are high, winter visitors to the NNVM, such as backcountry skiers or 
snowmobilers,  that venture onto slopes steeper  than 25° will  risk  triggering an avalanche  themselves 
(Daffern,  1992).  Although  the  probability  that  induced  seismicity will  trigger  an  avalanche  is  low,  if 
stimulation occurs in the winter, AltaRock will work with the FS to ensure that warning signs are posted 
at  snow  parks  and  other  principal  entrance  points  providing winter  access  to  NNVM, warning  that 
geothermal and other activities could trigger avalanches (see Section 5.4 for more details). 


3.6.3 Damage	Claim	Procedures	
Although  all  assessments  have  determined  that  it  is  extremely  unlikely  that  any  damage will  occur, 
AltaRock has prepared a process to receive reports of damage, and to assess and rectify damage claims. 
Instructions and a tentative form to report damage have been developed (attached as Appendix J) and 
will be made available to stakeholders on the project web sites, and other methods recommended by 
BLM  and  FS,  if  shaking measured  by  the  SMS  reaches  PGA > 0.028  g.  A  licensed,  independent  civil 
engineer will evaluate all claims and identify the appropriate response. Section 5.4, Indirect Mitigation, 
further describes how the procedure for compensation will be implemented in the event that damage is 
reported. 


3.7 Characterize	Tectonic	and	Geologic	Setting		
Newberry Volcano is located at the intersection of three distinct structural zones, the Basin and Range, 
the Cascades Graben, and the Brother’s Fault Zone (Figure 2‐1), each with a different tectonic history, 
deformation  style,  and  fault  orientation.  In  addition,  the  local  stress  state  at  the  EGS  injection well 
NWG 55‐29 may  be  complicated  by  its  proximity  to  ring  fractures  associated with  caldera  collapse. 
Cladouhos et al. (2011) provides further information on the regional setting of Newberry Volcano.  


Four  caldera  ring  fractures  have  been mapped  on  the  northwest  flank  of Newberry  (Sherrod  et  al., 
2004).  In  the USGS database  (Personius, 2002b),  the  ring  fractures are classified as Class B: “Geologic 
evidence  demonstrates  the  existence  of Quaternary  deformation,  but  either  (1)  the  fault might  not 
extend deeply enough to be a potential source of significant earthquakes, or (2) the currently available 
geologic evidence  is  too  strong  to confidently assign  the  feature  to Class C but not  strong enough  to 
assign it to Class A.”23 In the entry for these faults Personius (2002b) states “these faults are everywhere 
concealed, and have been mapped on the basis of the topographic expression of these escarpments.” 
Despite the tenuous nature of their  identification, the ring fractures have been the target of two wells 
and two core holes drilled by CalEnergy Exploration. However, no geothermal fluids were encountered 


                                                            


23 USGS Quaternary Fault and Fold Database Glossary 


 



http://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2011/cladouhos.pdf

http://earthquake.usgs.gov/hazards/qfaults/glossary.php
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in  these  attempts  (confidential  CalEnergy  report).  Temperature  core  hole  TCH 88‐21  encountered  a 
highly sheared zone around 3400 ft depth, which was initially interpreted as a ring fault dipping around 
65 degrees towards the central caldera. However, only very minor fluid losses were encountered in this 
zone,  and  the  equilibrated  temperature  profile measured  across  this  interval  was  conductive,  also 
indicating no fluid flow or permeability.  


NWG 55‐29 was drilled within two miles of the caldera rim and near the projection of ring fractures, so it 
was possible  that  it would  intersect  ring  fractures. However,  there  is no evidence of  ring  fractures or 
faults  in  the NWG 55‐29 well  bore  from  drilling  logs, mud  logs,  BHTV  data  (see  below),  or  cuttings 
analysis (Letvin, 2011). 


AltaRock  joined  the  Oregon  LiDAR  consortium  to  add  La  Pine,  the  community  nearest  the 
Demonstration,  to  the 2010 LiDAR survey of Newberry Volcano and  the Deschutes National Forest.  In 
particular, we were interested in better characterizing the La Pine Graben faults shown in the USGS fault 
and  fold database at  the western edge of  the valley  (Personius, 2002a),  the  ring  fractures  (Personius, 
2002b), and checking for evidence of faults or fractures in the Demonstration area. Our analysis of the 
880 km2 of new LiDAR data is shown in Figure 3‐5 and discussed in detail in Cladouhos et al. (2011).  


On  the  LiDAR  image,  the  ring  fractures mapped  in  the USGS  database  are  not  prominent.  The  ring 
fractures are expressed as curved  lineaments defined by  fissures and an alignment of vents  that end 
more than 3 km (1.8 miles) from NWG 55‐29. Dip‐slip fault offset along the ring fractures is not observed 
in the LiDAR surfaces. To conclude, based on the results of CalEnergy Exploration and Davenport deep 
drilling,  and  LiDAR  topographic mapping,  the  ring  fractures  do  not  appear  to  be  active  faults  at  a 
distance of 3 km to the northeast of NWG 55‐29, nor is there any evidence for the ring fractures nearer 
NWG 55‐29. Therefore, for the purpose of hydroshearing controls and mitigations presented below, the 
ring fractures are not be considered to be at risk of slipping.  


On the west side of the LiDAR image we mapped a series of short (<6 km), discontinuous normal faults 
that occur in nested grabens and are often related to volcanic flows and cones. The USGS fault and fold 
database includes many of these faults, but in less detail. The USGS database also includes two long (30 
and 35  km), NNE‐trending  faults  in  the  La Pine Graben  fault  set west of  La  Pine  and  cutting Wikiup 
Reservoir (Figure 3‐3). However, no evidence of these longer faults can be seen in the LiDAR. This is not 
surprising, as  the notes  in  the USGS database  for  these  faults are  “the graben margin  faults  inferred 
from  the gravity data by Ake et al.  (2001) have no  topographic expression or demonstrated offset  in 
Quaternary deposits” (Personius, 2002a). Our examination of the maps and figures  in Ake et al. (2001) 
confirms  that  these  faults  are drawn on  the basis of  inflections  in  gravity profiles. Nevertheless,  the 
seismic  risk  caused by  faults  is  included  in  the URS  seismic hazards  report  (Wong  et  al.,  2010).  This 
document makes no comment on whether  these  faults, which are 15 km away, do or do not exist at 
depth. It is outside of the scope of this document to settle the issue. 


The orientation of normal  faults and  fissures mapped with LiDAR can provide a  first approximation of 
the minimum principal stress (extension) direction that will control the orientation of the EGS reservoir. 
Figure  3‐6  summarizes  the  orientations  of  the  features  mapped  in  Figure  3‐5.  The  average  fault 
orientation on the west side of the LiDAR image and the average fissure orientation on the east side of 
the image differ by only about 10°. This suggests a normal fault regime with roughly east‐west extension 
across  the area shown  in Figure 3‐5. This  inferred regional stress orientation  is simpler  than might be 
expected for Newberry based on the juxtaposition of three different structural trends evident in Figure 
2‐1. Nonetheless,  this  analysis  suggests  that  the  EGS  reservoir will  grow  in  a  north‐south  direction, 
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perpendicular to the direction of extension, on steeply dipping fractures, a conclusion further supported 
by the BHTV analysis discussed below.  


Figure 3‐5. Oregon LiDAR Consortium image from the west flank of Newberry Caldera. Fault interpretations by 
AltaRock and reported in Cladouhos et al. (2011). 


 


 
 


 


Figure 3‐6. Rose diagram of LiDAR scarps (left) and fissures (right) mapped in Figure 3‐5 (from Cladouhos et al., 
2011). Concentric circles show percent of total measurements. 
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In October 2010, NWG 55‐29 was logged by the USGS and Temple University using a high‐temperature 
Borehole Televiewer  (BHTV). The processed BHTV data became available  in  January 2011  (Figure 3‐7). 
Stress‐induced borehole breakouts were observed over many  depth  intervals  in  the well. Breakouts, 
caused  by  compressive  failure  of  the  borehole wall,  have  been  analyzed  by  the  USGS  and  Temple 
University to determine the orientation of the minimum horizontal stress and provide constraints on the 
relative magnitudes of the horizontal principal stresses, using  image‐log analysis techniques applied  in 
other deep geothermal wells (e.g., Davatzes and Hickman, 2006).  


Davatzes  and  Hickman  (2011;  Appendix  K)  report  that  clear  borehole  breakouts  are  distributed 
throughout the BHTV image log and indicate a consistent minimum horizontal stress (Shmin) of 92.0° +/‐ 
16.6°. The consistency of the stress direction implies that there are no actively slipping faults within the 
borehole. Boreholes near active fault zones can show horizontal axis stress rotations as large as 70° and 
90°, as were observed in image logs from Coso (Davatzes and Hickman, 2006) and Dixie Valley (Hickman 
et al., 2000), respectively. 


Davatzes and Hickman (2011) also report a natural fracture population of over 350 fractures in the 2425 
feet logged interval in NWG 55‐29. They have identified two dominant fracture sets that strike NNE‐SSW 
and dip approximately 50° to the west and east. Poor expression of the fractures indicates that many of 
them might be partially healed. The relation between the natural fracture orientations and Shmin suggests 
a favorable setting for hydroshearing in NWG 55‐29. 


The  BHTV  survey  results  (full  log  included  as  Appendix  L)  have  been  used  to  develop  a  stochastic 
fracture  and  flow model using  the AltaStim  software model  allowing  visualization of EGS  stimulation 
scenarios.  The  inputs  to  this model  include:  (1)  the  three  principal  stress  orientations  and  relative 
magnitudes;  (2)  natural  fracture  statistics  (orientation,  distribution,  apparent  aperture,  and  assumed 
radius); (3) geomechanical parameters of the fractures and reservoir rock; and (4)  injection depth and 
pressure in the well bore. Further constraints on AltaStim inputs are discussed below in Sections 4.1 and 
4.2.  The  AltaStim model  provides  an  estimate  of  the  geometry,  spatial  distribution  and  hydrologic 
properties  of  stimulated  fractures  to  provide  guidance  for  final  planning  of  the  Newberry  EGS 
stimulation. 
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Figure  3‐7.  Example  section  from  BHTV  image  from October  2010  logging  of well NWG  55‐29,  processed  to 
display two‐way travel time (left) and amplitude (right) of the reflected ultrasonic pulse. Characteristic features 
are  labeled  as  L=lithological  contact,  F=natural  fracture,  and  B=borehole  breakout.  The  three  dark,  vertical 
bands are not natural features in the borehole, but rather are shadows produced by structural rods attached to 
the BHTV. 
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3.8 Lessons	from	Past	Injection	and	EGS	Projects	
Geoscientists from the AltaRock team have studied the history of  injection‐induced seismicity, starting 
with Rocky Mountain Arsenal  in 1967 up  through  the Deep Heat Mining project  in Basel, Switzerland. 
Some of the most relevant  lessons  learned from these projects are described  in this section. Details of 
our analysis can be found in Cladouhos et al. (2010, 2011). 


The Fenton Hill, New Mexico HDR (hot dry rock) project began in 1974 and was the first to use hydraulic 
stimulation to create an artificial geothermal reservoir. The geologic setting of Fenton Hill  is similar to 
that of Newberry, on the western flank of Valles Caldera, just outside the ring fractures that define this 
large  (20  km,  or  12 mi  diameter)  caldera.  The Valles  Caldera  is within  the  Rio Grande  Rift, which  is 
characterized by north‐south striking normal faults and east‐west crustal extension. During a December 
1983  experiment,  850 microseismic  events  ranging  in magnitude  from ML ‐3  to ML 0  were  reliably 
located by borehole seismometers (House et al., 1985). Given the similar tectonic setting, a low seismic 
response  is also  likely at Newberry. Thus, the Newberry MSA  is being designed to detect events  lower 
than M 0.0. We contacted individuals involved in the Fenton Hill project about providing additional data 
for comparison to Newberry but, unfortunately, were not be able to obtain data beyond what has been 
published.  


Over  two  decades  of  research  and  development  in  EGS  has  been  carried  out  at  Soultz‐sous‐Forêts, 
France, resulting in a pilot program that currently includes a 200°C EGS reservoir, an injection well, two 
production  wells,  two  downhole  pumps  and  a  1.5 MWe  binary  power  plant  (Genter  et  al.,  2009). 
Cladouhos et al.  (2010) compared  the  stimulation of  three different wells at Soultz  (GPK2, GPK3, and 
GPK4) and found that the  induced seismicity characteristics (maximum magnitude and event rate) and 
stimulation  efficacy  (improvement  of  injectivity  and  reservoir  volume)  are  a  function  of  the 
characteristics of  the preexisting natural  fractures and  faults  in  the well bore. To  stimulate  the GPK2 
well, about 6 million gallons of water was injected. The largest induced event recorded was M 2.5. The 
GPK3 stimulation used about 10 million gallons and the largest induced event recorded was M 2.9. The 
seismicity  induced by stimulation of GPK2 was characterized by a few events  in the range of M 2.0‐2.5 
and  numerous  small  events,  resulting  in  a  dense  network  of medium‐sized  fractures  and  a  20‐fold 
increase  in  injectivity  (Dorbath et al., 2009).  In contrast, stimulation of  the GPK3 borehole  resulted  in 
several seismic events  in  the range of M 2.0‐2.9,  less permeability  improvement, and 70% of the  fluid 
flow occurring  in the one existing major fracture or  fault zone  (which corresponded to a single widely 
opened fracture found in image logs at a measured depth of 4705 m (1540 ft) (Dorbath et al., 2009)). In 
GPK2,  medium‐size  microseismic  events  (M < 2.0)  were  the  dominant  source  of  seismic  moment 
production, while in GPK3 the larger microseismic events (M between 2.0 and 2.9) accounted for most 
of the seismic moment (Dorbath et al., 2009). The cumulative seismic moment (the numerical sum of all 
fault  movement)  was  less  than  a  single  M 3.5  event  in  both  stimulations.  The  lesson  learned  in 
comparing GPK2  and GPK3  is  that  to maximize  the  effectiveness of hydroshearing,  stimulation plans 
need  to  account  for  the  features  encountered  by  the  well.  At  the  Newberry  EGS  Demonstration, 
AltaRock  diverter  technology  will  allow  modification  of  the  stimulation  depth  if  a  single  zone  is 
producing larger seismic events (like the 4705 m fracture in GPK3) and thus higher risk and potentially a 
less efficient EGS.  


In 2006, as part of the Deep Heat Mining (DHM) project in Basel, Switzerland, a deep well (DHM‐1) was 
drilled  for  the  purpose  of  creating  an  EGS  reservoir.  Basel  is  an  old  city,  built  in  the  14th  and  15th 
centuries,  and  now  has  a metropolitan  area with  a  population  of  almost  1 million  people.  Basel  is 
located  in the Upper Rhine Graben, one of the major tectonic features of Western Europe (Laubscher, 
2001; Dèzes et al., 2004). Three sets of basement faults, prone to present‐day activation by neotectonic 
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activity, have been identified in the area near the well (Ustazewski and Schmid, 2007). Based on analysis 
of acoustic borehole  images of  the well, Häring et  al.  (2008) determined  that  “two major  cataclastic 
fracture zones were identified at 4700 m and 4835 m.” Cataclastic rock is a metamorphic rock formed by 
progressive fracturing of existing rock within fault zones. 


Basel  DHM‐1  was  hydraulically  stimulated  in  December  2006.  An ML 3.4  event  on  the  sixth  day  of 
stimulation caused the project to be permanently shut down (Baisch et al., 2009). Careful study of the 
injection rate, wellhead pressure, event magnitudes, and event rate (Figure 3‐8, reproduced from Häring 
et  al.,  2008)  reveals  important  information  about  the  behavior  of  the  DHM  hydraulic  system  and 
possible warning signs for future EGS operations. Stimulation started with a flow rate of 27 gpm, enough 
to increase the wellhead pressure to 1600 psi and initiate seismicity. Over the next six days the flow rate 
was  increased  five  times.  After  the  first  two  flow  rate  increases,  the  pressure  eventually  dropped, 
indicating  a  beneficial  improvement  in  injectivity.  At  the median  (third)  flow  rate  (~450  gpm),  the 
pressure and seismicity rates continued to climb for a day,  indicating a build‐up of pressure  in the EGS 
reservoir. Despite this now‐apparent warning sign, the rate was again increased to ~650 gpm and within 
8 hours the first ML > 2.0 seismic event occurred (see bottom panel in Figure 3‐8). After the increase to 
the  final, maximum  flow  rate  of  870  gpm  and wellhead  pressure  of  4300  psi,  four ML > 2.0  events 
occurred,  so  injection was  stopped and  the well  shut‐in. However,  induced  seismicity did not decline 
immediately due  to  the high  reservoir pressure  that had  accumulated. Before  the pressure  could be 
relieved  at  the  wellhead  the ML  3.4  event  occurred.  Once  implemented,  bleed‐off  did  significantly 
reduce the rate of seismicity. At Newberry, we will be on alert for rising pressure at constant flow rates 
and M > 2.0 seismic events. Had the Basel operators withheld flow rate increases after the first ML > 2.0 
event  that  occurred  about  2  days  before  the  largest  seismic  event,  the  project  may  have  ended 
differently.  In  either  case,  flow  rates  will  not  be  increased  without  careful  review  of  surface  and 
downhole pressure, and microseismic event magnitudes and rates.  
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Figure 3‐8. Reproduced from Häring et al. (2008). 
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In previous EGS projects,  the  stimulated  injection wells were usually  shut‐in after hydroshearing. The 
excess  pressure,  created  by  injection  pumping  and  thermal  expansion  of  the  injected  fluid,  slowly 
diffused  into  the  fracture network  and  rock matrix,  and  continued  to  induce microseismicity. At  the 
Basel project, the largest event occurred after pumping had stopped and the well was shut‐in, possibly 
because a  flow  test was not  initiated  to  relieve  reservoir pressure.  In an extensive  review of  induced 
seismicity  in  EGS  projects, Majer  et  al.  (2007)  notes  “…  at  Soultz,  The Geysers,  and  other  sites,  the 
largest events tend to occur on the fringes, even outside the main ‘cloud’ of events and often well after 
injection  ceases.” They  continue  “… moreover,  large, apparently  triggered events are often observed 
after shut‐in of EGS  injection operations, making such events still more difficult to control.” A possible 
solution  to  this problem  is  suggested by  the  two  instances where  the wells were  flowed back  to  the 
surface rather than remaining shut‐in. After the Soultz GPK3/2 stimulation (Charlety et al., 2007), and at 
Basel after  the  largest event occurred  (Häring et al., 2008),  the wells were  flowed  to relieve reservoir 
pressure, and microseismicity rates declined faster than  in the more numerous  instances  in which the 
wells were shut‐in and not flowed. As shown at the top panel in Figure 3‐8, the flow‐back at Basel was 
initially as high as 1000 L/m  (~250 gpm), about 25% of the  injection rate, which caused an  immediate 
stop  to  the microseismic events M > 2.0.  In  the  first day of  flow‐back about 10% of  the  injected  fluid 
returned. Eventually, over  the next 14 months, a  total of about 30%  (900,000 gallons) of  the  injected 
fluid  flowed  back  (Häring  et  al.,  2008).  After  hydroshearing  is  completed  at  the  Newberry  EGS 
Demonstration, we plan to  immediately flow back the  injected water to relieve reservoir pressure and 
mitigate continued fracture growth and  induced seismicity. Based on the Basel experience, we plan to 
keep sufficient room in sumps to hold at least 10% of the volume injected in any stage. Accordingly, two 
sumps with a combined capacity of about 3,000,000 gallons will be available, sufficient to contain 12% 
of the maximum water use estimated for single‐well stimulation over a 21‐day period.  


Details  of  the  flow‐back  procedure  planned  for  the  end  of  the  stimulation  are  given  in  Section  4.6. 
During flow‐back operations, the water fraction will be flowed to sump and the steam fraction will be 
vented  to  the atmosphere. Abatement of hydrogen  sulfide  in  the  steam will be applied as necessary. 
Water flowed to the sump will subsequently be used for drilling,  injected back  into the EGS reservoir, 
evaporated  using  spray  systems  positioned  over  the  sumps,  or  another  method  acceptable  to 
stakeholders.  Thus,  other  than  the  temporary  visual  impact  of  the  steam  plume,  flow‐back  is  not 
expected to have a detrimental impact on the environment. 


As noted previously, a primary Demonstration goal  is to create an EGS reservoir with a  long dimension 
of 1000 meters. This size is consistent with previous EGS projects, as mapped by induced seismicity.  


Figure  3‐9  compares  the  extent  of microseismicity  detected  at  Soultz  GPK2  and  Basel  DHM‐1,  and 
predicted for Newberry EGS Demonstration based on current data. The Soultz and Basel seismic clouds 
are about 1000 m (3280 feet) in the long dimension and elongated perpendicular to the least principal 
stress direction in the region. The volume injected at GPK2 is similar to what is planned for NWG 55‐29. 
This  reservoir area  falls well within  the periphery of  the MSA, and at a  significant distance  from  the 
boundary of the NNVM. 
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Figure 3‐9. Comparison of microseismicity ‘clouds’ recorded at A) Soultz GPK2 stimulation (from Dorbath et al., 
2009), B) Basel DHM‐1 stimulation (from Häring et al., 2008), and C) predicted 1 km elongate microseismic zone 
for Newberry EGS Demonstration (inset from Figure 3‐2). All maps are at the same scale, 1.5” = 1000 m.  
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3.9 Recent	Injection‐Induced	Seismicity	Theory	
Three  recent  papers  by Dr.  Serge  Shapiro  at  Freie Universität  Berlin  in Germany  and  his  colleagues 
(Shapiro et al., 2007, 2009, 2010; Langenbruch and Shapiro, 2010) provide a  theoretical and practical 
basis for estimating the number of induced seismic events at a given event magnitude. In Shapiro et al. 
(2010), the authors introduce the term and concept of ‘seismogenic index’, a logarithmic parameter that 
quantifies the seismotectonic state at an injection location and is used to compare the potential seismic 
risk  at  different  fluid  injection  sites  The  seismogenic  index  depends  on  the  local maximum  critical 
pressure for shear fracturing, the volume concentration of pre‐existing fractures, the poroelastic storage 
coefficient, and the constants of the Gutenberg‐Richter statistic of seismicity (b‐value). When combined 
with the cumulative  injected volume, the seismogenic  index allows a prediction of the size distribution 
of seismic events and the probability of a seismic event of a given magnitude. To test the theory, Shapiro 
et al. (2010) applied the methodology to three geothermal locations (Cooper Basin, Basel, and Ogachi), 
two gas reservoir hydraulic fracturing sites (Barnett Shale and Cotton Valley) and one waste disposal site 
(Paradox Basin). The results of this analysis are shown in Figure 3‐10. 


 


Figure  3‐10.  Average  seismogenic  index  computed  for  three  different  geothermal  systems  and  one  brine 
injection site (top), and two hydraulic fracturing locations in hydrocarbon reservoirs (bottom); from Shapiro et 
al. (2010). Sigma (∑) is the seismogenic index. 
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These case studies indicate that the seismogenic indices at the gas reservoirs were lower (<‐4), than the 
geothermal  and waste  injection  locations  (>‐3). At  the  geothermal  areas  investigated, Basel  had  the 
highest  index  (0.1),  followed  by  Cooper  Basin  (‐1.0)  and  Ogachi  (‐2.6).  Thus,  the  Basel  area  has  a 
seismogenic  index more  than  two  orders  of magnitude  higher  than  that  of Ogachi.  The Ogachi  and 
Newberry  EGS  projects  are  both  located  on  the  edges  of  volcanic  calderas,  and  thus  are  more 
tectonically and geologically similar to each other than Basel. Basel is located near the margin faults of a 
major continental rift with ample evidence of historic and neotectonic seismic activity (Ustazewski and 
Schmid, 2007). 


The essence of Shapiro’s work is that, at any location, total injected volume controls induced seismicity 
rate and the magnitude of the largest likely seismic event. However, the seismicity induced by the same 
quantity of injected volume will vary widely depending upon the local geomechanical setting (stress and 
rock properties) of a particular  injection site. The Shapiro approach  is used by Fugro,  in Appendix E, to 
provide a probabilistic prediction of maximum magnitude. Fugro concludes  that, at a 95% probability, 
the maximum induced event for the Demonstration is predicted to be M < 2.2. AltaRock will continue to 
apply  the  Shapiro  methodology  to  the  Newberry  EGS  Demonstration  site,  including  tracking  and 
updating the seismogenic index (analogous to Figure 3‐10) as the stimulation proceeds.  


4 Operational	Procedures	
The Phase I Report, currently in preparation, will provide the analysis and background used as a basis for 
project  planning,  and  will  fully  detail  the  operational  plans  for  hydroshearing  stimulation  to  be 
conducted  in Phase  II. Here we summarize  information and plans most relevant  to  Induced Seismicity 
Controls and Mitigation.  


4.1 Estimated	Hydroshear	Pressure	and	Flow	Rates		
It  is  not  possible,  a priori,  to  predict  the  pressure  required  to  initiate  hydroshearing  and  improve 
permeability  in  NWG 55‐29.  The  estimated  range  of  wellhead  pressure  required  to  initiate 
hydroshearing is 1160 to 2500 psig. The lower  limit  is based on the maximum pressure reached during 
the baseline  injection  test conducted  in October 2010.  In  that  test, a maximum pressure of 1153 psig 
produced  an  injection  rate  of  21  gpm;  no  improvement  in  well  permeability  was  observed  with 
prolonged pumping,  indicating that the pressure required to overcome the frictional stress on existing 
fractures was not exceeded, and hydroshearing did not occur. The upper limit, 2500 psig, is based on the 
estimated pressure required to initiate tensile failure of the reservoir rock (‘hydrofracking‘) at the top of 
the open hole at 6500 feet. In EGS development, hydroshearing is used to open existing fractures, which 
is distinct  from  the practice hydrofracking, which uses higher  fluid pressures  to create new  fractures. 
The upper bound of 2500 psig must be estimated because the minimum principal stress, which controls 
the minimum tensile failure pressure, has not been directly measured. As the EGS reservoir grows it may 
be necessary  to exceed 2500 psig  in order  to overcome  frictional  losses  (in  the wellbore and  fracture 
network) and deliver fluid pressure to the margins of the reservoir sufficient to cause hydroshearing. At 
higher wellhead pressures,  the  tensile  failure pressure may be exceeded near  the wellbore; however, 
the near‐wellbore fracture network developed early in the stimulation should remain self‐propped due 
to initiation in the hydroshearing regime.  


The  practical  upper  bound  on  the maximum  surface  pressure  is  3500  psig,  the  rated  casing  burst 
pressure for the cemented 13‐3/8" casing in NWG 55‐29 at its deepest, exposed depth of 4,189 ft (top of 
the 9‐5/8” liner). The casing burst pressure is determined by the yield strength of steel in unsupported 
(i.e., un‐cemented) casing and  includes a safety margin of 14% (Bourgoyne, 1986). The casing  in NWG 
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55‐29  is cemented to surface, and  is therefore fully supported, so the 3500 psig casing burst pressure 
includes a large margin of safety. 


Figure 4‐1 shows the target flow rates versus the pressure constraints discussed above. For comparison, 
the  graph  also  shows  the  pressures  and  flow  rates  measured  at  previous  EGS  projects;  three 
stimulations  (GPK2,  GPK3,  and  GPK4)  at  Soultz‐sous‐Forets  (France)  and  one  at  Basel  (Switzerland). 
Other  EGS  projects  have  been  performed  in much  deeper wells  (>15,000  ft  in  others  compared  to 
<10,000 ft at NWG 55‐29). Therefore, relatively lower wellhead pressures are expected at NWG 55‐29.  


 


Figure  4‐1.  Estimated  pressure  and  flow  rate  ranges  for  Newberry  EGS  Demonstration  based  on  other  EGS 
projects. 


4.2 Step‐Rate	Test	
Because the hydroshearing pressure in not precisely known, the stimulation will begin with a step‐rate 
injection test. Previous injection tests reached a flow rate of 21 gpm at a wellhead pressure of 1153 psi, 
with no change in injectivity or evidence of hydroshearing (Table 4‐1). In the step‐rate test, the flow rate 
will be  increased  in gradual  steps while carefully monitoring  the onset of  seismicity and  the pressure 
response  at  the wellhead  and  downhole  (Table  4‐2).  The  flow  rate will  be  held  at  each  rate  for  a 
minimum of 2 hours or until the pressure stabilizes (whichever is longer).  


AltaRock will use a fiber optic distributed temperature sensing system with an optical pressure sensor to 
constantly monitor downhole pressure  and  temperature  throughout  the wellbore. The  results of  the 
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step‐rate  testing will  allow  an  optimal  injection  pressure  and  flow  rate  to  be  determined  for  initial 
hydroshearing.  


Table 4‐1. Baseline injection test flow rates and pressures. 


Injectivity Test Flow 
Rate (gpm) 


Measured wellhead 
Pressure (psig) 


Calculated Injectivity Index 
(gpm/psi) 


10  751  0.03


21  1153  0.03


Table 4‐2. Step‐rate test flow rates and estimated pressures. 


Step  Rate  Test:  Flow 
rate Steps (gpm)1 


Predicted  wellhead
pressure (psig) 


Projected  Injectivity  Index 
(gpm/psi) 


25   1275  0.03


50  2000  0.03


75  2050  0.50 (onset of hydroshearing) 


150  2200  0.50


225  2350  0.50


300  2500  0.50


375  2650  0.50


450  2800  0.50


500  2900  0.50
1 The flow rate will be held at each rate for 2 hours or until the pressure stabilizes, whichever is longer. Flow 
rates will not be  increased  if pressures will exceed  the  rated  casing burst pressure of 3500 psig or  if  the 
microseismic  response  exceeds  the  triggers  (see  Section  5).  The  estimated  onset  of  hydroshearing  and 
injectivity improvement shown here are hypothetical, for illustration purposes.  


4.3 Horizontal	Dimensions	of	EGS	Reservoir		
A goal of the project is create a sustainable EGS reservoir. Modeling by Jupe et al. (1995) suggests that 
500 m  (1650  ft)  spacing  between  the  injection  and  production  wells  at  the  EGS  zone  will  provide 
sufficient  surface  area  for  sustainable heat exchange. Therefore,  injection  in  each  zone will  continue 
until microseismicity  indicates  that  fracture permeability has been extended  to a  long axis of at  least 
1000 m  (3280  ft)  to  accommodate  one  injection  well  and  two  production  wells.  If  our  current 
understanding of  the  stress  regime  is  correct,  the main  cloud of microseismicity will  elongate  in  the 
north‐south direction and will be allowed to grow horizontally to a long dimension of 1000 m (3280 ft) 
(Figure 3‐2 and Figure 3‐9 


Figure 3‐9). Note that EGS reservoir growth may be not be symmetric around the well and could grow 
further from the well  in one direction than the other. The two production wells, to be drilled after the 
EGS reservoir creation phase, will be targeted to intersect the outer edges of the stimulated zone.  


As shown in Figure 3‐9, all of the microseismicity at both Soultz GPK2 and Basel DHM‐1 occurred within 
a 500 m radius of the wells, although it was more tightly clustered at GPK2 than DHM‐1. We expect the 
microseismicity  at  Newberry  to  be  similarly  clustered,  growing  outward  as  the  injected  fluid  opens 
connected fractures. Some event locations may be outliers and thus not representative of the main EGS 
reservoir. For this Demonstration, we define an outlier as any seismic event between 1 and 3 km from 
the midpoint  of  the  open‐hole  interval  of NWG 55‐29.  This  is  the  area  between  the  yellow  and  red 
circles  in  Figure 3‐2, and  shown  in  cross‐section  in  Figure 4‐2. Events  that might occur beyond 3  km 
cannot be reliably located by the MSA, but events greater than M 2.0 in this area would be detected by 
the regional network.  
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Figure  4‐2.  Cross‐section  and  map  showing  expected  EGS  reservoir  area,  MSA  and  SMS  station  locations, 
horizontal and vertical growth limits, and trigger boundaries.  


The NNVM boundary  is about 2.3 km  (1.4 mi)  from  the wellhead of NWG 55‐29 and 1.8 km  from  the 
bottom  of  the well.  Thus,  there  is  at  least  800 m  (0.5 mi)  between  the  closest  edge  of  the  nearest 
possible (but unlikely) EGS reservoir and the NNVM. However, because of special concern by the BLM 
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and FS, a special, more aggressive mitigation action  is designated  for confirmed outliers within 500 m 
(1640 ft) of the NNVM. As noted  in Section 3.2, models predict that horizontal errors up to 400 m are 
possible. Once the network  is running, particularly as microseismic events are  located within the MSA, 
location  accuracy  is  expected  to  improve. However,  even with  a  400 m  error,  the  500 m  buffer will 
protect areas within the NNVM from damage. 


We  note  here  that  the  legislation  forming  the  NNVM24 provides  that  “nothing  in  this  Act  shall  be 
construed as authorizing or directing the establishment of protective perimeters or buffer zones around 
the  Monument  or  Special Management  Area  for  the  purposes  of  precluding  activities  outside  the 
Monument  and  Special  Management  Area  boundary  which  would  otherwise  be  permitted  under 
applicable  law.”  And  also  that  “The  fact  that  activities  or  uses  outside  the Monument  and  Special 
Management Area  can be  seen, heard, measured, or otherwise perceived within  the Monument and 
Special Management Area shall not, of themselves, limit, restrict, or preclude such activities or uses up 
to the boundary of the Monument and the Special Management Area.” Nonetheless, AltaRock considers 
the establishment of this buffer to be a prudent mitigation step. 


If a preliminary outlier location is identified during auto‐processing, an AltaRock seismologist will review 
the event  to determine whether  it  is due  to a  location error. An outlier  report will be  transmitted  to 
DOE,  BLM,  FS,  PNSN  and  LBNL  for  review.  If  the  event  location  is  confirmed  as  an  outlier  by 
seismologists onsite, the onsite project manager will determine  if a mitigation action will be triggered 
(see Section 5.2).  


4.4 Vertical	Dimensions	of	EGS	Reservoir		
For a sustainable reservoir, it is important to maximize the temperature of the stimulated rock. Because 
intersecting reservoir rock cooler than 200°C (392°F) is not desirable, an upper vertical limit for reservoir 
growth  is  set  at  a  depth  of  6000  feet  (~1.8  km)  or  about  328  feet  (100 m)  below  sea  level,  the 
approximate depth of the 200°C temperature contour.  


As  discussed  in  the water monitoring  document  (AltaRock,  2010)  and  the  independent  consultant’s 
hydrology review (Kleinfelder, 2011), the base of the local groundwater resource is generally shallower 
than 1000 feet on the western flank of Newberry Volcano (Figure 4‐2). NWG 55‐29 penetrated volcanic 
rocks correlated to the Newberry, Deschutes, John Day Formations and, below ~8500 feet total vertical 
depth (TVD), subvolcanic  intrusives presumed to be related to the Newberry volcano (AltaRock, 2010). 
In temperature profiles of NWG 55‐29 and other deep wells, the base of permeability is characterized by 
a  transition  from  isothermal  temperatures  above  to  conductive  thermal  gradients  below,  indicating 
limited  groundwater  flow  below  a  depth  of  1000  feet  (Figure  4‐2;  Dames  and Moore,  1994).  Thus, 
setting a vertical growth boundary at 6000 feet TVD in NWG 55‐29 (horizontal orange line in Figure 4‐2) 
will provide a buffer of 5000  feet  (1.5 km) of  impermeable  rock between  the EGS  reservoir and  local 
groundwater  resources. The vertical growth boundary will be monitored by both microseismicity  (see 
Section 4.5 below) and by real‐time fiber optic temperature and pressure monitoring in the wellbore. 


The  stimulation  zone  (green  square  in  Figure  4‐2)  is within  subvolcanic  intrusives  and  the  John Day 
Formation, which is recognized as a regional aquiclude (King, 1991). This generalization is substantiated 
locally by  the  low  injectivity and bulk permeability calculated  for  the open hole  intervals of core hole 


                                                            


24 Newberry National Volcanic Monument, Public LAS 101‐522‐Nov. 5, 1990; Section 8 Savings Provisions  (a) and 
(c).  



http://ftp.resource.org/courts.gov/juris/j0118_04.sgml
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TCH  76‐15  and deep wells CEE  86‐21  and CEE  23‐22  (Spielman  and  Finger,  1998).  These  injectivities 
range from 0.0015‐0.026 kph/psi, several orders of magnitude lower than typical geothermal production 
wells. 


4.5 Seismic	Monitoring	
The MSA will  be  used  to  constantly monitor  the  growth  of  the  EGS  reservoir  during  hydroshearing 
operations. At  the operational  center  located  near  the well  site,  seismologists  and  engineers will be 
monitoring  and  comparing  the  injection  rate,  wellhead  and  downhole  pressure,  event  locations, 
maximum  event  size,  the  size distribution of microseismicity  (the b‐value),  and other  parameters  24 
hours a day.  


The Project Manager will ensure that a daily activity report  is transmitted to the DOE, BLM, FS, PNSN 
and LBNL. The daily  report will be accompanied by several graphs  including  surface pressure, bottom 
hole pressure and flow rate versus time, and temperature versus depth. The daily seismicity graphic will 
show events versus depth and distance  from  the well. The events will be color‐coded  to differentiate 
recent and older events, and size‐coded to delineate event magnitude. These reports will be transmitted 
to designated third parties (e.g., DOE and BLM) by 11:00 am each day. 


Raw  seismic data will be provided  in  real‐time  to  LBNL, where  software will automatically determine 
preliminary  locations  (epicenters)  and  magnitudes  without  review  by  a  seismologist.  AltaRock 
seismologists  and  engineers  will  review  the microseismic  data  and  provide  timely  refinements  and 
analysis of induced microseismic event hypocenters and magnitudes, as well as the development of the 
EGS  reservoir with  respect  to  the Demonstration plans and goals. Contacts at organizations  such  the 
PNSN, DOE,  BLM,  FS  and  LBNL will  be  identified  in  advance  (Table  4‐3)  and  notified  of  operational 
schedules, activities, and  included on  the distribution  list  for  the daily  reports  (above) and exception 
reports (Section 5.2). 


Table 4‐3. Contacts for Induced Seismicity Communications 


Organization  Contact Name Email Address Phone 


Technical Notification and Review: Outlier, Trigger, and Mitigation Reports


Pacific Northwest Seismic 
Network (PNSN) 


John Vidale  john_vidale@mac.com (206) 543‐6790 


U.S. Department of Energy 
(DOE) 


Eric Haas eric.hass@go.doe.gov (303) 275‐4728 


Lawrence Berkeley 
National Lab (LBNL) 


Ernest Majer elmajer@lbl.gov (510) 486‐6709 


U.S. Bureau of Land 
Management (BLM) 


Linda Christian linda.christian@blm.gov (541) 416‐6890 


U.S. Forest Service (FS)   Rod Bonacker rbonacker@fs.fed.us (541) 549‐7729 


Emergency Notification: Seismic Event Reports


Deschutes County Sheriff  Dispatch NA (541) 693‐6911 


4.6 Flow‐Back	to	Reduce	Reservoir	Pressure	and	Seismicity	
One significant difference between the injection strategy at the Newberry EGS Demonstration and prior 
EGS projects  is  the manner  in which  the excess pressure created by  injection will be  reduced.  In  this 
Demonstration, we  plan  to  flow  the well  to  pre‐installed  surface  test  equipment  immediately  after 
hydroshearing  is  completed  to  relieve  reservoir pressure. Reducing  reservoir pressure  is  expected  to 
decrease the fluid pressure in the EGS reservoir and reduce post‐hydroshearing induced seismicity. 
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Prior to stimulation of NWG 55‐29, at  least eighteen water storage tanks will be  installed on Pad S‐29. 
Each tank holds 22,000 gallons of water. The existing groundwater wells, one on Pad S‐29 and one on 
Pad  S‐16, will  flow  directly  into  the  tanks  via  above‐ground,  temporary  piping.  Thus,  the  tanks will 
provide  a  396,000  gallon  volume  buffer  and  allow  the  double‐lined  sumps  on  both  pads  to  remain 
empty. The suction‐side of the  injection pumps will pull directly from the storage tanks and  inject  into 
NWG 55‐29. The flow‐back fluid handling equipment, which consists of a flow  line, flow control valve, 
instrumentation,  James  tube assembly, atmospheric separator and weir box, will be connected  to  the 
master  valve  on NWG  55‐29  during  the  entire  stimulation  treatment.  If  a  seismic  event  occurs  that 
requires the most aggressive mitigation action (see Section 5.3), the well would be immediately flowed 
back by shutting down the injection pumps and closing the valve on the injection line. The valve on the 
flow line would then be opened, and the well would be allowed to flow through the separator and weir 
box and into the empty sump on Pad S‐29.  


The water will  travel  from  the wellhead  through  the  flow  line and  control valve  into  the  James  tube 
assembly, which  is used to calculate total mass flow, steam flow,  liquid flow and enthalpy. Total mass 
flow and enthalpy are calculated utilizing the lip pressure method and the James tube assembly (James, 
1970). Three different sizes of assemblies (4”, 6”and 8”) will be on‐site to ensure that the steam flow can 
be calculated accurately at different fluid flow rates. The fluid will then be separated  into two phases, 
liquid water and steam, with an atmospheric separator (Figure 4‐3). The steam discharges vertically and 
the water  is  funneled  into an outlet at  the bottom of  the separator. From  that point,  the  liquid  flows 
through  the weir box where  the  flow  rate  is determined by measurement of  the height of  the  liquid 
flowing through a V‐notch weir. 


 


Figure 4‐3. Wellhead,  flow  line, control valve, James tube and atmospheric separator used  in geothermal well 
flow test in Nevada, similar to, but smaller than the separator to be used at Newberry. 


To  initiate  flow‐back, the  flow  line valve will be opened completely, exposing the well  to atmospheric 
pressure. The well will flow up the casing unassisted and will most likely flash somewhere between the 
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9‐5/8” casing shoe at 6,462 feet and 4,000 feet. For flow‐back planning purposes, we assume that the 
well will produce no more  than 400  kph, or approximately 794 gpm. A  total  flow  rate of 400  kph  is 
equivalent  to  the maximum  planned  injection  rate  of  800  gpm  that will  be  used  to  stimulate well 
NWG 55‐29. We estimate a single‐phase reservoir production temperature of 350°F, such that the total 
mass flow will have an enthalpy of 321.8 BTU/lbm and a flowing steam fraction of 16.3% at atmospheric 
pressure. With a  steam  fraction of 16.3%, we expect 665 gpm of  liquid  flow and 65 kph  steam  flow. 
These  assumptions  are  reasonable  because  the  well  will  have  significantly  cooled  during  injection 
operations and will not have sufficient time to re‐heat prior to flow‐back. If the formation temperature 
is higher, the enthalpy and steam fraction will also be higher, so the liquid storage requirement will be 
lower. At a  temperature of 535°F,  the production  fluid would have a  steam  fraction of 37.6%, which 
equates to 495 gpm of liquid flow and 150 kph steam flow. The atmospheric separator has a total mass 
flow capacity of 743 kph for 350°F fluid production flow. The weir box, with a 10” tall, 90° V‐notch, has a 
liquid handling capacity of 2,000 gpm. This capacity is significantly higher than the expected liquid flow 
rate range of 495 to 665 gpm. The weir box discharges  into the sump on Pad S‐29. At this production 
rate, the  initially empty Pad S‐29 double‐lined sump will have sufficient capacity for about 70 hours of 
maximum liquid water flow, representing 11.6% of the injection stimulation water, which is expected to 
be 24,192,000 gallons if an injection rate of 800 gpm is applied for 21 days. If the Pad S‐29 sump begins 
to approach capacity (1.4 million gallons), while still allowing an adequate freeboard, redundant, high‐
head transfer pumps will be in position to transfer water from the sump on Pad S‐29 to the sump on Pad 
S‐16 through the temporary piping. For redundancy, each pump will be capable of pumping 1,000 gpm 
of water uphill  to Pad  S‐16, which  is 362 feet higher  in elevation  than Pad  S‐29. Effectively,  the  two 
sumps  will  provide  about  2.8  million  gallons  of  geofluid  storage  capacity  during  the  flow  back 
operations.  This  is  approximately  12%  of  the  maximum  estimated  water  usage  for  the  21‐day 
stimulation. Another system safeguard is the flow control valve, which can be partially closed to reduce 
the production rate  if the sumps are nearing capacity. Water discharged to sumps will be removed by 
one  of  several methods. Whenever  possible, water will  be  reinjected  into  the  EGS  reservoir.  If  the 
injection  well  is  unavailable,  and  prior  chemical  analysis  of  sump  liquid  indicates  non‐hazardous 
composition, water will be spread over roads and well pads for dust control. Otherwise, water will be 
evaporated using  spray  systems positioned over  the  sumps. Other  than  the  visual  impact of a  steam 
plume, flow‐back will have no detrimental impact on the environment.  


4.7 Well	Drilling	and	Circulation	Testing		
After  stimulation  is  complete,  a  3‐day  flow  test  of  NWG  55‐29  will  be  conducted  using  the  same 
equipment and methods described in the previous section. Evaluation of the stimulation of NWG 55‐29 
will  include analysis of the efficacy of the Induced Seismicity Mitigation Plan presented here. Based on 
that analysis,  the mitigation plan will be modified as necessary. Following a  subsequent,  second DOE 
stage‐gate review, two production wells will be drilled and tested, with each production test lasting up 
to 7 days. After two production wells are drilled into the EGS reservoir, NWG 55‐29 will be used as the 
injection well  and  the  viability  of  the  newly  created  EGS  reservoir will  be  demonstrated  through  a 
reservoir circulation  test  lasting 30‐60 days. At  this  stage, additional  reservoir growth  is not expected 
nor desired from an operational perspective. However,  it  is unlikely that microseismicity will cease. At 
Soultz, the operators performed circulation testing spanning 6 years. In total, 1460 microseismic events 
were detected during the 850 days of circulation, including eight events with a magnitude between 2.0 
and  2.3  (Cuenot  et  al.,  2011).  Therefore,  the MSA  array,  operational  center,  and  data  uploads will 
continue to operate during the circulation test. The conclusion of the 30‐60 day circulation test will mark 
the end of Phase II of the Newberry EGS Demonstration. Seismic monitoring will continue into Phase III, 
wherein the information collected in Phase I and Phase II will be incorporated into a conceptual model 
of a full‐scale EGS power plant and wellfield.  	



http://pangea.stanford.edu/ERE/pdf/IGAstandard/SGW/2011/cuenot.pdf
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5 Proposed	Controls	and	Mitigation	
The  controls  proposed  below  are  based  on  the  analysis  of  the  Newberry  site‐specific  geologic  and 
environmental conditions presented above, and lessons learned from other EGS sites.  


5.1 Growth,	Magnitude	and	Shaking	Limits	
Mitigation actions will be triggered when induced seismicity exceeds predefined limits in any one of the 
following  three  categories:  (1)  EGS  reservoir  growth  outside  the  target  stimulation  zone  or  toward 
undesirable locations; (2) seismic event magnitudes in the reservoir that could lead to larger events; or 
(3) shaking that could disturb visitors to or threaten structures  in the NNVM. For each category, there 
are intermediate levels designed to proactively manage potential problems. The limits are described first 
in  this section. How the  limits are used to trigger mitigation actions  is described  in Section 5.3. These 
limits and mitigation actions are summarized in Figure 5‐1.  


Horizontal Growth Limits – In the simplest case, the 1000 m‐long EGS reservoir will be centered on the 
open‐hole section of the well bore (500 m  in each direction). However,  it  is also possible that the EGS 
reservoir will grow primarily in one direction, in which case a perimeter of up to 1000 m (3280 ft) from 
the well is appropriate to allow creation of an adequate size reservoir (Figure 4‐2). Microseismic events 
further than 1000 m from the well will be considered outliers (see Section 4.3 for further discussion).  


Vertical Growth – A seismic event with M > 1.0 or that can be picked on 5 or more MSA seismograms 
and is located shallower than 6000 feet (1.8 km) below the ground surface at NWG 55‐29 may indicate 
that  the  reservoir  is  growing  shallower  than  desirable.  This  depth  defines  the  minimum  desired 
temperature  of  the  EGS  reservoir  and maintains  at  least  5000  feet  (1.5  km)  of  impermeable  rock 
between the EGS reservoir and local groundwater resources.  


Magnitude less than 2.0 – Most, and possibly all, seismic events will be smaller than M 2.0. Fugro (2011) 
determined  the  probability  of  generating  an M > 2.0  event  is  between  0.1%‐6.0%;  the  probability  of 
larger events  is orders of magnitude  lower (Section 3.4). At Fenton Hill, an EGS project conducted  in a 
similar geologic setting, the  largest events were M 0.0. Because of the way seismic event distributions 
follow the Gutenberg‐Richter law, if there were one M 2.0, there will be on the order of ten M 1.0, and a 
hundred M 0.0. This would  result  in a  successful EGS demonstration. Seismic events with M < 2.0 will 
not be considered a concern unless they indicate growth of the EGS reservoir into undesirable locations. 


Magnitude between 2.0 and 2.7 –  Induced seismic event with M ≥ 2.0 would be similar  in size to the 
few natural microseismic events recorded nearest NWG 55‐29.  In addition, our study of the Basel EGS 
project  (Section 3.7)  indicates that M ≥ 2.0 events, the  first of which occurred 2 days before the main 
M 3.4 event, and an additional  four events  that occurred within 16 hours of main event  (Figure 3‐8), 
were warning signals that were ignored by those operators.  


Magnitude between 2.7 and 3.5 – An M 2.7 seismic event releases seismic energy equivalent to about 
eleven (11) M 2.0 events (see Section 2.2). This magnitude  is close to midway between the  lower  limit 
(2.0) and upper magnitude limit (3.5), and thus provides an alert before reaching the upper bound limit 
of M 3.5.  In  addition,  at  this  level  events  that  occur  outside  the  perimeter  of  the MSA  are  reliably 
located by the regional network. Fugro (2011) concluded that the probability of an M > 3.0 event during 
the Demonstration is 0.01%‐0.8% (Section 3.4). 


Magnitude greater than or equal to 3.5 – Wong et al. (2010) estimated that the upper‐bound range of 
maximum magnitudes  for  induced  events would  range  from magnitude M 3.5  to 4.0.  Seismic  events 
larger  than  M 3.5  are  not  desirable,  likely  or  expected,  but  are  possible;  events  at  or  above  this 
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magnitude  will  result  in  the  most  aggressive  mitigation  actions.  Fugro  (2011)  concluded  that  the 
probability of an M > 4.0 event during the Demonstration is 0.002%‐0.09% (Section 3.4). 


Measurements on PLVC‐SMS – Triggers based on measurement of peak ground acceleration  (PGA) at 
the Paulina Lake Visitor Center SMS are  intended  to be proactive,  triggering actions at  shaking  levels 
below which most  visitors will  notice,  and well  below  levels  of  potential  damage.  The  instrument‐
measured  shaking on PLVS‐SMS must be  correlated  in  time  to  a microseismic event  to prevent  false 
positives caused by cultural noise. Because perceived shaking and damage due to PGA from EGS induced 
seismicity  is  thought  to be  lower  than  for natural events  (Majer et al., 2007), we consider  these PGA 
triggers to include large margins of safety. 


Peak Ground Acceleration below 0.014 g – Below a PGA of 0.014 g, shaking is considered “weak” (see 
Table  2‐3,  USGS  Shake  Maps  and  Wald  et  al.,  1999).  As  described  in  Table  2‐1  and  Table  2‐3, 
PGA < 0.014 g corresponds to a MMI Level III, which is equivalent to “vibrations similar to the passing of 
a  truck.” Visitors  to Paulina Lake  regularly experience  this  level of seismic disturbance due  to passing 
recreational vehicles, delivery trucks,  loud motorcycles, and,  in the winter, snowmobiles. The cautious 
shaking model of Wong et al. (2011) implies that an M 2.7 event at the well would produce shaking less 
than 0.014 g at PLVC (Figure 3‐4). There is no potential for damage at this level of shaking (Table 2‐3).  


Peak Ground Acceleration between 0.014 g and 0.028 g – Above a PGA of 0.014 g, shaking is considered 
“light” (see Table 2‐3, USGS Shake Maps and Wald et al., 1999). As described in Table 2‐1 and Table 2‐3, 
PGA between 0.014 g and 0.039 g corresponds to a MMI Level IV which is equivalent to “sensation like 
heavy truck striking building.” There  is no potential for damage at or below MMI Level  IV. Wong et al. 
(2011) suggests that shaking at this level could trigger snow avalanches. FS has also expressed concern 
that, like snow avalanches, rock fall on talus slopes could be triggered by light shaking.  


Peak Ground Acceleration greater  than or equal  to 0.028 g – Twice as much shaking as  the previous 
limit but still within a level perceived as “light” and the potential for damage is “very light” (MMI Level 
IV, see Table 2‐3, USGS Shake maps and Wald et al., 1999). The cautious shaking model of Wong et al. 
(2011) implies an M 3.0 event could occur at the well and produce shaking less than 0.028 g (Figure 3‐3). 


5.2 Exception	Reports	
The operational center will be staffed by seismologists who will refine waveforms auto‐picks,  improve 
event locations, and track maximum event size and the size distribution of microseismicity (the b‐value) 
24 hours a day. The daily  report,  transmitted at 11:00 am daily,  is described  in Section 4.5. Here we 
briefly describe the additional reports that will be prepared and transmitted to DOE, BLM, FS, PNSN and 
LBNL when exceptions occur: 


Outlier Reports  – An outlier  report will document  the  location  and waveforms of  any  seismic  event 
picked  on  6  or more  stations  that  is  initially  located  outside  of  the  expected  stimulation  zone  (i.e., 
>1000 m from the well or shallower than 6000 ft). The report will include all relevant information about 
the seismic event (location, size, time, number of picks, quality of picks, etc.) and stimulation conditions 
(e.g.,  flow  rate,  wellhead  and  downhole  pressure,  temperature  profile).  The  report  will  document 
whether the outlier was confirmed or relocated by additional analysis.  If the event  is confirmed as an 
outlier, the mitigation action will be described. The report will be transmitted to the DOE, BLM, FS and 
LBNL within 2 hours after the outlier has been initially identified and the mitigation action initiated.  


Trigger Reports – A trigger report will document that a magnitude or shaking trigger has been exceeded. 
The  report  will  include  all  relevant  information  about  the  seismic  event  (e.g.,  location,  size,  time, 



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

http://www.newberrygeothermal.com/SeismicReportAddendum.pdf
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number  of  picks)  and  stimulation  conditions  (e.g.,  flow  rate,  wellhead  and  downhole  pressure, 
temperature profile). The report will document whether the event was felt by anyone on the drill pad or 
reported by the public, and what mitigation action was  initiated. The report will be transmitted to the 
DOE, BLM, FS and LBNL within 2 hours after the trigger occurs. 


Seismic  Event  Phone  Calls  –  For  the  higher magnitude  and  shaking  levels,  initial  notification will  be 
made by phone to inform the key personnel at the organizations listed in Table 4‐3. Calls will be made 
by the on‐duty site supervisor as soon as the event  is reviewed by a seismologist, and in no case more 
than two hours after the event. A trigger report with details of the event analysis and mitigation actions 
will follow the phone alerts. 


Mitigation Reports – After sufficient time has passed to evaluate the efficacy of a mitigation action, a 
summary report will document actions that were taken, and the seismic and well response.  


5.3 Triggers	and	Direct	Mitigation	Actions		
1. Confirmed Outlier – A confirmed outlier with a magnitude greater than or equal to 2.0 will result in 
the use of diverter to shift stimulation to another zone. A confirmed outlier with a magnitude less than 
2.0 will require a second confirming event (of any locatable magnitude) to trigger use of a diverter. Any 
planned  increase  in  flow  rate will be postponed until after  the diverter  is applied. The MSA  radius  is 
3 km, making  location  and magnitude  determination  for  events  outside  this  area  unreliable.  Larger 
magnitude events can be detected by the PNSN regional network. For outliers exceeding the M 2.7 and 
M 3.5 magnitude triggers, the mitigation action for the magnitude limits will be used.  


2. Outlier within 500 m of NNVM – Any confirmed outlier within 500 m (1640 ft) of the NNVM boundary 
will result in the use of diverter to shift stimulation to another zone. Any planned increase in flow rate 
will be postponed until after the diverter is applied. 


3. Unwanted Vertical Growth – Any seismic event with M > 1.0 or that is picked on 6 or more stations of 
the MSA that is located shallower than 6000 feet (1.8 km) below the ground surface at NWG 55‐29 will 
result  in use of diverter to shift stimulation to another zone. Any planned  increase  in flow rate will be 
postponed until after the diverter is applied. 


4. Incomplete Diversion and Failure to Mitigate – After the decision to use diverter is made it may take 
up to 4 hours to prepare the diverter and apply it at the depth where diversion is required. Two diverter 
applications may be necessary to completely seal a fracture zone. Therefore, 8 hours may be required to 
determine whether diversion has succeeded. If growth into an undesired location continues eight hours 
after  the  event  that  triggered  the  diversion,  the  flow  rate will  be  decreased  as  described  below  in 
Mitigation Action 6. 


5. No Flow Rate or Pressure Increase – The stimulation plan is to increase flow rate every two hours as 
long  as  the  seismic  response  is  safe  and  the  pressure  remains  lower  than  formation  tensile  failure 
and casing  burst  pressures  (Figure  4‐1).  However,  the  flow  rate  and  wellhead  pressure  will  not  be 
increased for at least 24 hours if one or more events with M greater than or equal to 2.0 and less than 
2.7 are  located within the MSA radius  (3 km).  If a constant flow rate  is  leading to  increasing pressure, 
keeping the wellhead pressure from increasing might require reducing the flow rate. Wellhead pressure 
increased at a constant flow rate of ~450 gpm during the fifth day of the Basel DHM‐1 project, indicating 
a build‐up of pressure  in  the  EGS  reservoir  that was  a possible precursor  to ML > 2.5  seismic  events 
(Figure 3‐8 and Section 3.5). 
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6. Decrease Flow Rate and Pressure – Any ground motion recorded on the Paulina Lake SMS with a PGA 
greater than 0.014 g that can be correlated in time to a seismic event will result in a reduction of flow 
rate. In addition, any seismic event with M greater than 2.7 and  less than 3.5 and occurring within the 
3 km  (1.9 mi)  radius of  the MSA, as determined by  the PNSN  regional network or  the MSA, will also 
result in a reduction of flow rate. The injection rate will be decreased so that the downhole pressure is 
reduced by 250 psi. If events with M greater than or equal to 2.0 continue to occur, the  injection rate 
will  be  further  decreased  to  achieve  an  additional  250  psi  reduction.  If more  than  24  hours  passes 
without M > 2.0 events, the flow rate may be gradually increased over a 24 hour period back to the rate 
prior to the triggering event. Beginning at this action level, instructions to report damage will be made 
available on the project websites. In addition to the written trigger reports, phone calls will be made to 
inform key personnel at the Technical Organizations and local Emergency Dispatch listed in Table 4‐3. In 
cooperation and prior agreement with FS, AltaRock will notify park visitors, users of Road 500 to Paulina 
Peak, and owners and users of NNVM assets (e.g., lodges and cabins) regarding the potential for induced 
seismicity, shaking, slope instability and other possible disturbance, and limit access to certain areas as 
agreed in advance with FS personnel.  


7. Stop  Injection and Flow Well – Any ground motion  recorded on  the Paulina Lake SMS with a PGA 
greater than 0.028 g that can be correlated in time to a seismic event within the 3 km (1.9 mi) aperture 
of the MSA will result in injection being halted. In addition, any seismic event detected within the 3 km 
(1.9 mi) aperture of the MSA with M greater than 3.5 as determined by PNSN or the AltaRock MSA, will 
also result  in  injection being halted. After  injection  is stopped,  the well will be  immediately  flowed  to 
surface test equipment to relieve reservoir pressure (see Section 4.6). Sufficient sump capacity will be 
available to store at  least 10% of the  injected fluid. Resumption of stimulation will be made only after 
consultation  and  agreement  between AltaRock, DOE,  BLM  and  FS.  In  addition  to  the written  trigger 
reports,  phone  calls will  be made  to  inform  key  personnel  at  the  Technical Organizations  and  local 
Emergency Dispatch listed in Table 4‐3. In cooperation and prior agreement with FS, AltaRock will notify 
park visitors, users of Road 500 to Paulina Peak, and owners and users of NNVM assets (e.g., lodges and 
cabins)  regarding  the  potential  for  induced  seismicity,  shaking,  slope  instability  and  other  possible 
disturbance, and limit access to certain areas as agreed in advance with FS personnel.  
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Figure 5‐1. Decision tree for triggers and mitigation actions.  


5.4 Indirect	Mitigation	
The mitigation steps above are designed to minimize the likelihood of damage to structures, slopes and 
other  assets  in  the NNVM.  AltaRock  believes  that  the  safeguards  and mitigation  controls  described 
above are based on the best possible science and engineering available prior to stimulation. However, 
because the history of EGS projects is limited and the seismic response of the rock volume surrounding 
NWG 55‐29 cannot be predicted with complete certainty, no guarantee can be made that no damage 
will occur. Therefore, AltaRock has also developed  indirect mitigation plans  for unlikely or worst case 
results. 


1. Damage to structures – If shaking measured by the SMS reaches PGA > 0.05 g (Appendices I and J), it 
is possible that some cosmetic damage could occur to structures near Paulina Lake.  Instructions and a 
tentative  form  to  report  damage  have  been  developed  (attached  as  Appendix  J)  and will  be made 
available on the project websites25 and to owners and users of NNVM assets. If stakeholders notice new 
damage  to  the  cabins,  buildings,  roads,  or  the  dam  after  a  felt,  induced  event  occurs,  they will  be 
instructed by the project hotline, web sites and printed notifications to NNVM asset owners to submit 
the damage report within two months of event. A licensed, independent civil engineer, selected with the 
concurrence of all stakeholders, will evaluate all claims and compare any information collected prior to 


                                                            


25 http://www.newberrygeothermal.com/; http://www.altarockenergy.com/ 
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stimulation (see Section 3.6) to the potential damaged condition, as well as the shaking recorded on the 
PLVC SMS, and the magnitude of the relevant induced seismic event. Payment for repairs will be based 
on engineering standards and the measured or  inferred shaking, and whether the damage could have 
been caused by a demonstration project seismic event or events. 


A  similar  approach  has  been  used  by  the  Geysers  Seismic  Monitoring  Advisory  Committee  in 
Middletown,  CA  where  about  10  M > 3.0,  and  1‐2  M > 4.0,  seismic  events  occur  per  year  due  to 
geothermal production and  injection26.  In  the  town of Anderson  Springs, houses and  cabins are  very 
close  (within 1 km)  to  the geothermal operations. Damage claims are evaluated by  the Committee  to 
evaluate the validity and value of damage compensation. Between 2004 and 2009, funds were approved 
by the committee for repairs to 19 properties totaling $63,29927. If long term operation ever occurred at 
Newberry a committee might be appropriate. For a quick response to an unlikely event, an independent 
expert is considered more appropriate for the short term Newberry EGS Demonstration. 


2.  Emergency  Plans  for  Road  Damage  and  Closures  –  AltaRock  recognizes  that  some  roads  in  the 
NNVM, particularly Road 500 to Paulina Peak, are quite steep and cross beneath slopes prone to rock 
fall or avalanche. Although it is unlikely that roads will become blocked by a seismicity‐triggered rock fall 
(it  is closed  in the winter season), this remote possibility cannot be ruled out. Therefore, AltaRock has 
developed  the  following plan  to mitigate  this  risk during active  field operations,  including  stimulation 
and flow testing. 


 Signs will  be  posted  at  the  beginning  of  Road  500  for  uphill  traffic,  and  on  Paulina  Peak  for 
downhill traffic, stating “Rock  fall hazard ahead. Please contact 855‐EGS4USA  toll‐free  (855‐872‐
4347) to report rocks on the road,” or alternative text approved by the FS. AltaRock will work with 
FS to ensure that the signs are in place two weeks before the stimulation and remain in place until 
at least the end of the three‐well circulation flow test. 


 A  front‐end  loader and equipment operator will be contracted  in advance and on standby  in La 
Pine,  ready  to  remove any debris  that  falls onto  roads  from steep  road cuts after a  felt seismic 
event.  


 Arrangements will be made for a road flagging team to be available to control traffic during any 
partial or full road closure, or during cleanup of the road by the loader.  


 During, and for at least two months after, the stimulation and flow testing, response will be within 
2 daylight hours after a slide is reported. 


3. Snow Avalanche Warnings –  If  stimulation or  flow  test activities are conducted during  the winter, 
visitors to the area will be warned of an increased risk of snow avalanches (Wong et al., 2011).  


 Signs will be posted at snow parks and other entrance points that provide winter access to NNVM. 
The  signs  will  read  “Warning:  snow  avalanche  hazards  exist  on  any  slope  steeper  than  25°, 
including  the  slopes  leading  to  Paulina  Lake  and  East  Lake  from  the  Crater  Rim.  Skiers  and 
snowmobilers,  and  geothermal  demonstration  activities  occurring  this  winter  can  trigger 
avalanches  on  hazardous  slopes.  Call  855‐EGS4USA  toll‐free  (855‐872‐4347)  for  more 
information”, or alternative  text approved by  the FS. AltaRock will work with FS  to ensure  that 


                                                            


26 http://www.andersonsprings.org/EarthquakeCharts/smacnov2009stronggroundmotionanalysis1.pdf 
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these signs are  in place two weeks before the stimulation and remain  in place until at  least the 
end of the three‐well circulation flow test. 


4.  Insurance – As part of AltaRock’s prudent risk management practices,  it has obtained both general 
liability and umbrella liability insurance under which a third party may collect if AltaRock is found liable 
for damage  caused by  induced  seismicity. AltaRock’s Commercial General  Liability  Insurance with  the 
Federal Insurance Company, a subsidiary of the Chubb Group of Insurance with an A.M. Best Rating of 
A++,  has  a  general  aggregate  limit  of  $2,000,000  and  a  $1,000,000  limit  for  each  occurrence.  The 
General Liability Policy covers bodily injury or property damage that AltaRock becomes legally obligated 
to pay by reason of liability. The General Liability Policy does not include an exclusion for “subsidence” 
which  is defined  as bodily  injury or property damage  arising directly or  indirectly out of,  caused by, 
resulting  from,  contributing  to  or  aggravated  by  “subsidence,  settling,  sinking,  slipping,  falling  away, 
caving  in, shifting, eroding, mudflow, rising, tilting or any other movement of  land or earth.” AltaRock 
also has Umbrella Liability Insurance with the Federal Insurance Company with a general aggregate limit 
and occurrence limit of $5,000,000. 


6 Conclusion	
To allay concerns that the Newberry EGS Demonstration may result in excessive induced seismicity and 
unacceptable  seismic  risk, AltaRock has  conducted  a  series of  investigations  prior  to  any  stimulation 
activity, including an Induced Seismicity and Seismic Hazards and Risk Analysis (Wong et al. 2010). Based 
on the results of these investigations, AltaRock will implement robust safeguards and mitigation controls 
during and after stimulation. The safeguards are built on a foundation of  local geologic conditions and 
monitoring,  lessons  learned  from  previous  EGS  projects,  and  geomechanical  theory.  The  safeguards 
proposed  in this document detail how the EGS hydroshearing operations will be monitored and under 
what  circumstances  field  operations  will  be modified  or  halted  to  mitigate  the  effects  of  induced 
seismicity. We are confident  that  this  Induced Seismicity Control and Mitigation Plan will  serve as an 
effective safeguard for the Newberry EGS Demonstration. 


  	



http://www.newberrygeothermal.com/URS_SeismicReport.pdf
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10 Appendix	C	‐	Compliance	Matrices	to	Induced	Seismicity	Protocols	
Table C1: Compliance Matrix, 2008 Protocol28  


 
IEA/DOE Step 


Section 
(in this document) 


 
Status 


1.  Review Laws Evaluate Regulations  3.1  Complete


2.  Assess Natural Seismic Hazard Potential 3.3 – 3.9 Complete


2a. Collect background seismicity data  3.3 Ongoing 


2b. Characterize Geologic and Tectonic Setting 3.7 Complete


3.  Assess Induced Seismicity Potential	 3.4, 3.5 Complete


3a. Induced seismicity mitigation plan  5 Proposed here


4.  Establish a Dialogue with Regional Authority 3.2, Appendix D Complete


4a. Monitor and report operational data and events 4.5, 5.2  Ongoing 


5.  Educate Stakeholders  3.2, Appendix D  Ongoing 


6.  Establish Microseismic Monitoring Network 3.3, 4.5 Ongoing 


7.  Interact with Stakeholders  3.2, 5  Ongoing 


8.  Implement Procedure for Evaluating Damage 3.6.3, 5.4 Complete


 


Table C2: Compliance Matrix, 2011 Protocol 


DOE Step 
Section


(in this document) 


Step 1: Perform Preliminary Screening Evaluation  2


Step 2: Implement an outreach and communication 
program 


3.2, 4.5, 5.2


Step 3: Identify criteria for ground vibration and noise 3.1


Step 4: Establish seismic monitoring  3.3, 4.5


Step 5: Quantify the hazard from natural and induced 
seismic events 


3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 
3.9 


Step 6: Characterize the risk from induced seismic 
events 


3.4, 3.5, 3.6.3, 5.4


Step 7: Develop risk‐based mitigation plans  3.2, 3.6.3, 4.2, 5


 


   


                                                            


28 Sub‐steps 2a, 2b, 3a, and 4a can be found in text of Majer et al., 2008. 



http://www.iea-gia.org/documents/ProtocolforInducedSeismicityEGS-GIADoc25Feb09.pdf
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11 Appendix	D	–	Community	Outreach	Meetings,	Presentations	and	
Publications	


Table D1: Presentations – Community Outreach Meetings 


Forum and Date  Presentation  


La Pine, OR, July 15, 2010  General public 


Sunriver, OR, Aug 11, 2010  General public 


Bend, OR, Sept 25, 2010  General public 


La Pine, Oregon, November 10, 2010  General public; field trip to project well site 


Table D2: Presentations and Publications – Professional Meetings 


Forum and Date  Paper Title Authors


GRC 2010 ‐ Presentation and 
Publication 


Newberry Volcano EGS 
Demonstration 


William L. Osborn, Susan Petty, Laura L. 
Nofziger, and Douglas Perry 


GRC 2010 ‐ Presentation and 
Publication 


Injection Induced Seismicity and 
Geothermal Energy 


Trenton Cladouhos, Susan Petty, Gillian 
Foulger, Bruce Julian and Mike Fehler 


AGU 2010 ‐ Abstract and 
Presentation 


Stimulation Controls and Mitigation 
of Induced Seismicity for EGS Projects 


Susan Petty, Trenton Cladouhos, Will 
Osborn, and Joe Iovenitti 


AGU 2010 ‐ Abstract and 
Poster 


Development of Exploration Methods 
for Engineered Geothermal Systems 
through Integrated Geophysical, 
Geologic and Geochemical 
Interpretation 


Joe L Iovenitti, Ileana Tibuleac, Deborah 
Hopkins, Trenton Cladouhos, Robert 
Karlin, Philip Wannamaker, B. M. 
Kennedy, David Blackwell, and Matthew 
Clynne 


Stanford 2010 ‐ 
Presentation and 
Publication 


The In Situ Formation of Calcium 
Carbonate as a Diversion Agent for 
Use in Engineered Geothermal 
Systems 


Pete Rose, Scott Fayer, Susan Petty, and 
Daniel Bour 


Stanford 2010 ‐ 
Presentation and 
Publication 


Reverse Circulation Method and 
Durable Cements Provide Effective 
Well Construction: A Proven 
Technology 


Rafael Hernandez, Daniel Bour 


Stanford 2010 ‐ 
Presentation and 
Publication 


Strength Retrogression in Cements 
Under High‐Temperature Conditions 


Benjamin Iverson and Joe Maxson, 
Halliburton, and Daniel Bour, AltaRock 
Energy, Inc. 


Stanford 2010 ‐ 
Presentation and 
Publication 


Non‐Portland Cement‐Based Systems 
for Geothermal Well Use 


Lance Brothers, Benjamin Iverson – 
Halliburton, Daniel Bour – AltaRock 
Energy Inc. 


GRC 2010 ‐ Presentation and 
Publication 


Development of a Downhole 
Fluorimeter for Measuring Flow 
Processes in Geothermal and EGS 
Wellbores 


Pete Rose, Scott Fayer, Steve Olsen, 
Susan Petty, and Daniel Bour 
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DOE Peer Review Oct 2010 ‐ 
Presentation 


Newberry Volcano EGS 
Demonstration 


Susan Petty 


Stanford 2011 ‐ 
Presentation and 
Publication 


Fluid Diversion in an Open‐Hole 
Slotted Liner – A First Step in Multiple 
Zone EGS Stimulation 


Susan Petty, Laura Nofziger, Daniel Bour, 
Yini Nordin 


Stanford 2011 ‐ 
Presentation and 
Publication 


The role of a stress model in 
stimulation planning at the Newberry 
Volcano EGS Demonstration 


Trenton T. Cladouhos, Susan Petty, Owen 
Callahan, Will Osborn, Steve Hickman 
and Nicholas C. Davatzes 


Hedberg Conference 
Napa, CA, March 2011 ‐ 
Presentation 


Multiple Zone Stimulation of 
Newberry EGS Project – Key to 
Reservoir Optimization and 
Minimizing Cost of EGS Power 
Production 


Susan Petty, Laura Nofziger, Daniel Bour, 
Yini Nordin 


GRC 2011 ‐ Presentation and 
Publication (pending) 


Newberry Volcano EGS 
Demonstration – Phase I Results 
 


William L. Osborn, Susan Petty, Trenton 
T. Cladouhos, Joe Iovenitti, Laura L. 
Nofziger, Owen Callahan, Douglas Perry 
and Paul L. Stern 


GRC 2011 ‐ Presentation and 
Publication (pending) 


Newberry Volcano EGS 
Demonstration Stimulation Modeling 


Trenton T. Cladouhos, Matthew Clyne, 
Maisie Nichols, Susan Petty, William L. 
Osborn, and Laura Nofziger 
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Table D3: Presentations, Meetings and Discussions ‐ Media, Politicians and Other Stakeholders 


 Date   Location   Attendees  Involvement  


08/31/09  Bend, OR  KOHD News  Media 


09/28/09  Telephone 


Bend Bulletin  
‐Kate Ramsayer 


Media 


10/16/09  Telephone 


Representative for Senator Ron Wyden 
‐David Blair 


Politician 


10/30/09  Telephone 


KTVZ 
‐Barney Lerten 


Media 


10/30/09  Telephone 


Bend Bulletin 
‐Kate Ramsayer 


Media 


11/03/09  Bend, OR 


Environmental Center 
‐Mike Riley 
Deschutes River Conservancy 
‐Tod Heisler, Scott McCaulou 


Community Members 


11/04/09  Bend, OR 


Oregon Wild  
‐Tim Lillebo 


Community Members 


11/04/09  Bend, OR 


Representative for Senator Jeff Merkley 
‐Jonathan Manton 


Politician 


11/16/09  Telephone  Bend Bulletin  Media 


11/10/09  La Pine, OR 


Deschutes County Planning Department Public 
Meeting 


Community Members 


11/30/09  Sunriver, OR 


Deschutes County Planning Department Public 
Meeting 


Community Members 


11/30/09  Sunriver, OR 


Sunriver Owners Association 
‐Brook Snavely 


Media/Community 
Member 


12/08/09  Bend, OR 


Landwatch 
‐Erik Kancler 


Community Member 


12/08/09  Bend, OR 


Warm Springs Power, CTWS 
‐Jim Manion 
‐Bobby Brunoe 


Community Member 


12/14/09  Bend, OR 


Forest Resources Council 
‐Chuck Burley 


Community Member 


12/14/09  Bend, OR  Senator Chris Telfer  Politician 


12/14/09  Bend, OR  State Representative Judy Stiegler, District 54  Politician 


12/15/09  Bend, OR  Deschutes Co. Commissioner Alan Unger  Politician 


12/15/09  Bend, OR 


Representatives for Congressman Greg Walden 
‐Nick Strader 
‐Colby Marshall 


Politician 
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12/15/09  Bend, OR  KOHD News  Media 


12/15/09  Telephone  Bend Bulletin  Media 


12/16/09  Bend, OR  State Representative Gene Whisnant, District 53  Politician 


01/05/10  Bend, OR  Dennis Hanson  Community Member 


02/04/10  Salem, OR 


Representative for Rep. Judy Stiegler, District 54
‐Linda Rohrback 


Politician 


02/04/10  Salem, OR 


Representative for Rep. Gene Whisnant, District 
53 
‐Megan Schenewerk 


Politician 


02/04/10  Salem, OR 


Office of the Treasurer 
‐James Sinks 


Politician 


02/23/10  La Pine, OR 


Russell Construction Company 
‐Victor and Vickie Russell 


Community Members 


02/23/10  La Pine, OR 


La Pine Industrial Group 
‐Leland Smith 


Community Member 


02/23/10  La Pine, OR 


Newberry Eagle 
‐Sandra Jones 


Media 


02/23/10  Sunriver, OR 


Sunriver Owners Association 
‐Brook Snavely 


Media/Community 
Member 


02/24/10  Bend, OR 


Bend Radio Group 
‐RL Garrigus 


Media 


02/24/10  Bend, OR 


EDCO 
‐Roger Lee 
‐David Stowe 


Community Member 


02/24/10  Bend, OR 


Cascade Business News 
‐Pamela Hulse Andrews 


Media 


03/18/10  Bend, OR 


Tillamook County Commissioner 
‐Tim Josi 


Politician 


03/22/10  Bend, OR 


Environmental Center 
‐Mike Riley 


Community Member 


03/22/10  Bend, OR 


Representative for Senator Ron Wyden 
‐David Blair 
Representative for Senator Jeff Merkley 
‐Jonathan Manton 


Politician 


03/23/10  Portland, OR  Oregon Geothermal Working Group  Trade Organization 


03/24/10  Bend, OR 


Representatives for Congressman Greg Walden 
‐Nick Strader 


Politician 


03/24/10  Bend, OR  EDCO  Community Member 


03/24/10  Bend, OR 


Representative for Senator Jeff Merkley 
‐Jonathan Manton 


Politician 
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04/21/10  Bend, OR 


EDCO 
‐Roger Lee 
‐David Stowe 
‐Scott Larson 


Community Members 


04/27/10  Bend, OR 


Representative for Senator Jeff Merkley 
‐Jonathan Manton 


Politician 


05/12/10  La Pine, OR  La Pine City Council  Politicians 


05/12/10  La Pine, OR  Paulina Lake Lodge Staff  Community Members 


05/19/10  Bend, OR 


EDCO 
‐Roger Lee 
‐David Stowe 
‐Scott Larson 


Community Members 


05/20/10  Sunriver, OR  Sunriver Men's Club  Community Members 


06/09/10  Email 


Senator Jeff Merkley, Senator Ron Wyden, 
Congressman Greg Walden 


Politicians 


06/18/10  La Pine, OR 


La Pine Chamber of Commerce 
‐Members Breakfast 


Community Members 


06/23/10  Bend, OR  State Representative Judy Stiegler, District 54  Politician 


06/26/10  Telephone 


La Pine City Manager 
‐Rick Allen 


Politician 


06/29/10  Bend, OR 


Deschutes County Commission 
‐Alan Unger 


Politician 


07/01/10  Bend, OR 


Juniper Group Sierra Club 
‐David Stowe 


Community Member 


07/01/10  Bend, OR 


Bend Bulletin 
‐Editorial Board 


Media 


07/10/10  Redmond, OR  Oregon Veteran's Job Fair  Community Members 


07/13/10  Bend, OR 


Representative Judy Stiegler, District 54 
‐Rep. Steigler aide Linda Rohrback 
Representative Gene Whisnant, District 53 


Politicians 


07/14/10  Bend, OR 


Bend Bulletin 
‐Kate Ramsayer 


Media 


07/14/10  Bend, OR 


Representative for Senator Jeff Merkley 
‐Susanna Julber 


Politician 


07/15/10  La Pine, OR 


Deschutes County Commission Candidate 
‐Tony DeBone 


Politician 


07/21/10  Bend, OR 


Deschutes Co. Commissioner Candidate 
‐Dallas Brown 


Politician 


07/21/10  Bend, OR  Jonathan Manton  Politician 


08/12/10  Bend, OR 


Deschutes Co. Commissioner Candidate 
‐Dallas Brown 


Politician 


08/25/10  Bend, OR  Osher Lifelong Learning Series (20 citizens)  Community Members 
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09/08/10  Telephone 


The Source Weekly 
‐Eric Flowers 


Media 


09/17/10  Email 


Forest Resources Council 
‐Chuck Burley 


Community Member 


11/05/10  Bend, OR  Jonathan Manton  Politician 


11/09/10  Portland, OR 


Northwest Association of Environmental 
Engineers 


Trade Organization 


11/11/10  Bend, OR 


Deschutes River Conservancy 
‐Scott McCaulou 
‐Gen Hubert 


Community Members 


11/18/10  Sunriver, OR 


Sunriver Environmental Services 
‐Terry Penhollow 


Community Member 


12/07/10  La Pine, OR  La Pine Lodgepole Dodgers Snowmobile Club  Community Members 


12/08/10  Email 


Sunriver Owners Association 
‐Brook Snavely 


Media/Community 
Member 


02/14/11  Washington DC  Energy Now  Media 


03/14/11  La Pine, OR  La Pine High School  Community Member 


03/17/11  Bend, OR 


Wayne Kinney (Wyden), S Julber (Merkley) & N 
Strader (Walden) 


Politicians 


 


Table D4: Presentations, Meetings and Discussions ‐ Regulators 


Bend, OR, Mar 8, 2010  Deschutes County 


Bend, OR, Apr 23, 2010  BLM and FS 


Bend, OR, May 15, 2010  Deschutes County 


Prineville, OR, June 30, 2010  BLM, FS, DOE, DOGAMI, DEQ 


Bend, OR, July 20, 2010  Oregon DEQ 


Bend, OR, Aug 4, 2010  Oregon DEQ 


Portland, OR, Sept 25, 2010  BLM, FS, DOE, DOGAMI 


Bend, OR, Oct 20, 2010  Oregon DEQ 


Bend, OR, Nov 10, 2010  Oregon DEQ 


Portland, OR, Dec 7, 2010  BLM, FS, DOE, DOGAMI, DEQ 


Prineville, OR, March 16, 2011  BLM, FS, DOE, DOGAMI 
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 PROTOCOL FOR INDUCED SEISMICITY 
ASSOCIATED WITH 


ENHANCED GEOTHERMAL SYSTEMS 
 


(To be cited as:  Majer, E., Baria, R. and Stark, M. (2008).  Protocol for induced 
seismicity associated with enhanced geothermal systems.  Report produced in Task D 
Annex I (9 April 2008), International Energy Agency-Geothermal Implementing 
Agreement (incorporating comments by: C. Bromley, W. Cumming, A. Jelacic and L. 
Rybach).  Available at:  http://www.iea-gia.org/publications.asp.) 


 


(Accepted by IEA-GIA Executive Committee on 12 February 2009) 
 
 
INTRODUCTION 
 
As the global demand for energy increases, the contribution from geothermal energy 
could be extremely large, particularly if resources developed with Enhanced 
Geothermal Systems (EGS) technology are incorporated in the total energy picture. A 
recent study by MIT (2006) predicts that in the United States alone, 100,000 MWe of 
cost-competitive capacity could be provided by EGS in the next 50 years with 
reasonable investment. The USGS estimates that in the U.S., which uses about 100 
quads of energy per year, there are 300,000 quads in the >200˚C heat sources down to 
6 km depth. Large countries in other continents, such as India and China, have similar 
heat resources, so the global potential of geothermal energy is enormous. Because 
implementation of EGS affects subsurface conditions, especially fractures, there 
exists the potential to cause induced seismicity.  
 
Induced seismicity has occurred in the development and production of several 
conventional fractured geothermal resources (typically deeper than 1 km), as well as 
oil and gas resources, large water-impounding dams, and mining applications. In each 
of these instances, properly monitored and analyzed induced seismicity has provided 
valuable information in developing the particular resource, but has not prevented the 
development from proceeding. To help gain acceptance from the general public for 
geothermal generally and EGS specifically, it would be beneficial to clarify the 
problems with and beneficial applications of micro-seismicity (seismicity, micro-
earthquakes, MEQ) during the development stages of an underground reservoir and 
the subsequent extraction of the geothermal energy. 
 
This document is intended to serve as a general guide that identifies steps a 
geothermal developer can take to address induced seismicity issues. The proposed 
protocol includes simple planning steps that would apply to most developments, as 
well as more elaborate procedures that would apply under particular circumstances to 
a small number of geothermal developments. Therefore, this protocol is not intended 
to be a universal prescriptive approach to seismicity management. However, it may be 
used to build confidence in the manageability of seismicity at geothermal projects. It 
is directed at geothermal developers, public officials, regulators, and the public at 
large. This proposed protocol stems from a recently developed paper that reviewed 
the present state of knowledge of induced seismicity during the development of EGS 
reservoirs, and during production or injection of fluids in conventional geothermal 
reservoirs (Majer et al., 2007). The paper also identifies gaps in knowledge that 



http://www.iea-gia.org/publications.asp
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should be addressed by ongoing research to improve understanding of induced 
seismicity, and, by improving the general state of knowledge regarding seismicity in 
general, better understand natural earthquakes.  
 
To access both conventional and EGS geothermal resources, wells are drilled to 
depths where a temperature suitable for heat extraction is reached. In cases where 
economically viable temperatures are found in a conventional (naturally permeable) 
geothermal reservoir developed at depths shallower than one km, felt seismicity is 
very unlikely to be induced. In higher temperature conventional reservoirs at greater 
depths, both cooling due to injection and pressure perturbation due to production 
can trigger small MEQ’s on local fractures. In the case of EGS, fluid injection is 
carried out to enhance rock permeability and recover heat from the rock, often at 
depths greater than 2 km. During the process of creating an underground heat 
exchanger by opening permeable space in the rock or during subsequent circulation 
of water to recover heat, stress patterns in the rock may change and produce 
microseismic events. In almost all cases, these events in the deep reservoir have 
been of such low magnitude that they are not felt at the surface by nearby 
inhabitants. The events usually have so little energy relative to natural earthquakes, 
with relatively short duration, high frequency and very low amplitude, that they pass 
unnoticed.  
 
The difference between microseismic events created directly by fluid injection and a 
natural earthquake is significant: To the extent that they are sometimes felt, the former 
usually falls into the category of a nuisance, like a pneumatic hammer or the passing 
of a train or large truck, whereas the latter may cause extensive damage. For example, 
experience and scientific data indicate that the vibration at depth from an MEQ 
related to fluid injection is unlikely to cause any damage to modern buildings. In the 
case of Basel, Switzerland, however, a large number of damage claims were lodged 
for minor effects that probably occurred as a result of EGS pumping causing induced 
seismic events. These will be covered by the project developer’s insurance, but the 
long term effect of the accumulated cost will probably be a rise in future insurance 
premiums.  
 
The sound emitted by induced MEQ can be a nuisance, particularly at night or on a 
very calm day, when the ambient cultural noise is very low.  On some occasions, 
observers have reported that the effect from a microseismic event sounds like a quarry 
explosion, a truck going by, or a thud from an object hitting a hard floor. 
 
Induced seismicity is an important reservoir management tool, especially for 
Enhanced Geothermal Systems (EGS), but it is also perceived as a problem in some 
communities near geothermal fields. Events of magnitude 2 and above near certain 
projects have raised residents’ concern related to both damage from single events and 
their cumulative effects (Majer et al., 2007). Some residents believe that the induced 
seismicity may result in structural damage similar to that caused by larger natural 
earthquakes. There is also fear that the small events may be an indication of larger 
events to follow, and that not enough resources have been invested in finding 
solutions to some of the problems associated with larger induced events, or in 
providing for independent monitoring of the seismicity before embarking on large-
scale fluid injection and production in EGS projects. 
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POSSIBLE STEPS IN ADDRESSING EGS INDUCED SESIMICITY ISSUES  
 
Induced seismicity is one of a number of issues that the developer needs to address in 
order to proceed with project development. This document outlines the suggested 
steps that a developer could follow in extending their education and outreach 
campaign and cooperating with regulatory authorities and local groups. The following 
steps (not necessarily in the order given) are proposed for handling of the induced 
seismicity issue as it relates to the whole project. 
 
Step One:  Review Laws and Regulations 
The developer should study and evaluate applicable laws and governing regulations 
on seismicity that may affect the project. These legal stipulations may apply at 
national or local levels of government. Any legal precedents that include induced 
seismicity, quarry blasting, road noise or similar activities should be identified and 
assessed relative to the proposed project. In consultation with regulators, the 
developer should formulate a plan for meeting legal requirements.  
 
Although the above procedure is routine for most operators, legal studies specifically 
related to geothermal induced seismicity and its effect on the man-made structures 
and public perceptions are rare. One of the few studies that addresses legal issues in 
the United States related to seismicity induced by dams, oil and gas operations, and 
geothermal operations (Cypser and Davis, 1998) points out that: 
 


‘Liability for damage caused by vibrations can be based on several legal 
theories: trespass, strict liability, negligence and nuisance. Our research 
revealed no cases in which an appellate court has upheld or rejected the 
application of tort liability to an induced earthquake situation. However, there 
are numerous analogous cases that support the application of these legal 
theories to induced seismicity. Vibrations or concussions due to blasting or 
heavy machinery are sometimes viewed as a `trespass' analogous to a physical 
invasion. In some states activities which induce earthquakes might be 
considered `abnormally dangerous' activities that require companies engaged 
in them to pay for injuries the quakes cause regardless of how careful the 
inducers were. In some circumstances, a court may find that an inducer was 
negligent in its site selection or in maintenance of the project. If induced 
seismicity interferes with the use or enjoyment of another's land, then the 
inducing activity may be a legal nuisance, even if the seismicity causes little 
physical damage.’ [Cypser and Davis, 1998]  
 


In other words, in the U.S., there are potential grounds for taking legal action against 
those who induce seismicity. 
 
Other examples of local regulations include allowable ground motion from quarry 
operations and local blasting due to construction or road building. These are site 
specific and usually involve maximum vibration levels rather than any maximum 
magnitude ranges. A small event close to a structure can be just as annoying in 
vibration terms as a large event far away from the same structure. Maximum vibration 
depends on local geologic conditions and the response to the input earthquake. In any 
case, a review of the governing regulations with respect to vibration, noise and 
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induced seismicity is suggested as a first step in managing the seismic issues of EGS 
development.  
 
Step Two:  Assess Natural Seismic Hazard Potential 
If no specific course of action is required by law, the recommended procedure would 
be to characterize the natural seismic potential of the site and surrounding area using 
existing public information, including earthquake history (magnitude/frequency), 
geologic and tectonic setting (stress field, fault system geometry), and source model. 
In most cases, the necessary information, such as historic earthquake statistics 
including size, location, and magnitude, will already be publicly available. The 
approach taken to predict likely earthquake occurrence, with and without the 
geothermal project, will depend on the geologic situation, rate of seismicity and type 
of information available; for example, a study based on >40 years of data might only 
include a b-value statistical approach while one using more detailed data gathered 
over a shorter period might use a more involved statistical analysis that accounts for 
known fault sizes, stress analysis and other relevant information.  
 
Step Three:  Assess Induced Seismicity Potential  
At this stage in the assessment process, the geological structure of the site is assumed 
to have already been investigated to the extent necessary to characterize the likely 
nature of the geothermal resource and to design a drilling program. Given this 
understanding of the site conditions and the results of Step Two, it should be possible 
to draw conclusions regarding the likely extent of seismicity due to project-related 
activities.  
 
A geological issue that may not have been considered in the resource assessment but 
may be important to the assessment of induced seismicity potential is the 
identification of any areas of unconsolidated deposits, such as alluvium, construction 
fill, mining tailings, refuse dumps, flood deposits, or landslide deposits. This micro-
zoning exercise is particularly relevant if buildings have been constructed on such 
deposits. Seismic waves reaching the surface of such deposits are commonly 
amplified and so residents of buildings constructed over them are more likely to be 
discomforted by otherwise unnoticed micro-seismicity. All of the usual mitigation 
options apply to such areas provided that all parties are aware of the higher sensitivity 
of buildings over such deposits.  
 
Estimates for a “maximum probable event” and the likely incident rate and severity of 
vibration induced by project-related activities can be characterized based on current 
knowledge about induced seismicity and the nature of the site. (It would be preferable 
for formal reports on this topic to be prepared by an independent contractor or 
institution to dispel concerns about conflict of interest.) Although duration magnitude 
and similar magnitudes used in natural earthquake seismology are also applied to 
induced micro-seismicity, these parameters can be misleading in quantifying whether 
such small events can be felt or are likely to cause minor damage. Therefore, analyses 
should emphasize criteria similar to those used by the mining and civil engineering 
industries to characterize the potential for nuisance seismicity or vibration damage 
from activities like quarrying, traffic and construction. Previously developed 
worldwide standards, based on the parameters peak velocity and dominant frequency, 
have proven to be effective in characterizing and managing the potential for felt 
seismicity and damaging vibration.  
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There is also the potential risk (and public fear) that stimulation could trigger deep, 
“ready-to-go” earthquakes. A seismic risk study, performed for the Cooper Basin 
area, Australia, addressed this issue. Here, those segments of existing fault zones that 
are near-critically stressed for shear dislocations have been identified. Attenuation 
calculations were then performed to see whether these segments were far enough from 
EGS sites to represent a significant risk (Hunt & Morelli, 2006). 
 
Based on the analysis of the natural seismic potential and the characterization of 
likely induced seismicity, mitigation plans required for environmental impact studies 
and similar regulatory reports can be prepared. A variety of approaches will suit 
different circumstances. These range from a periodic review by government 
monitoring agencies in sparsely settled areas, to a “traffic light” approach that might 
be suitable where communities very close to a development are likely to feel induced 
events (Bommer et al 2006). Such a plan would include avoidance, mitigation, and 
treatment plans for both the expected seismicity and for less likely but plausible 
outcomes; for example, for induced seismicity that exceeds the maximum probable 
event or that causes damage. It should be pointed out that the “Traffic light” approach 
is reactive. The action plan can only be implemented after a seismic event has already 
happened. In some situations (eg Basel) suspension of stimulation activities after a 
felt event did not not prevent later, stronger events. 
 
Step Four: Establish a Dialogue with Regional Authority  
Consultation with community groups and the agencies responsible for permitting and 
regulating a particular geothermal development is best undertaken prior to, or as soon 
as possible after, the public becomes aware of the geothermal development plan. At 
this early stage, the developer is advised to explain the purpose of the project, 
characterize the site being considered and how it will be developed, summarize the 
expected effects on the environment and the local residents, and explain the long-term 
costs and benefits for the community and region. To the extent that induced seismicity 
is likely to be a significant community or regulatory issue, it is best addressed in each 
public stage of the development process following the public announcement of the 
project. These stages might include the following: 
 


• Exploration survey permitting 
• Lease/concession acquisition 
• Public announcement of the geothermal/EGS project and, in cooperation with 


regulators, first meeting with local community groups 
• Regulatory reports and permits required for exploration and appraisal drilling 
• Regulatory reports, permits and hearings required for development and 


operation 
 
An established protocol for induced seismicity can support the initial public 
announcement, indicating that the established regulatory process can address induced 
seismicity issues using standards developed for similar impacts related to traffic, 
quarrying and construction, and that the regulatory process includes many 
opportunities for citizen concerns to be heard and answered. Induced seismicity only 
becomes a topic of discussion with authorities to the extent that the results of the first 
three steps indicate a need to address the issue. 
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Step Five: Educate Stakeholders 
Regularly scheduled public meetings are an effective approach to encourage 
involvement by all interested parties and the general public. Experience suggests that 
briefings are most effective if they acquaint and inform interested persons about the 
project as a whole as well as about earthquakes. At an early stage in the project, 
meetings are more likely to put induced seismicity in context if they do not focus on 
this issue exclusively, although the public should be made aware of the reservoir 
development process. To the extent that induced seismicity is an integral part of the 
total project, it will receive attention warranted by the results of the first four steps.  
Experience has shown that an open dialogue with the general public about relevant 
issues associated with the project is a prudent approach, one that is likely to result in 
positive support from stakeholders. Public meetings may be forgone if the population 
density of the site vicinity and/or number of persons likely to be affected by induced 
seismicity is negligible. In this case, personal visits to nearby residents informing 
them of the project may be advisable. 
 
Step Six:  Establish Microseismic Monitoring Network 
Some means of assessing micro-earthquake activity across a wide range of 
magnitudes is desirable. This can sometimes be done by utilizing existing networks, 
but is best achieved by installing a dedicated network. For the type of EGS 
developments currently conceived, a dedicated network would very likely be installed 
as part of the diagnostic system that the developer will use in creating the EGS 
reservoir. There are often advantages to adapting a regional network to accomplish 
this, particularly if the regional array includes stations in the immediate vicinity and 
can detect any events that would likely be felt near the developed area, that is, to a 
radius of several times the depth of the reservoir.  
 
If a regional or a national seismic network does not exist in the vicinity of the EGS 
site, then a basic micro-earthquake network can be installed to assess the presence of 
natural earthquakes prior to the establishment of the site. The design of the station 
geometry will depend on the size and the depth ranges of the reservoir and expected 
induced seismicity; with arrays typically extending beyond the perimeter of the 
reservoir by a distance at least equivalent to the depth of the expected seismicity. It is 
often advantageous to arrange for an independent organization, for example the 
organization responsible for monitoring regional or national seismicity, to operate the 
array and analyze the data, particularly with respect to quantifying the size of seismic 
events. Such information may later become relevant to any inquiry regarding claims 
of structural damage. 
 
Step Seven:  Interact with Stakeholders 
A proactive effort to keep stakeholders informed about the project is likely to reduce 
public anxiety and put unreasonable claims in perspective. Besides regulators, 
stakeholders include those nearby residents most likely to be directly affected and 
those who express the most concern.  
 
The following options may be useful as means of achieving appropriate interaction on 
induced seismicity issues: personal meetings of technical and consenting staff with 
local residents and regulators; public meetings; media coverage; guided tours; public 
annual operating reports; call-in line; web site; and scheduled meetings with public 
officials. For a large EGS operation near a town, periodic newsletters or a visitor 
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center might be effective. Such interactions tend to promote a sense of involvement 
by stakeholders. Experience at both research and industrial geothermal projects 
suggests that this leads to greater acceptance of the project by the community as a 
whole, and puts into perspective any ‘inconvenience’ or ‘nuisance’ aspects of adverse 
effects.  
 
Insofar as induced seismicity is concerned, the issue should be included among those 
of general interest or concern to stakeholders. The developer may consider issuing 
periodic microseismic events reports or providing public access to a call-line/web-site 
to answer questions or receive complaints. If it appears that micro-earthquakes will 
become an ongoing significant public concern, a more formal procedure may be 
needed to address questions and complaints, including involvement by local public 
officials.  
 
Step Eight:  Implement Procedure for Evaluating Damage  
If reports are received from the public of felt earthquakes that might originate from or 
near the reservoir, or  if earthquakes detected by a monitoring array indicate that 
nearby events might be of sufficient magnitude to be felt, then a procedure for 
monitoring and responding to felt seismicity should be developed. This would assess, 
for example, any possible structural damage and/or related environmental disturbance. 
Surface-mounted ‘broadband’ seismometers and/or accelerometers are typically used 
to determine dominant frequency and peak acceleration. These are the variables used 
to assess the potential of an earthquake to cause structural damage. To the extent that 
other cultural sources of noise or shocks may exist, for example, truck traffic or 
quarry blasting, the monitoring system can be designed to differentiate these from 
earthquakes. This will provide a quantitative basis upon which an accurate evaluation 
of any claims can be made which will be fair to both the public and operators. In the 
case of observable damage like cracks it is recommended that the damage claim 
registration and mapping is conducted by an organization independent of the EGS 
project developer. 
 
THE PATH FORWARD FOR AN IMPROVED UNDERSTANDING OF 
INDUCED SEISMICITY 
 
An EGS-based geothermal energy industry is currently becoming established. Because of 
its potential impact on public acceptance of this energy resource, technical case histories 
of induced seismicity will be particularly important to the successful future development 
of EGS.  Experience suggests that, if appropriate mitigation steps are taken, induced 
seismicity is unlikely to prevent the development of geothermal resources. In fact, 
induced seismicity provides a direct benefit because it can be used as a monitoring tool to 
understand the effectiveness of the EGS operations and shed light on the permeability 
structure of the reservoir.  A properly informed community of stakeholders will 
appreciate the value of the information generated by induced seismicity.  
 
During the process of gathering information for the development of this protocol, 
including three international workshops and many presentations at geothermal 
meetings, scientists and engineers working in this field have guided us towards a short 
and long term path. The short-term path is to ensure that there is open communication 
and a good working relationship between the geothermal energy producer and the 
local inhabitants. This involves early establishment of a plan for monitoring and 
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reporting, communication of the plan to the affected community, and diligent follow-
up in the form of reporting and meetings. Geothermal operators have consistently 
shown that it is possible to gain public acceptance and even local support for field 
development operations that may create noise or other disturbances similar to micro-
earthquakes, by ensuring that local inhabitants see the direct economic benefit of 
those activities. Furthermore, the wider environmental benefits of EGS geothermal 
projects, and the need to stimulate deep fractures, hence creating occasional ground 
vibrations at the surface, should be stressed to potentially affected parties. This 
communication of the effects and benefits (“ground shaking is good for us”) will help 
develop a better ‘good neighbour’ relationship.  
 
The long-term path will involve the continued improvement in our understanding of 
the processes underlying induced seismicity and the effective utilization of this 
knowledge to mitigate risks to the public and improve the management of the 
resource. Current models of commercial EGS development involve the engineering of 
subsurface fracture networks with appropriate properties. Micro-seismic monitoring is 
likely to be the most effective method of imaging that fracture network. Such 
geothermal applications of induced seismic monitoring will share technology with 
very similar methods being developed to characterize the response of heavy oil 
reservoirs to steam floods. Research is focusing on understanding the dynamics of 
fracturing and the relationship between fractures and fluid behavior. Future research 
will be most effective by encouraging international cooperation through data 
exchange, sharing results of field studies and research at regular meetings, and 
engaging industry in research projects. A desirable goal would be to identify methods 
of limiting the occurrence of larger events.  
 
EGS applications have the potential of making a significant contribution to the 
worldwide renewable energy supply. Additional experience and the application of the 
practices discussed above will provide further knowledge, helping us to successfully 
utilize EGS-induced seismicity and achieve the full potential of EGS.  
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PREFACE 


As the global demand for energy increases, the contribution from geothermal energy could be 
extremely large, particularly if resources developed with enhanced geothermal systems (EGS) 
technology are incorporated into the total energy picture.  A recent study by MIT (2006) predicts 
that in the U.S. alone, 100,000 MWe of cost-competitive capacity could be provided by EGS in 
the next 50 years with reasonable investment.  The U.S. Geological Survey estimates that in the 
U.S., which uses about 100 quads of energy per year, there are 300,000 quads in the >200°C heat 
sources down to 6 km depth.  Other large countries, such as India and China, have similar heat 
resources, so the global potential of geothermal energy is enormous, if EGS can be developed on 
a large scale. 


Because implementation of EGS affects subsurface conditions, especially the behavior of 
fractures, there exists the potential to cause induced seismicity.  Although induced seismicity has 
occurred in the development and production of several conventional hydrothermal resources, 
there has never been a case of significant damage in any of these geothermal applications (Majer 
et al., 2007).  Nevertheless, there have been a few instances of public concern where induced 
seismicity has hindered and/or stopped EGS projects. 


To help gain acceptance from the general public for geothermal generally and EGS specifically, 
the International Energy Agency (IEA), in cooperation with the U.S. Department of Energy, 
seeks to better understand the issues associated with induced seismicity in EGS projects.  These 
issues are both positive (since seismicity is a diagnostic tool for EGS development) and negative 
(since the public may be concerned about seismicity).  Over the course of several years (2005 to 
2008), three workshops were held to collect information to be used to develop a general guide 
for developers to address induced seismicity issues.  The first such guide or protocol was issued 
by the IEA in 2009 (Majer et al., 2009).  This initial protocol included simple planning steps that 
would apply to most EGS developments, and a few more elaborate procedures that would apply 
under particular circumstances to a small number of EGS projects.  It was not intended to be a 
universally applicable approach to induced seismicity management, but rather a methodology to 
observe, evaluate, understand and manage induced seismicity at geothermal projects.  It was 
directed at geothermal developers, public officials, regulators, and the public at large. 


Since 2009, new experience and knowledge have been acquired, and there is a continuing focus 
on induced seismicity.  As the desire for clean, renewable energy has continued to increase, there 
is a strong and growing interest in developing more geothermal power.  This made it apparent 
that a revised protocol needed to be developed, to address new technical issues and public 
concerns.  Two more workshops were held in 2010, attended by experts in induced seismicity, 
geothermal power development and risk assessment, providing valuable, up-to-date information 
for a revised protocol.  The protocol presented herein is the result. 


 







 


 


This second protocol is more detailed than the first, and incorporates new knowledge and 
experiences in dealing with induced seismicity.  Like the first, it is also directed at geothermal 
developers, public officials, regulators, and the general public.  The authors emphasize that this 
protocol is neither a substitute nor a panacea for regulatory requirements that may be imposed by 
federal, state or local regulators.  Instead, its purpose is to identify the induced seismicity issues 
that should be considered by stakeholders involved in EGS developments, and provide 
guidelines for evaluating and managing the effects of induced seismicity.  The overall goal of the 
protocol is to help facilitate the successful development of EGS projects, thus contributing to the 
goal of increasing the availability of clean, renewable and indigenous energy in the U.S. 


This document was prepared at the direction of the U.S. Department of Energy’s Geothermal 
Technologies Program.  It is intended to assist industry and regulators to identify important 
issues and parameters that may be necessary for the evaluation and mitigation of adverse effects 
of induced seismicity.  Determination of actual site-specific criteria that must be met by a 
particular project is beyond the scope of this document; it remains the obligation of project 
developers to meet any and all applicable federal, state or local regulations. 
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GLOSSARY OF TERMS 


Amplitude  The peak-to-peak measure of a parameter associated 
with a seismic wave or vibration (e.g., displacement, 
velocity, etc.); usually refers to the level or intensity of 
ground shaking or vibration. 


Average annual value  The amount of damage per causative event multiplied 
by the annual probability of occurrence of such events, 
summed over all possible earthquakes and all possible 
consequences of each earthquake. 


Deterministic seismic hazard analysis  The estimation of the hazard from a selected scenario 
earthquake or seismic event. 


Earthquake The result of slip or displacement on a geologic fault 
resulting in the release of seismic energy.  Some 
earthquakes can be “induced” as a result of a man-made 
activity, e.g., fluid injection. 


Enhanced Geothermal Systems (EGS)  Activities undertaken to increase the permeability in a 
targeted subsurface volume via injecting and 
withdrawing fluids into and from the rock formations 
that are intended to increase the ability to extract energy 
from a subsurface heat source.  


Fault mechanism The description of the rupture process of an earthquake, 
i.e., style of faulting and the rupture fault plane on 
which it occurs 


Focal mechanism A graphic representation of the faulting mechanism of 
an earthquake, calculated by seismologists. 


Ground motion prediction model A relationship usually based on strong motion data that 
predicts the amplitude of a specified ground motion 
parameter e.g., peak ground acceleration (PGA) as a 
function of magnitude, distance, and site conditions.   
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Human response curves  A graphic representation of a human’s sensitivity and 
response to vibration as a function of frequency. 


Induced seismic event A seismic event, e.g., an earthquake that is induced by 
manmade activities such as fluid injection, reservoir 
impoundment, mining, and other activities.  The term 
“induced” has been used to include “triggered seismic 
events” and so sometimes the terms are used 
interchangeably.  See “triggered seismic events” below 
and Section 1 of this report.  


Moment magnitude (M) The preferred method to calculate the size of an 
earthquake or seismic event based on its seismic 
moment.  Because it is based on the rigidity of the rock 
times  the  amount of slip, times the area of slip,  
seismologists regard moment magnitude as a more 
accurate estimate of the size of an earthquake than 
earlier scales such as Richter local magnitude.   


Peak ground acceleration (PGA)       The maximum instantaneous amplitude of the absolute 
value of the acceleration of the ground. 


Peak particle velocity (PPV)  The maximum instantaneous amplitude of the absolute 
value of the velocity of an object or surface. 


Peak ground velocity (PGV) The maximum instantaneous amplitude of the absolute 
value of the velocity of the ground.  


Probabilistic seismic hazard analysis The probabilistic estimation of the ground motions that 
are expected to occur or be exceeded given a specified 
annual frequency or return period. 


Probability of exceedance The probability or more accurately the frequency at 
which the value of a specified parameter is equaled or 
exceeded.   
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Quad A unit of energy equal to 1015 BTU, 1.055 x 1018 Joule, 
and 293.07 Terrawatt-hours. 


Rock permeability  The ability of a rock to transmit fluids (oil, water, gas, 
etc.). 


Seismic hazard The effect of an earthquake that can result in loss or 
damage, such as ground shaking, liquefaction, and 
landslides.   


Seismic hazard curve The result of a probabilistic seismic hazard analysis.  
The probabilistic hazard is expressed as the relationship 
between some ground motion parameter e.g., PGA and 
annual exceedance probability (frequency) or return 
period 


Seismic risk The probability of loss or damage due to seismicity. 


Shear-wave velocity profile The relationship between the shear-wave velocity of the 
earth and depth.  Shear-wave velocities of the near-
surface (top hundreds of meters) of the ground control 
the amplification of incoming seismic waves resulting 
in frequency-dependent increases or decreases in the 
amplitudes of ground shaking. 


Spectral frequency The frequencies that constitute the ground motion 
record.  They are the frequencies for which it is 
necessary to know the energy they carry to be able to 
reconstitute the full record in the time domain. 


Tectonic stresses The stresses in the earth due to geologic processes such 
as movement of the tectonic plates. 


Temperature gradient  A physical quantity that describes (in this context) the 
change in temperature with depth in the earth. The 
temperature gradient is a dimensional quantity 


 v 







Protocol for Addressing Induced Seismicity Associated with Enhanced Geothermal Systems (EGS) 


 vi 


expressed in units of degrees (on a particular 
temperature scale) per unit length (e.g., ºC/km). 


Thermal contraction  The contracting response of hot materials when 
interacting with cool fluids. 


Tomography  Imaging by sections or sectioning, through the use of 
any kind of penetrating wave.  A device used in 
tomography is called a tomograph, while the image 
produced is a tomogram. 


Transient ground vibration  Temporarily sustained ground vibration. 


Triggered seismic event A seismic event that is the result of failure along a pre-
existing zone of weakness, e.g., a fault that is already 
critically stressed and is pushed to failure by a stress 
perturbation from natural or manmade activities.  See 
Section 1. 


Vibration  The dynamic motion of an object, characterized by 
direction and amplitude. 


Vibration exposure  A person’s exposure to vibrations, in this case ground 
motion vibrations. 


Vulnerability function  A function that characterizes potential damages in 
terms of a relation that gives the level of consequence 
(damage, nuisance, economic losses) as a function of 
the level of the ground-motion at a particular location. 


 



http://en.wikipedia.org/wiki/Units_of_measurement

http://en.wikipedia.org/wiki/Wave
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1. INTRODUCTION 


Geothermal energy is a viable form of alternative energy that is expected to grow significantly in 
the near and long term.  The energy estimated from hydrothermal systems is large, but the total 
supply from geothermal systems has the potential to become orders of magnitude larger if the 
energy from geothermal systems can be enhanced, i.e., enhanced geothermal systems (EGS).  
EGS is defined as any activities that are undertaken to increase the permeability in a targeted 
subsurface volume via injecting and withdrawing fluids into, and from the rock formations that 
are intended to result in an increased ability to extract energy from a subsurface heat source 
(examples would be fluid pressurization, hydrofracture, chemical stimulation, etc.).  As with the 
development of any new technology, however, some aspects are accepted, and others need 
clarification and study.  In the case of EGS, fluid injection is used to enhance rock permeability 
and recover heat from the rock.  During the process of creating an underground heat exchanger 
by injection or the subsequent circulation of the system, stress patterns in the rock may change, 
resulting in seismic events (see Appendix).  In almost all cases, these events have been of 
relatively small magnitude, and by the time the energy reaches the surface, the vast majority are 
rarely felt (Majer et al., 2007).  The impacts of a seismic event created by EGS can be 
significantly different from those associated with a natural earthquake:  the former generally falls 
into the category of an annoyance, as with the passing of a rail transit vehicle or large truck, 
whereas the latter may cause damage in a moderate to large event.  Although to date there is no 
recorded instance of a significant danger or damage associated with induced seismicity related to 
geothermal energy production, the introduction of EGS technology in populated areas could be 
regarded by some as an intrusion on the peace and tranquility of populated areas due to its 
potential “annoyance factor.”   


Historically, induced seismicity has occurred in many different energy and industrial applications 
(reservoir impoundment, mining, construction, waste disposal, oil and gas production).  
Although certain projects have been stopped because of induced seismicity issues, proper study 
and engineering controls have always been applied to enable the safe and economic 
implementation of these technologies.  Recent publicity surrounding induced seismicity at 
several geothermal sites points out the need to address and mitigate any potential problems that 
induced seismicity may cause in geothermal projects (Majer et al., 2007).  Therefore, it is critical 
that the policy makers and the general community are assured that geothermal technologies 
relying on fluid injections will be engineered to minimize induced seismicity risks, ensuring that 
the resource is developed in a safe and cost effective manner.   


1.1 Intended Use 


This Protocol is intended to be a living document for the public and regulators, and geothermal 
operators.  This version is intended to supplement the existing International Energy Agency 
(IEA) protocol (Majer et al., 2009) and as practically as possible, be kept up-to-date with state-
of-the-art knowledge and practices, both technical and non-technical.  As methods, experience, 
knowledge and regulations change with respect to induced seismicity, so should the Protocol.  It 
also recognizes that “one size” does not fit every geothermal project, and not everything 
presented herein should be required for every EGS project.  Local conditions at each site will call 
for different types of action.  Variations in procedures will result from such factors as the 
population density around the project, past seismicity in the area, the size of the project, the 
depth and amount of injection and its relation to any faults, etc.   
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This document was prepared at the direction of the U. S. Department of Energy’s Geothermal 
Technologies Program.  It is intended to assist industry and regulators to identify important 
issues and parameters that may be necessary for the evaluation and mitigation of adverse effects 
of induced seismicity.  Determination of actual site-specific criteria that must be met by a 
particular project is beyond the scope of this document; it remains the obligation of project 
developers to meet any and all applicable federal, state or local regulations. 


1.2 Objective 


Provide a flexible protocol that ensures the safety of EGS activities while allowing geothermal 
technology to move forward in a cost effective manner. 


To promote the safety of EGS projects and to help gain acceptance from the general public for 
geothermal activities in general, and EGS projects specifically, it is beneficial to clarify the role 
and risks of induced seismicity, which can occur during the development stages of the EGS 
reservoir and the subsequent extraction of the geothermal energy.  This document provides a set 
of general procedures that detail useful steps that geothermal project proponents can take to deal 
with induced seismicity issues.  The procedures are not prescriptive, but suggest an approach to 
engage public officials, industry, regulators, and the public at large, facilitating the approval 
process, helping to avoid project delays and promoting safety.   


With respect to the existing IEA protocol (Majer et al., 2009), this document addresses many of 
the same issues and others that have arisen since the protocol was published.  For example, it 
provides a more accurate approach to address and estimate the seismic risk associated with EGS 
induced seismic events.  Regulators, the public, the geothermal industry and investors need to 
have a framework to estimate such a risk.  Another significant change is a shift toward 
addressing ground motions rather than event magnitudes to measure the impact of seismicity.  
This led to a discussion of the thresholds for vibration, which involve not only the amplitude of 
the ground motions but also such factors as the duration, frequency content, and other measures 
of impact.  Also, attention was paid to the legal implications with respect to the impact or effect 
of any recommended actions.  Lastly, an effort was made to base recommendations on existing 
and accepted engineering standards that are used in such industries as mining, construction, or 
similar activities that produce or have the potential for producing unwanted ground motions and 
noise. 


1.3 Background 


To access geothermal resources, wells are drilled to depths at which the required high 
temperatures and thermal capacities are reached.  The depth required to reach that temperature 
depends upon the temperature gradient (the rate of temperature increase with depth), which 
varies significantly from place to place.  Therefore, the depths of geothermal wells varies over a 
wide range, from less than 1,000 to 5,000 m in rare cases.  In addition to elevated temperatures, a 
geothermal well for commercial development must also intersect sufficient permeability to 
enable the extraction and/or circulation of fluids at certain flow rates i.e., at least a sustained 
production of 5 MW over a 30 year period. 


The combination of sufficiently high temperature and good natural permeability occurs in certain 
areas of the earth, such as some areas of active tectonism and volcanism.  However, these 
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comprise only a fraction of the earth; elsewhere, permeability is lower, even though the desired 
temperature may be accessible by drilling.  In such cases, the permeability of the rock must be 
enhanced to enable commercial flow rates.  To date, the only method of adequate permeability 
enhancement in EGS has been through fluid injection, which can have the side-effect of causing 
induced seismicity.  In an important way, this side-effect is beneficial:  EGS project developers 
monitor and map induced seismicity to understand and manage the EGS reservoir.  The induced 
event locations show where fractures have slipped slightly in response to increasing pore 
pressure and/or temperature change during injection, a process that can increase the aperture and 
conductive length of some fractures, and therefore the permeability of the reservoir.  Typically, 
monitoring and mapping of induced seismicity is used to help site and target deep wells. 


The orientation of the fractures that tend to slip most easily in response to fluid injection depend 
upon the orientation of the ambient stresses acting on the reservoir rock.  In turn, these depend 
on the regional tectonic framework and the local geologic structure.  The ease with which 
fractures slip during injection depends upon the strength of the reservoir rock, the magnitudes of 
the stresses acting on it, and the pore pressure increase.  The size of the seismic event will 
depend upon the amount of stress available to cause the slip and the dimensions of the slip area. 
Injection may cause thermal contraction, which also may play a role.  The amount of fracture slip 
(the main cause of induced seismicity in EGS projects) depends upon the interplay between these 
elements.  This explains the importance of understanding the geomechanics, temperature and 
hydraulics in EGS planning, assessment and development.   


It is noted that there is little if any potential for induced seismicity in geothermal applications 
where no fluid is injected or withdrawn from the native formations or if the fluids that are 
injected and/or withdrawn are at a shallow depth (less than 300 to 600 m).  Therefore, such 
applications as heat pumps and shallow injections are not considered in this EGS Protocol 
because of the low potential for induced seismicity.  


In the following, we use the terms “vibration” and “ground shaking” or “ground motion.”  We 
use “vibration” when referring to the regulatory aspects of ground motions, since vibrations can 
be and are regulated.  We use “ground shaking” and “ground motion” interchangeably when 
referring to the ground motions resulting from natural earthquakes and induced seismic events.  
We also distinguish between natural tectonic “earthquakes” and “induced seismic events” even 
though the processes of generation are generally the same.  


Finally we also note that the terms “induced” and “triggered” are often used interchangeably in 
the literature on induced seismicity and by practitioners in those fields and in the field of 
seismology.  In terms of the process of causing a seismic event, the two terms should be used 
differently although admittedly it is difficult to define where an induced seismic event should be 
called a triggered seismic event and vice versa.  As an example of the discussion that is ongoing 
in the induced seismicity community, the U.S. Society of Dams has officially adopted the use of 
the term “reservoir-triggered seismicity” rather than the traditional 50-year old phrase “reservoir-
induced seismicity.”  In this Protocol we use the term “induced” to include all seismic events that 
result from fluid injection and will only use the term “triggered” in well-defined situations.  A 
glossary of terms is included at the beginning of the document. 
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2. STEPS IN ADDRESSING INDUCED SEISMICITY 


Given below are a series of recommended steps to meet the objective stated above.  It is 
emphasized again that this is not a “one size fits all” approach, and that stakeholders should 
tailor their actions to project-specific needs and circumstances. 


This document outlines the suggested steps that a developer should follow to address induced 
seismicity issues, implement an outreach campaign and cooperate with regulatory authorities and 
local groups.  With the goal of gaining acceptance by non-industry stakeholders and promoting 
safety in mind, the Protocol is a series of complementary technical steps to inform the project 
proponent linked with outreach and/or education steps to inform and involve the public.   


The following steps are proposed for addressing induced seismicity issues as they relate to the 
whole project. 


1. Perform a preliminary screening evaluation  


2. Implement an outreach and communication program  


3. Identify criteria for ground vibration and noise  


4. Establish seismic monitoring  


5. Quantify the hazard from natural and induced seismic events  


6. Characterize the risk from induced seismic events  


7. Develop risk-based mitigation plans  


These are listed in the order generally expected to be followed, but it is anticipated that each 
developer will organize their own program.  Regulatory or other requirements may affect the 
order or approach to undertaking these steps.  For example, when a Federal agency is involved 
(e.g., Federal lands, funding, permitting), compliance with the National Environmental Policy 
Act (NEPA) may be required.  This document is not intended to be a substitute for such 
activities, but instead seeks to help and advise stakeholders who may be involved with such 
regulatory activities.  Project proponents should work closely with NEPA compliance officials 
within the involved Federal agency(ies) to align information needs and public involvement 
activities with the NEPA review process.  This also would be true for compliance with other 
environmental review requirements such as state NEPA-like laws (e.g., California 
Environmental Quality Act) and permitting or approval requirements. 


2.1 STEP 1:  Perform Preliminary Screening Evaluation 


2.1.1 Purpose  


Sources of opposition to projects such as an EGS project often arise from a variety of possible 
issues, ranging from local politics to community preferences or regulations.  Technical 
considerations such as those associated with seismic risk, although often secondary, must also be 
evaluated to decide if the project can proceed.  Therefore, before going forward in the planning 
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and engineering of an EGS facility, the feasibility of such a project and associated 
socioeconomic and financial risks must be evaluated to determine whether there are any obvious 
“show-stoppers.”  This first step is therefore a “screening” analysis designed to eliminate sites 
that would present a low probability of success, and to confirm those that have manageable risks 
and remain strong contenders.  This provides an initial measure of project acceptability, and 
should include consistency with Executive Order 12898, Federal Actions to Address 
Environmental Justice in Minority Populations and Low-Income Populations (February 11, 
1994).” 


Although not intended to be a complete analysis, Step 1 should have enough rigor and credibility 
to support early technical communications, identify potential impacts, and establish credible 
plans to go forward, with enough confidence to demonstrate that public and regulatory 
acceptability is achievable.  This step focuses on expected ground motion, damages and 
nuisance, and its goals are to identify projects that have a low likelihood of success, be it because 
of technical reasons or little chances of being accepted by local populations, and to give an 
opportunity to the responsible developer to make an informed decision as to whether it is viable 
to proceed, and to determine the needs for detailed analysis for those projects that do proceed. 


2.1.2 Recommended Approach 


A bounding type of analysis should be performed to quickly establish the likelihood that the 
project would obtain regulatory approval to proceed.  The likelihood should be categorized as 
one of four levels:  (I) High-to-very-high, (II) Medium-high, (III) Medium-low, or (IV) Low-to-
very-low. 


Potential EGS geographic areas may vary significantly in terms of their populations and the 
existing level of seismicity.  The screening analysis for some projects may be quite clear; for 
example, a remote site with little natural seismicity would be categorized as a clear Level I, and 
an urban site with active faulting would be a clear Level IV.  For those projects in all but 
category Level  IV (which should be discarded after initial screening), this process will highlight 
the areas of risk that need to be addressed. 


The same general approach to standard risk analysis is suggested for this screening process, but 
with an emphasis on simplicity, and using an approximate or qualitative approach, rather than the 
often more onerous quantitative approaches: 


• Review federal, local and state relevant laws and regulations to generally assess the 
prospect of proceeding with the project; i.e., determine if the local regulations are so 
restrictive that any effects of induced seismicity would not be allowed. 


• Determine the radius of influence within which there could be a negative impact as a 
result of seismic activity due to EGS.  Identify the existing potential seismic hazards for 
natural seismicity (e.g., U.S. Geological Survey National Hazard Maps; Petersen et al., 
2008).  Note:  Assuming a maximum seismic event of moment magnitude (M) 4.6, data 
from existing EGS projects suggest that the radius of influence from the injection wells 
would probably not exceed 25 km in the western U.S. and 40 km in the east (a greater 
distance is required in the central and eastern U.S., due to more competent rock in the 
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east), although local factors may influence this value.  (This assumes that the maximum 
seismic event one would expect would not exceed M 4.6, which is the maximum event 
observed to date from any geothermal project worldwide; Majer et al., 2007). 


• Estimate the maximum injection-induced seismic event, including a realistic maximum 
estimate of ground motion, using similarities with existing EGS projects (this will allow a 
refinement of the radius of influence). 


• Identify potential impacts, including physical damages, social disturbances, nuisance, 
economic disruption, and environmental impacts. 


• Establish an approximate lower and upper bound of potential damages, using both the 
average expected induced seismicity, and the worst case, based on:  1) the number, type 
and average value of structures impacted; and 2) the likely range of ground motion, either 
from observations or from assumed event magnitudes and existing ground motion 
attenuation relationships. 


• Based on these results, classify the overall risk as one of the four above described 
categories Levels (I to IV). 


From which the recommended decision is as follows: 


I. Very Low: Proceed with planning  


II. Low:  Can proceed with planning, but may require additional analysis to 
  confirm 


III. Medium: Probably should not proceed at this site, but additional analysis 
  might support proceeding 


IV. High:  Do not proceed 


Additionally, consider and factor in the public’s level of concern regarding the project.  
Therefore the final decision needs to be made after interaction with the local community in 
recognition of the fact that different communities may have different acceptance levels of risk, 
and/or possibly different socioeconomic needs.  This will allow this risk scale to be calibrated; 
hence, outreach and transparency play an important role. 


If it is decided to proceed with planning, the results of the bounding analysis would be presented 
to the public in the potentially impacted geographical region (as defined in the radius of 
influence) to facilitate communication and feedback.  In particular, a scientifically credible 
estimate of the worst case scenario should be made to quantify its probability of occurrence, and 
to compare the worst-case scenario with events of comparable levels of risk, including the risk 
associated with natural seismicity.  (See Step 2 which discusses mechanisms for outreach.) 


At a minimum, the following estimates should be included in the screening study: 


• A description (location, magnitude, frequency of occurrence) of the selected natural 
earthquakes and/or induced seismic events considered in the screening study.  
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• A map of the ground motion people might experience from these earthquakes and/or 
induced seismic event, and its frequency of occurrence. 


• A description of conditions that could constitute nuisance, and what is commonly 
accepted in other similar cases (mining, transportation, industrial manufacturing, 
construction, etc.). 


• The level of impact that is perceived to be safe by stakeholders (regulators, community, 
operator, etc.). 


• An estimate of the number of people, institutions, and industries located in the region that 
might be exposed to any impact of concern, the expected frequency of occurrence, and 
possible mitigation measures. 


2.1.3 Summary 


Step 1 is an initial screening that should be capable of withstanding regulatory and public 
scrutiny for the purpose of determining the overall feasibility of the project, and identifying 
possible flaws or circumstances that could become “show-stoppers” for the EGS project. 


The recommended process for Step 1 includes a collection of readily available information and, 
scientific and non technical information that could be used to assess the potential impact on the 
communities and stakeholders, and a simple but rigorous analysis to evaluate the possible 
minimum impact in routine operations, and possible worst case impact of the proposed project. 


2.2 STEP 2:  Implement an Outreach and Communication Program 


2.2.1 Purpose 


Acceptability to the local community is an important milestone in an EGS project.  It is critical 
that the public stakeholders are kept informed and their input is considered and acted upon as the 
project proceeds.  The outreach and communication program is designed to facilitate 
communication and maintain positive relationships with the local community, stakeholders, 
regulators, and public safety officials.  All of these groups are likely to provide their feedback to 
the geothermal developer at different times during the project.   


The outreach program should help the project achieve a level of transparency and participation 
based on the following suggested framework for interaction: 


• The project developer should make an outreach plan at the start of the project, and 
periodically update and modify the plan as needed as the project proceeds, addressing 
stakeholder concerns. 


• The amount and type of outreach should be related to the specific project situation, 
including distance from population, size of the project, duration of activities with 
potential for induced seismicity, the regulatory environment, and the number and types of 
entities responsible for public safety.  


• The dialogue should be open, informative and multi-directional. 
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• Multiple meetings should be held as the project progresses and more information is 
obtained. 


• Each group (community, stakeholders, regulators, public officials) should be approached 
at an appropriate technical level.  A mechanism to respond to their concerns and 
questions should be put in place and maintained throughout the project. 


It is expected that there would be many participants in the outreach and communications plan, 
including the project proponents (developer team, seismologist, civil or structural engineer, local 
utility company and a representative of the funding entity), the community (local project 
employees, community leaders and community members at large), and public safety officials, 
regulators and/or organizations (law enforcement, fire department, emergency medical 
personnel). 


2.2.2 Recommended Approach 


The following list is relatively long and tries to envisage many scenarios in which the public may 
become involved with an EGS project.  As for the Protocol itself, there is no “one size fits all” 
approach to outreach and communications, and it is expected that project proponents will prepare 
their own outreach plans that are suitable to the issues at hand.  All of the following are 
considered as suggestions only; some may not be needed, depending on the specifics of the 
project and the local communities. 


1. Evaluate outreach needs.  Identify the people and organizations who would be the 
outreach targets; hold preliminary discussions with community leaders, regulators and 
public safety officials to explain the project and determine their concerns; identify 
individuals (community, regulatory and public safety) who have the trust of the 
community at large, and engage them in discussion about the project; identify community 
needs that could be partially or fully met by the EGS project (e.g., school science 
programs, support to libraries, or community facilities heated  or poweredby geothermal 
resources such as a community greenhouse, heating system, swimming pool, etc.); 
consider what the project could reasonably offer the community to increase their 
involvement, appreciation and pride in the project, including employment opportunities. 


2. Develop plans to approach community, stakeholders, regulators and public safety 
officials. 


3. Develop a public relations plan to interest local media in the project. 


4. Set up a local office in the community, ideally including technical displays for visitors. 


5. Hold an initial public meeting and site visit that would cover both technical and non-
technical issues.  Assume that your audience is well informed and knowledgeable, but 
also be prepared to explain issues in relatively simple terms.  Explain how the project is 
funded and introduce your team and its qualifications.  If applicable, explain that public 
institutions such as the USGS, universities and National labs may also be involved, not 
only as technical help but as independent agencies to check results.  Begin with an 
overview of the project and the motivation for doing it, then explain the steps in the 
project and the approximate timeline.  Explain why induced seismicity may occur and the 
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history of induced seismicity in other applications.  This may require an explanation of 
the difference between induced seismicity and natural earthquakes (size, frequency, etc.).  
Ideally, the public would get involved in the discussion through questions and answers, 
ensuring a two-way dialogue, with both sides asking and answering questions.  The 
developer can ask about any felt seismicity in the past, and should be prepared with an 
historic earthquake catalogue of the area (if available).  If events have occurred nearby, 
the developer could ask if specific events were felt or not, and if there was any damage.   


During this discussion, it can be acknowledged that EGS projects might have 
implications that are technical (for the project), safety-related (ensuring no danger to life 
and property), and economic (a path toward an indigenous, stable and renewable energy 
supply; jobs).  Explain the specific local benefit (jobs, school, library, heating, 
greenhouse, swimming pool, etc.).  Explain the analyses already undertaken and the 
potential risks and  advise the public that a procedure is being developed prior to 
execution to prevent adverse induced seismicity as well as modifying the planned 
operations if induced seismicity becomes a problem.  Similarly, advise that a procedure is 
being developed for evaluating damage, and that it may require inspection of buildings 
before any significant geothermal operations take place.   


Explain the benefits of the project, both locally and globally.  If possible, provide some 
images of what the geothermal power plant might look like.  If any activity is occurring 
on site, use it as part of the technical explanation; if there is no activity at the time the 
meeting is held, use that to demonstrate that the fundamental nature of the site will not 
change very much. 


The developer should listen to concerns and respond openly, and ideally would set up 
mechanisms to notify the community as work proceeds (phone tree, e-mail list, website, 
etc.) and for the community to ask questions and receive answers about the project.   


6. If feasible, hold another site visit during a period of active drilling.  This will get people 
interested and involved, since drilling activities are genuinely interesting to most people.   


7. Hold another meeting in advance of the first stimulation, to explain:  the procedure for 
monitoring induced seismicity; the thresholds that have been set for induced seismicity 
and their rationale; the procedure for modifying the stimulation procedure in the event 
that the community will find the impacts of the induced seismicity intolerable; the call-in 
line (“hot line”) that is available for reporting felt events and how calls will be handled; 
and the liaison between the project and public safety officials.   


8. If feasible, bring community members to the site when stimulation is occurring so that 
they can see the simplicity of the operation (water pumping). 


9. After stimulation, hold another meeting to report on the results, explain what happens 
next, and discuss the positive and any negative effects associated with the project to the 
community. 


10. As additional operations at the site proceed, advise the community via the 
communication network and seek feedback. 
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11. Plan and conduct additional meetings and media events as appropriate 


2.2.3 Summary 


The overarching goal of the outreach and communication program is to engage the community in 
a positive and open manner, before activities begin on site, and continuing as operations proceed.  
The first step is to understand the community and its needs and concerns, and then determine 
creative ways to inform the community, engage them in a dialogue, and demonstrate the benefits 
of the project, particularly at the local scale.  In addition to being an information exchange, the 
outreach and communication program should be designed to engender long-term support for the 
project.  To the extent that a project is distant from local population, the requirements of the 
outreach program would decrease. 


2.3 STEP 3:  Review and Select Criteria for Ground Vibration and Noise 


2.3.1 Purpose 


The geothermal developer should identify and evaluate existing standards and criteria, thus 
becoming informed of the applicable regulations for ground-borne noise and vibration impact 
assessment and mitigation that have been developed and applied by other industries, and could 
be helpful in evaluating the EGS project.  These standards and criteria apply to damage to 
buildings, human activity interference, industrial/commercial/research/medical activity 
interference, and wildlife habitat.  Existing criteria developed for non-EGS industries might or 
might not apply specifically to EGS, and appropriate acceptance criteria for an EGS project 
would likely be based on a variety of factors, such as land use, population, frequency of 
occurrence of EGS events, magnitudes, etc. 


2.3.2 Recommended Approach 


Steps towards selecting environmental noise and vibration impact criteria are outlined below.  


Assess Existing Conditions  


Evaluate the existing ground vibration and noise environments in areas of potential impact to 
establish a baseline.  Then evaluate the impacts anticipated from the project.  Absolute vibration 
or noise limits for EGS seismic events would be at least equal to or more likely greater than that 
associated with existing natural and cultural background levels.   


Review Local Ordinances 


Identify local ordinances or requirements that may be appropriate as they relate to noise and 
vibration or other such disturbances.  For example, noise and vibration from railroads or 
highways are not subject to local noise ordinances, while lawn mowers often are.  


Review Building Threshold Cosmetic Damage Criteria  


Building damage criteria are usually stated in terms of the peak particle velocity (PPV) 
(equivalent to the peak ground velocity or PGV) measured at the ground surface (typically the 
building foundation, but more appropriately the ground surface in the free-field).  Building 
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damage criteria usually focus on cosmetic damage, which includes hairline cracking of paint or 
stucco, where the cracks usually do not remain open.  


Threshold cracking criteria have been recommended in U.S. Bureau of Mines (USBM) Report 
RI 8507 (Siskind et al., 1980).  Although these criteria were developed for blasting and 
construction activities, the seismic energy from these activities would be similar to that from 
induced seismic events (in frequency bandwidth and range) and thus be applicable to induced 
seismicity cases.  These criteria are almost universally used by the construction and mining 
industry to assess the potential for threshold cracking due to blasting, and are employed in many 
commercially available vibration monitoring systems.  Transient ground vibration from blasting 
at mining operations is probably most closely related to EGS induced seismicity, and the USBM 
criteria for threshold cracking due to blasting would appear to be directly applicable to EGS 
induced seismicity.  


Vibration limits are often applied to construction projects to avoid threshold damage to 
structures.  Construction vibration limits may be lower than the USBM criteria, possibly for two 
reasons.  One is the desire to be conservative in assessing damage risk.  Another is that 
construction vibration may involve continuous excitation from sources such as vibratory pile 
drivers and soil compactors, impact pile drivers, which may operate for several weeks at a major 
project, and general earth moving operations.  Examples of construction vibration limits include 
those used by the California Department of Transportation (2004) and the Federal Transportation 
Administration (FTA, 2006).  These construction vibration limits may be less applicable to EGS 
than the USBM criteria for blasting given in RI 8507. 


Review Structural Damage Criteria  


Local building codes and structure types should be reviewed to determine appropriate ground 
motion limits that might be applicable.  Dowding (1996) suggests that reinforced concrete 
structures can experience high vibration without damage, perhaps as high as 125 to 250 mm/sec 
(5 to 10 in/sec) PPV.  These PGVs are considerably higher than thresholds for cosmetic damage.  
Siskind (2000) discusses a number of case histories and experiments that indicate the PGVs at 
which both cosmetic and structural damage may occur.  In particular, cracking of free standing 
masonry walls was found for peak ground velocities of 150 mm/sec to 275 mm/sec (6 to 
11in/sec).  Continuous exposure of full scale free-standing walls to peak ground velocities of up 
to 175 mm/sec (7in/sec) at 10Hz for 26 hours did not produce cracking (Siskind, 2000).   


Soil settlement due to vibration is discussed by Dowding (1996).  Pile driving can induce some 
densification, though usually within a distance associated with the length of the pile.  A review 
of the literature concerning foundation settlement due to repetitive exposure to ground motions 
expected for EGS should be conducted.  Damage criteria for underground structures, such as 
pipelines or basement walls, should be reviewed; a useful discussion is provided by Dowding 
(1996).  


Human Exposure to Vibration  


Guidelines for assessing human response to vibration are provided in American National 
Standard Institute ANSI S2.71-1983 (formerly ANSI S3.29-1983) Guide to the Evaluation of 
Human Exposure to Vibration in Buildings.  This standard closely follows International 
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Organization of Standardization (ISO) 2631, parts 1 and 2 (ISO, 2003).  The ANSI S2.71 
guidelines include human response curves that define the levels of acceptability for vertical and 
horizontal velocity.  Dowding (1996) discusses the use of PPV versus ANSI S2.71 and ANSI 
S2.18 criteria for human exposure to vibration.  


Interference with Industrial and Institutional Land Uses  


Vibration limits for various industrial and institutional activities should be identified.  The types 
of industrial and institutional land uses include hospitals, university research laboratories, 
biomedical research facilities, semiconductor manufacturing facilities, recording studios, 
metrology laboratories, and the like.  The Institute for Environmental Sciences (IES; 1995) has 
recommended generic vibration criteria for various types of equipment and instrumentation.  
Where available, specifications for specific equipment, (such as hospital MRI machines, 
scanning electron microscopes, etc.) should be relied on.  


Ground-Borne Noise  


Ground motions produced by EGS induced seismic events can produce audible noise inside 
buildings.  The FTA has provided guidelines for assessing ground borne noise and vibration 
impacts from new transit systems (FTA, 2006).  These criteria may not be directly applicable to 
EGS, but they are likely to be referred to by stakeholders or regulators.  


2.3.3 Summary 


Numerous criteria, standards, and equipment specifications exist that may be drawn upon in 
assessing the impact of EGS seismicity on neighboring communities.  These should be reviewed 
in detail and used to develop appropriate criteria for risk assessment.  Some of the information 
may be directly applicable to EGS, but most would likely require some adjustment, considering 
the short duration and unpredictability of induced seismic events.  No doubt, additional criteria 
can be found.  For example, European countries where EGS activities have been developed are 
considering EGS-specific impact assessment criteria or mitigation design provisions. 


2.4 STEP 4:  Establish Local Seismic Monitoring 


2.4.1 Purpose 


The purpose of this step is to gather data on seismicity from the project area to supplement 
existing seismic data (see Step 5), and provide seismic data in the vicinity of the project area.  
The seismic data will include baseline data collected before operations begin at the site, and data 
collected during operations.  The seismic data will be used not only to forecast induced 
seismicity activity, but also to understand induced seismicity for mitigation and reservoir 
management purposes.  


As will be pointed out in Steps 5 and 6, a main element in forecasting the level of induced 
seismicity is to determine the baseline level of seismic activity that exists before the project 
starts.  That is, how will the geothermal project modify existing “natural” seismicity?  The 
amount of available seismic data will vary depend on the project location; in many areas, it is 
likely that the available baseline data will be from regional seismic monitoring (with distances 
between seismic monitoring stations on the order of tens of kilometers, if not more).  Current 
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experience indicates that geothermal projects (particularly EGS projects) require a high 
sensitivity to seismicity at low magnitude thresholds (M 0 to 1 range) to enable active seismic 
zones to be properly identified.  However, regional seismic monitoring is usually only reliable at 
or above M 2.0.  Also in most cases of geothermal induced seismicity, a great majority of the 
seismicity is below the M 2.0 level, thus it is important to know the baseline level of seismicity 
at the lower magnitudes.  Once the natural or baseline seismic data have been collected and 
evaluated, they are typically used for making operational decisions that relate to  stress 
directions,  seismic source types (faulting types) and other characteristics that will be useful for 
designing and operating the overall project.  Finally, it is necessary to collect a minimum amount 
of seismic information to perform the screening step (Step 1), including some information on the 
frequency of occurrence of natural earthquakes that will be needed to estimate the potential 
impact on any nearby real-estate and/or industrial assets. 


2.4.2 Recommended Approach 


The seismic monitoring program should strive to collect data that is not biased in time or space 
in the vicinity of the potential geothermal project.  The overall objective is to collect enough 
information to characterize background seismicity and identify any active faults that have the 
potential to be affected by the EGS activities.  The length of monitoring time before the injection 
begins will depend upon the existing information on local seismicity.  If there is existing 
monitoring that detects small-magnitude events (in the M 1.0 range), then the duration of seismic 
monitoring of the potential injection area may be as short as one month.  Alternatively, in areas 
with no prior monitoring, the duration may need to be as long as six months.  This implies that 
one should start monitoring with an array of instruments that has enough elements, sensitivity 
and aperture to capture seismicity in the volume at least twice the radius of the anticipated 
stimulated (reservoir) volume, at magnitudes as small as M 1.0, and preferably M 0.0.   


The more sensitive the array, the more detail can be collected on fault structure, seismicity rates, 
failure mechanisms and state of stress.  These are all needed to not only model and forecast the 
seismicity, but also to design the EGS resource development program.  Evaluating the ongoing 
natural background seismicity also enables an understanding of the mechanisms of stress build 
up and release that may be more easily triggered by fluid injection.  Ideally, bandwidth and 
dynamic range should be maximized to the extent possible; however, typical seismic networks 
for capturing seismicity in these types of applications target the frequency range from few Hz to 
several hundred Hz.  Twenty-four bit resolution is now common at these data rates, and should 
be used in EGS projects.  Borehole installations of wide-bandwidth sensors are better than 
surface sensors owing to the increased signal-to-noise ratio and the ability to capture small 
magnitude events, increasing resolution and location accuracy.  The sensors (surface or borehole) 
should record three-component data in order to provide complete information on the failure 
mechanisms and wave propagation (compressional and shear waves) attributes, in addition to 
providing data for more precise locations. 


The minimum data processing should provide the location, magnitude and source mechanisms.  
More sophisticated analysis such as advanced location schemes (double difference locations, 
tomographic analysis for improved velocity models, moment tensor analysis and joint inversions, 
etc.) will probably be needed in the operational phases of the project, but are unlikely to be 
needed during the background monitoring phase.  Procedures for almost all of these methods are 
available in the public domain.   
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To estimate the instrumentation requirements, we have defined a “typical geothermal project” as 
one or two injection wells and several production wells, all located in an area with a diameter of 
5 km or less.  In such a “typical” project, achieving the above objectives requires at least eight 
three-component stations distributed over and around the area.  Deep or wider area projects may 
require more than eight stations, keeping in mind that at least five stations are needed to collect 
enough data to reliably locate events.  As the project advances and the seismic events are 
characterized, more stations may be needed to “follow” and characterize the seismic activity and 
utilize the events to develop strategies not only for mitigation of induced seismicity, but also for 
reservoir enhancement and management.  In certain instances, it may be beneficial or required to 
“in-fill” the main array with temporary stations to increase array sensitivity and achieve better 
location accuracy and focal mechanism coverage, particularly at the time of reservoir creation or 
when the overall operational strategy is changed.  The final issue with regard to instrumentation 
is the decision regarding continuous recording vs. triggered recording.  In any case, especially 
during the injection phase, the data should be processed in close to real time for location and 
magnitude, to enable rapid feedback for both technical analyses and any required mitigation.  


The monitoring should be maintained throughout the injection activity to validate the 
engineering design of the injection in terms of fluid movement directions, and to guide the 
operators on optimal injection volumes and rates.  Background and local monitoring will also 
separate any natural seismicity from induced seismicity, providing protection to the operators 
against specious claims, and ensuring that local vibration regulations are being followed.  The 
local monitoring should include less sensitive recorders that only record ground shaking that can 
be felt.  Typically, this is achieved by installing a few strong motion recorders near any sensitive 
structure to record vibrations that may be problematic.  It is also important to make the results of 
the local monitoring available to the public in as close to real time as feasible.  The monitoring 
should be maintained at a comprehensive level throughout the life of the project, and possibly 
longer; however, if the rate and level of seismicity decrease significantly during the project, 
consideration can be given to discontinuing the monitoring. 


2.4.3 Summary 


Seismic monitoring should be commenced as soon as a project site is selected.  It should be 
comprehensive enough to allow complete spatial coverage of background or baseline seismicity 
over an area that is at least twice as large as the largest anticipated enhanced reservoir.  The 
monitoring should be maintained for the lifetime of the project and possibly longer, depending 
on seismicity created and volume affected.  Instrumentation should be able to detect events at 
least as small as M 1.0 and preferably to M 0.0. 


2.5 STEP 5:  Quantify the Hazard from Natural and Induced Seismic Events 


2.5.1 Purpose 


The purpose of this step is to estimate the ground shaking hazard at a proposed EGS site due to 
natural seismicity and induced seismicity.  Assessing the ground shaking hazard from natural 
seismicity will provide a baseline from which to evaluate the additional hazard from induced 
seismicity.  Hazard is defined as the result of a physical phenomenon (such as an earthquake or 
induced seismic event) that can cause damage or loss.  There are several types of hazards that 
can result from an earthquake; however, for induced seismic events, we are only concerned with 
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ground shaking and to a much lesser extent, noise.  Step 5 should be performed before any 
geothermal stimulations and operations are initiated.  Characterization of future induced 
seismicity at a site is very difficult and assessments must be made based upon the empirical data 
from other case histories and numerical models, which includes specific site characteristics.   


Two approaches can be taken to assess the seismic ground motion at a proposed site: a 
probabilistic seismic hazard analysis (PSHA) and a deterministic seismic hazard analysis 
(DSHA).  Hazard results feed into risk analysis.  Probabilistic hazard is more useful for risk 
analysis because it provides the probabilities of specified levels of ground motions being 
exceeded.  Scenario-based risk analysis using the results of DSHA is useful to describe potential 
maximum effects to stakeholders. 


In typical PSHAs for engineering design, the minimum magnitude considered is M 5.0 because 
empirical data suggests that smaller events seldom cause structural damage (Bommer et al., 
2006).  Since no EGS induced earthquake has exceeded M 5.0 in size to date, the hazard 
analyses should be performed at lower minimum magnitudes.  We suggest that PSHAs be 
performed for M 4.0 so that the hazard with EGS seismicity can be compared with the baseline 
hazard.  To provide input into the risk analysis (Step 6), an even lower minimum magnitude 
should be considered for nuisance effects or interference with sensitive activities. 


The ground motion hazard should be expressed in terms of peak ground acceleration (PGA), 
acceleration response spectra (to compare with spectra from natural earthquakes and building 
code design spectra) and PGV.  Since induced earthquakes are generally small magnitude, 
durations will be short and not of structural concern.  PGV or PPV will be needed for 
comparison with cosmetic and structural building damage criteria, with criteria for vibration 
sensitive research and manufacturing, and for human activity interference. 


2.5.2 Recommended Approach 


PSHAs should be performed first for the natural seismicity, and then the EGS-induced seismicity 
should be superimposed on top of that.   


Estimate the Baseline Hazard from Natural Seismicity 


Steps to be taken are:   


1. Evaluate historical seismicity and calculate frequency of occurrence of background 
seismicity based on a catalog of natural earthquakes.  If baseline seismic monitoring was 
performed in the EGS geothermal project area, incorporate the data into the catalog.  
Account for the incompleteness of the catalog and remove dependent events (e.g., 
aftershocks and foreshocks).  Examine any focal mechanisms of natural seismicity to 
assess the tectonic stress field. 


2. Characterize any active or potentially active faults in the site region and estimate their 
source parameters (source geometry and orientation, rupture process, maximum 
magnitude, recurrence model, and rate) for input into the hazard analysis. 


3. For communities that may be impacted by EGS-induced seismicity, evaluate the 
geological site conditions and, if practical, estimate the shear-wave velocities of the 
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shallow subsurface beneath the potentially impacted communities.  The shear-wave 
velocity profile is often used in ground motion prediction models to quantify site and 
building foundation responses. 


4. Select appropriate ground motion prediction models for tectonic earthquakes for input 
into the hazard analysis.  These models are generally based on strong motion data and 
relate a specified ground motion parameter (e.g., PGA) with the magnitude and distance 
of the causative event, and the specific conditions at the potentially affected site(s). 


5. Perform a PSHA and produce hazard curves to assess the baseline hazard due to natural 
seismicity prior to the occurrence of any induced seismicity.  De-aggregate the hazard 
results in terms of seismic source contributions. 


Estimate the Hazard from Induced Seismicity 


Estimating the hazard from induced seismicity is more difficult than for natural seismicity 
because of the small database of induced seismicity observations both in terms of seismic source 
characterization and ground motion prediction.  However, as more information becomes 
available (particularly seismic monitoring results), the hazard can be re-calculated and the 
uncertainties reduced.  Possible steps that should be taken include: 


1. Evaluate and characterize the tectonic stress field based on earthquake focal mechanisms, 
the structural framework of the potential geothermal area and any other available data, 
particularly the results from any prior seismic monitoring.  To the extent practicable 
given the available data, develop a 3D model of the geothermal area with particular focus 
on:  1) the stratigraphy; 2) pre-existing faults and fractures which could be sources of 
future induced seismicity; and 3) the prevailing stress field in which they exist.  This 
should include evaluations of drilling results, wellbore image logs and any other 
subsurface imaging data that may exist (e.g., seismic tomography, potential field data, 
etc.). 


2. Review known cases of induced seismicity and compare the tectonic and structural 
framework from those cases with the potential geothermal area.  In particular, examine 
and compile the information on the maximum magnitude and the frequencies of 
occurrence of the induced seismicity.   


3. Evaluate the geologic framework of the project area, the characteristics and distribution 
of pre-existing faults and fractures, the tectonic stress field etc. (see Step 4; Section 
2.4.2).  This characterization will be useful in assessing the potential and characteristics 
of future EGS-induced seismicity.  


4. Review and evaluate available models for induced seismicity (e.g., Shapiro et al., 2007; 
McGarr, 1976) that estimate the maximum magnitude of induced seismicity based on 
injection parameters.  Developing a model for induced seismicity is the most challenging 
task in assessing the hazard.  Induced seismicity is the interaction between the injection 
parameters such as injection rates, pressures, and volume and depth of injection and the 
in situ lithologic, structural, hydrologic, and thermal conditions (e.g., faults, fractures, 
rock strength, porosity, permeability, etc.).  These are the most challenging geologic 
characteristics to evaluate because of the difficulty in imaging and the general 
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heterogeneity and complexity inherent in rock masses.  Given this challenge, 
conservative assumptions on the maximum induced event and rates of induced seismicity 
can be made for upper-bound estimates of the hazard.  Best estimates of the hazard can 
be improved by incorporating the possible ranges of parameters and their uncertainties.  
In some circumstances, an evaluation of the potential for far-field triggering a damaging 
earthquake on a nearby fault due to fluid-injection induced seismicity may be required 
although no such cases have been observed to date. 


5. Review and select empirical ground motion prediction model(s) appropriate for induced 
seismicity, if any are available, or at a minimum, one that is appropriate for small to 
moderate magnitude natural earthquakes (M < 5.0).  Almost all existing ground motion 
models have been developed for M 5.0 and above natural earthquakes, and it has been 
suggested that there is a break in scaling between small and large earthquakes (Chiou et 
al., 2010).  Since the maximum induced earthquake will likely be smaller than M 5.0, the 
ground motion prediction model only needs to be accurate at short distances (less than 10 
to 20 km.  Include the uncertainty in the ground motion models. 


6. Calculate scenario ground motions from the maximum induced seismic event by 
performing a DSHA. 


2.5.3 Summary 


Compare the hazard results from the natural and induced earthquakes to assess the potential 
increase in hazard associated with the EGS project.  The hazard results are fed into Step 6, the 
risk analysis.  The hazard estimates should be updated as new information becomes available 
after injection activities have commenced and, if and when, induced seismicity has been 
initiated.  In particular, the results of the seismic monitoring should be evaluated and 
incorporated into the hazard analyses where possible. 


2.6 STEP 6:  Characterize the Risk of Induced Seismic Events 


2.6.1 Purpose 


The purpose of this step is to develop a rigorous and credible estimate of the risk associated with 
the design, construction, and operation of the proposed EGS facility, and to compare the future 
expected risk associated with the operation to the baseline risk existing prior to operation.  
Conceptually this step is the same as Step 1, but instead of aiming at an order of magnitude and a 
bounding of the risk only for the purpose of screening, Step 6 is intended to generate a higher 
resolution and more precise estimate for the purpose of making decisions on design and 
operations of the planned EGS. It will provide a measure of the variation of risk during future 
operation, and helps in evaluating alternative operational procedures, including those that could 
mitigate the negative effects and minimize the risk of induced seismicity. 


2.6.2 Recommended Approach 


The standard method (Kaplan and Garrick, 1981; U.S. Nuclear Regulatory Commission, 1981; 
Whitman et al., 1997; McGuire, 1984; Molina et al., 2010) of characterizing seismic risk 
concentrates on the impact of moderate-to-large earthquakes that have greater magnitudes than 
those generally seen in injection-induced seismicity.  To date, the maximum observed 
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earthquakes attributed to EGS operations have been M 3.0 to 3.7 and the largest geothermal 
injection-related event was a M 4.6 (Majer et al., 2007).  For all types of fluid injection, the 
largest events have been about M 5.0, which occurred at the Rocky Mountain Arsenal (Majer et 
al., 2007; Cladouhos et al., 2010).  The vast majority of EGS induced events are less than M 3.0.  
Therefore the dominant risk is associated with events that have low magnitudes and cause low to 
very low ground motions.  Consequently, the attention to risk will shift relatively, from the high-
level risk of physical damage associated with large natural earthquakes to the more mundane 
level of a nuisance, and possibly the related economic impacts. 


The fundamentals of the risk estimation method do not change for small ground motions.  
Physical damages to structures are deemed to be very small to nil, but some of the basic elements 
used to describe the damages will have to account for this shift by, for example, considering the 
appearance of small cracks and other minor architectural damages that usually constitute a very 
small portion of the damage.  Also, human perception of small vibrations and the associated 
nuisance have to be considered as elements of the risk.  This nuisance produced by small 
vibrations is difficult to quantify, as it depends not only on the dominant frequency of the 
vibration, but also how frequently it occurs. 


The elements of a detailed risk analysis are as follows (see example of existing risk-analysis 
software, such as HAZUS, 2010; or SELENA, 2010): 


1. Characterize the ground motion at each location within the area potentially 
impacted.  (See Step 5.) 


2. Identify the assets that could be adversely affected and that could contribute to the 
total risk.  


Ground shaking from EGS operations may impact the quality of people’s lives, the built 
environment and the economy in several ways for which the risk needs to be evaluated.  
Contributing to the risk are those elements of our socioeconomic and living environment 
for which ground motion impact would be perceived as negative because of its 
consequences on the financial, environmental, or personal well-being of the affected 
community (Mileti, 1982).  Including all the possible risk contributors would be a 
daunting task and difficult to achieve, and it is reasonable to restrict the range of 
consideration to the most important areas of concern.  Some of the impacts to consider 
are purely physical, such as damage to structures, and there are well accepted methods to 
assess them and to quantify their associated risks, usually in monetary terms (see 
HAZUS, SELENA).  Other impacts dealing with human perception and sensitivity are 
more difficult to assess and to quantify.  However there are existing methods, albeit not 
as well established as those associated with damage. 


Four classes of impacts can be identified, as follows: 


(I) Physical damage to residential housing and community facilities 


Damage to structures would probably be the main concern of any community.  Much has 
been published concerning damage from medium to large earthquakes (see Applied 
Technology Council (ATC) publications, particularly ATC-3 Tentative Provisions for the 
Development of Seismic Regulations for Buildings).  For small magnitude and small 
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ground motion events, the existing information is largely based on USBM research 
conducted in the 1970s with respect to vibration from controlled blasting (controlled 
detonation.  Damage to the built environment to be considered (e.g., structures) must be 
separated into at least two categories:  1) minor cosmetic (threshold cracking); and 
2) major structural damage. 


(II) Physical damage to the infrastructure, industrial/commercial/research/medical 
facilities 


It is unlikely that strong ground shaking generated by EGS induced seismic events would 
occur; however, stakeholders will nevertheless be concerned with infrastructure damage.  
Damage to structures by EGS is highly unlikely, and damage assessment for these 
structures should be based on design, seismic code requirements, and, in the absence of 
such data, site visit and observation of structural characteristics.  Adverse effects should 
at least be considered for all the vital elements of the infrastructure in the potentially 
impacted area, including industrial facilities (e.g., manufacturing, chemical/oil 
processing, etc), research facilities (both industrial and medical). 


(III) Human activity interference 


Human activity interference includes interference with sleep, conversation, enjoyment of 
recreation or entertainment, and the like.  Of these, sleep disturbance is probably the 
defining activity interference, and induced seismicity from EGS activity may occur at any 
time of day or night.  Speech interference is not likely, as seismicity usually does not 
radiate sufficient noise to be audible.  However, secondary noise radiation such as 
squeaking walls may occur, and conversations may be suspended in response to 
perceptible seismic events.  This can become problematic if it occurs often enough during 
the course of a day.  


(IV) Socioeconomic impact from damaged infrastructure and operation interference in 
businesses and industrial facilities 


Social and economic activity and personal well-being relies heavily on the reliability of 
complex utility networks (telephone, internet, water, gas, electricity, public transportation 
systems) that are vital to conduct business and for maintaining quality of life.  The 
potential damage to infrastructure is consequently an important potential contributing 
component of the risk, and any damage leading to operational malfunctions (e.g., 
telephone service becoming unavailable) creates interruptions that can be very costly.  
Sometimes, very little physical damage can lead to a cascade of network consequences in 
a “domino effect,” particularly but not exclusively in communications (e.g., Internet 
interruptions leading to the loss of data, etc.).  


3. Characterize the damage potential (vulnerability) from the risk contributors. 


The potential damages are usually characterized in term of a relation (called a 
vulnerability function) that gives the level of damages (physical damage, nuisance, 
economic losses) for that contributor, or a class of contributors, as a function of the level 
of the ground-motion at a particular location.  In a detailed probabilistic risk analysis, the 
vulnerability function gives the probability of failure of a structure in response to a 
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particular stimulus (e.g., a given level of ground-motion).  Alternatively, it gives the 
average cost of replacement for an entire class (see HAZUS, 2010, SELENA, 2010 and 
ATC publications). 


4. Estimate the risk. 


The elemental risk associated with one risk contributor at a given location is the product 
of the damage that would be observed at this location for a given level of seismic ground 
motion, and the probability that this ground motion level would occur.  The value of 
interest is the total risk at this location, which is obtained by summing the elemental risks 
for all possible ground-motion levels, using the probabilistic seismic hazard curve 
developed in Step 5.  A risk map, or map of expected losses, can be obtained by repeating 
this calculation for all points within the impacted area.  Usually, modern probabilistic risk 
analyses provide a full probability distribution of the total risk, which enables an estimate 
of the probability that a certain level of risk (monetary loss) will be exceeded.  In that 
case, if the annual probability of exceedance of risk (losses) of X dollars($) is p, it is 
customary to say that the “return period”, in years, of a X$ amount of risk (losses) is 
T=1/p years. 


5. Present the results. 


The general purpose for presenting the results of the risk analysis is to demonstrate that 
the probable (or a certain percentile) future negative effects of the EGS operation are 
within a range that will be tolerated by the regulators and community, with consideration 
of the overall benefits of the project, as judged by the community and all the 
stakeholders.  It is also meant to provide input for comparing benefits and adverse effects 
on a rational, probabilistic, and rigorous basis. 


For this purpose, results for all locations in the area impacted need to be presented, and 
display in GIS map format.  The results should be separated into a least three categories:  
physical damage, nuisance, and economic losses.  At a minimum, maps should be 
developed for each category using a simple calculation of the estimate of the risk.  
Ideally, risk maps would be developed for one or several return periods, providing useful 
information on the range of possible risk, and contributing to the development of 
mitigation procedures. 


The following is a list of possible useful presentation materials: 


• Map of region impacted, as a function of time (months, years, decades, centuries) 


• Map of short-term (10 to 20 years) probable (expected) impact, showing the potential 
for physical damages.  These maps will be prepared for several levels of confidence 
to express the uncertainty in the models. 


• Map of short-term impacts in terms of the probable (expected) number of people 
feeling  the ground-motion or of exceeding the design criteria, as a function of time, 
and proximity to the project. 
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• A map showing the “red-flag” locations, either because they are specially sensitive or 
they are likely to experience high ground-motion because of specific local site 
geological conditions, the nature of their business, or the fact that they are, e.g., a 
particularly sensitive node in a socioeconomic system or utility network. 


• A table showing the total probable cost, by category (physical, nuisance, economic), 
each year in the future, as a function of time. 


2.6.3 Summary 


The purpose of Step 6 is to identify the different types of risks, and develop a quantitative 
estimate for each type, using well-accepted methods of risk assessment.  The risk estimates 
should be revised after each update of the seismic hazard analysis described in Step 6.  The 
estimate of risk should be a function of time and of the various possible future alternative plans 
of operation of the planned EGS to permit evaluations and comparisons between the alternatives, 
and help in the decision making.  Results should be presented in ways that account for the nature 
of the potential risks and the parties that may be affected by the risk, in space and time, and with 
estimates of the potential costs associated with the risks. 


2.7 STEP 7:  Develop Risk-Based Mitigation Plan 


2.7.1 Purpose 


This step presents some suggested mitigation measures.  Several types of mitigation can be 
applied.  For example, direct mitigation might include modifying the injection rates and/or 
production rates.  Indirect mitigation might include some sort of incentive for the affected 
community.  It is hoped that by properly carrying out the preceding 6 steps, mitigation will not 
be required in the majority of projects.  


2.7.2 Recommended Approach 


1.  Direct Mitigation 


If the level and impacts of seismicity are exceeding original expectations, then it may be 
necessary to put mitigation measures in place and establish a means to “control” the 
seismicity.  One obvious direct mitigation is to stop injection.  This may stop induced 
seismicity in the long run, but because the induced seismicity probably did not start 
immediately, it will not stop immediately.  That is, the stress states have been altered and 
immediately shutting off the injection without reducing the pressure may cause 
unexpected results.  For example, in two EGS projects, M 3.0 plus events occurred after 
the injection well was shot in (Majer et al., 2007).  This suggests that it may be better to 
gradually decrease pressures and injections until the designed/desired levels of seismicity 
are achieved. 


One system of direct mitigation is a calibrated control system, dubbed the “traffic light” 
system (Majer et al., 2007).  This is a system for real-time monitoring and management 
of the induced seismic vibrations that continuously calculates and plots a cumulative 
window of the ground motion (usually PGV) as a function of injection rates and time.  
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The boundaries on this traffic light system, in terms of guiding decisions regarding the 
pumping operations, are as follows (Majer et al., 2007): 


• Red:  The lower bound of the red zone is the level of ground shaking at which 
damage to buildings in the area is expected to set in.  Pumping suspended 
immediately. 


• Amber:  The amber zone was defined by ground motion levels at which people would 
be aware of the seismic activity associated with the stimulation, but damage would be 
unlikely.  Pumping proceeds with caution, possibly at reduced flow rates, and 
observations are intensified. 


• Green:  The green zone was defined by levels of ground motion that are either below 
the threshold of general detectability or, at higher ground motion levels, at occurrence 
rates lower than the already-established background activity level in the area.  
Pumping operations proceed as planned. 


The major shortcoming of this type of approach is that it does not address the issue of 
seismicity that occurs after the end of the pumping operation.  If seismicity exceeding the 
design levels occurs after all EGS activities stop, current knowledge of induced 
seismicity indicates that the seismicity will stop as the subsurface conditions return to the 
natural state.  The time for this to occur will depend on the rate, length and volume of 
injections and withdrawals.  If seismicity does not subside in a reasonable time (few 
months) then one should consider indirect mitigation activities (see next section).  In any 
case monitoring should continue for at least 6 months beyond the end of the project to 
determine whether any seismicity is occurring that exceeds background levels before the 
project began. 


The results of one such application (at the Berlin geothermal field in El Salvador; see 
Majer et al., 2007 and Bommer et al., 2006) showed that the ground shaking hazard 
caused by small-magnitude induced seismic events presents a very different problem 
from the usual considerations of seismic hazard for the engineering design of new 
structures.  On the one hand, the levels of hazard that can be important, particularly in an 
environment such as rural El Salvador (where buildings are particularly vulnerable owing 
to their method of construction), are below the levels that would normally be considered 
of relevance to engineering design.  As stated previously, in PSHA for engineering 
purposes, it is common practice to specify a lower bound of M 5.0.  On the other hand, 
unlike the hazard associated with natural seismicity, there is the possibility to actually 
control the induced hazard, at least to some degree, by reducing or terminating the 
activity generating the small events. 


2.  Indirect Mitigation 


Different methods of indirect mitigation may be considered; a few are described below. 


Seismic Monitoring.  As has been discussed previously in this Protocol, seismic 
monitoring in any potentially affected communities is expected to be part of an adequate 
EGS development plan.  The monitoring program should consider the relevant 
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regulations, standards and criteria regarding structural damage and noise, and the need for 
building inspections ahead of any EGS operations.  Although there has been no 
documented case of damage from induced seismicity caused by fluid injection, seismic 
monitoring and reporting to the public are needed.  The ideal monitoring program 
establishes background conditions and permits the evaluation of any EGS-related impact, 
providing a quantitative basis upon which an accurate evaluation of any claims can be 
made.  This is fair to both the public and the geothermal developer.  Evaluating the 
dominant frequency and PGA or PGV (the variables used to assess structural damage) 
normally requires the use of surface-mounted seismometers and/or accelerometers, so 
these may need to be installed at certain locations in the affected community.  Continuous 
seismic monitoring to assess background cultural noise during various parts of the day, 
week and/or year is likely to be required.  Regular reporting should be a matter of course, 
similar to evaluating the effects of blasting during a construction project.   


• Increased Outreach.  Although it is assumed that the community is already informed 
about the EGS operations, it may be necessary to step up the communication and 
information flow during certain periods, particularly those characterized by any 
“unusual” seismicity.  This should be done in conjunction with forecasts of trends in 
seismicity and analyses of the relationships between operational changes and changes 
in seismicity.  To the extent that the public is informed about and involved with the 
project, they may be more accepting of the minor and temporary nuisance of induced 
seismicity.  


• Community Support.  In addition to jobs, a geothermal project may be able to offer 
other types of support to the local community to help establish good will.  This can 
come in almost any form, including support for schools, libraries, community projects 
and scholarships.  To the extent that a community support program is established 
early, the public may be favorably disposed toward the project.  


• Compensation.  If any damages can be documented to be caused by the induced 
seismicity, then fair compensation should be made to the affected parties.  This could 
be directed toward the community at large, perhaps in the form of community grants, 
rather than individuals.  This is particularly appropriate in the case of trespass and 
nuisance, although it may also be applicable in cases of strict liability and negligence 
as well.  The amount of compensation should be negotiated with the affected parties.  


3.  Liability 


Legal studies specifically related to geothermal induced seismicity and its effect on the 
man-made structures and public perceptions are rare.  One of the few studies by Cypser 
and Davis (1998) that addresses legal issues in the United States related to seismicity 
induced by dams, oil and gas operations, and geothermal operations points out that:  


“Liability for damage caused by vibrations can be based on several legal theories:  
trespass, strict liability, negligence and nuisance.  Our research revealed no cases in 
which an appellate court has upheld or rejected the application of tort liability to an 
induced earthquake situation.  However, there are numerous analogous cases that support 
the application of these legal theories to induced seismicity.  Vibrations or concussions 
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due to blasting or heavy machinery are sometimes viewed as a ‘trespass’ analogous to a 
physical invasion.  In some states activities which induce earthquakes might be 
considered `abnormally dangerous' activities that require companies engaged in them to 
pay for injuries the quakes cause regardless of how careful the inducers were.  In some 
circumstances, a court may find that an inducer was negligent in its site selection or in 
maintenance of the project.  If induced seismicity interferes with the use or enjoyment of 
another's land, then the inducing activity may be a legal nuisance, even if the seismicity 
causes little physical damage.”  


In the course of project planning and implementation an obvious mitigation procedure 
could be establishing a bond or insurance “policy” that would be activated as appropriate 
in the case of induced seismicity.  


2.7.3 Summary 


Although the risks associated with induced seismicity in EGS projects are relatively low, it is 
nevertheless prudent to consider that some type of mitigation may be needed at some point 
during the project.  Therefore the developer should prepare mitigation plans that focus on both 
the operations themselves and the nuisance or damage that might result from those operations.  
The “traffic light” system may be appropriate for many EGS operations, and provides a clear set 
of procedures to be followed in the event that certain seismicity thresholds are reached.  The 
traffic light system and the thresholds that would trigger certain activities by the geothermal 
developer should be defined and explained in advance of any operations. 


Seismic monitoring, information sharing, community support and direct compensation to 
affected parties are among the types of indirect mitigation that may be needed.  Early support 
from the developer to the community can improve the ability to respond effectively to a 
potentially impacted community in the event of problematic induced seismicity.  This may come 
in the form of jobs or other forms of support that the community specifically needs.  
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SUMMARY 


To produce economic geothermal energy, sufficient fluid, heat and permeability must be present 
in a rock mass.  In many cases there is sufficient heat, especially if one drills deep enough, 
however, there is often a need to enhance permeability and/or fluid content, i.e., to enhance 
geothermal systems.  This could be true in not only new geothermal projects but in existing 
geothermal projects where one would want to expand current production.  One of the issues 
associated with enhanced geothermal systems (EGS) is the effect and role of induced seismicity 
during the creation or expansion of the underground reservoir and the subsequent longterm 
extraction of the geothermal energy.  Induced seismicity has been the cause of delays and 
possibly cancellation of at least two EGS projects worldwide, although to date there have been 
few, if any adverse physical effects on the operations or on surrounding communities from 
existing geothermal projects.  Still, there is public concern over the possible amounts and 
magnitudes of the seismicity associated with current and future geothermal operations.  One of 
the more publicized incidents was the magnitude 3.4 event that occurred in the vicinity of the 
Basel, Switzerland EGS project on December 7, 2006.  It caused local officials to stop the 
project and ultimately the project was cancelled.  This is an example of where a more 
comprehensive understanding of the type and nature of seismicity would be of benefit to the 
operators as well as the public. 


It should be noted that induced seismicity is not new.  It has successfully been dealt with in many 
different environments ranging from a variety of injection and engineering applications including  
waste and water disposal, mining, oil and gas, reservoir impoundment (Majer et al., 2007).  
Nevertheless, to address public and regulatory acceptance, as well as maintain industry buy- in of 
geothermal energy development, a set of recommendations/protocols are needed to be defined on 
how to deal with induced seismicity issues.  Presented here are summaries of several case 
histories to illustrate a variety of technical and public acceptance issues.  It is concluded that 
EGS induced seismicity need not pose any threat to the development of geothermal resources if 
community issues are properly handled and the operators understand the underlying mechanisms 
causing the seismicity and develop procedures for mitigating any adverse effects.  In fact, 
induced seismicity by itself provides benefits because it can be used as a monitoring tool to 
understand the effectiveness of the EGS operations and shed light on the mechanics of the 
reservoir. 


INTRODUCTION Naturally fractured hydrothermal systems provide the easiest method of 
extracting heat from the earth, but the total resource and its availability tend to be restricted to 
certain areas.  Reasons for pursuing the development of the EGS technology are two-fold: (1) to 
bring uneconomic hydrothermal systems into production by improving underground conditions 
(stimulation); and (2) to engineer an underground condition that creates a hydrothermal system, 
whereby injected fluids can be heated by circulation through a hot fractured region at depth and 
then produced to deliver heat to the surface for power conversion.  The process of enhancing the 
permeability and the subsequent extraction of energy, however, may create seismic events.  In 
addition to the above-mentioned seismicity at Basel, events as small as  magnitude M2 and 
above near certain projects (e.g., the Soultz project in France; Baria et al., 2005) have raised 
residents’ concern for both damage from single events and the effect of seismicity over long time 
periods as the EGS  project continues over  many years (Majer et al., 2005).  Some residents 
believe that the induced seismicity may cause structural damage similar to that caused by larger 
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natural earthquakes.  There is also fear and uncertainty that the small events may be an indication 
of larger events to follow.  Recognizing the potential of the extremely large geothermal energy 
resource worldwide, and recognizing the possibility of misunderstanding  induced seismicity, the 
Geothermal Implementing Agreement under the International Energy Agency (IEA) initiated an 
international collaboration.  The purpose of this collaboration is to “pursue an effort to address 
an issue of significant concern to the acceptance of geothermal energy in general but EGS in 
particular…..  The objective is to investigate these events to obtain a better understanding of why 
they occur so that they can either be avoided or mitigated…”  


I.  Relevant Seismological Concepts and History of Non-Geothermal Induced Seismicity 


Seismicity has been linked to a number of human activities such as, mining/rock removal 
(McGarr, 1976, Richardson and Jordan, 2002), fluid extraction in oil and gas (e.g Grasso, 1992; 
Segall, 1989; Segall et al., 1994), waste fluid injection (e.g. Raleigh et al., 1972), reservoir 
impoundment (e.g. Simpson, 1976) and cavity collapses created as a result of an underground 
nuclear explosion (e.g. Boucher et al., 1969). 


Seismicity in general occurs over many different time and spatial scales.  Growth faults in the 
overpressurized zones of the Gulf Coast of the United States are one example of a slowly 
changing earthquake stress environment, as is creep along an active fault zone (Mauk et al., 
1981).  The size or magnitude of an earthquake (or how much energy is released from one) 
depends on how much slip occurs on the fault, how much stress there is on the fault before 
slipping,( i.e. the stress drop) and over how large an area it ruptures (Brune and Thatcher, 2002).  
Damaging earthquakes (greater than M5; Bommer et al., 2001) require the surfaces to slip over 
relatively large distances (kilometers). However,in most regions where there are economic 
geothermal resources, there is usually tectonic activity.  (Brune and Thatcher, 2002).  Note, 
however, that some  of the largest earthquakes ever to occur in the U.S. were  the New Madrid 
events in 1811  in the central part  U.S.  It must also be noted that seismic activity is only a risk if 
it occurs above a certain level and close enough to an affected community. Large or damaging 
earthquakes tend to occur on developed or active fault systems.  In other words, large 
earthquakes very  rarely occur where no fault exists,   Also, it is difficult to create a large, new 
fault, because there is usually a pre-existing fault that will slip first.  When large earthquakes 
occur on previously unknown faults, it is generally discovered that these faults already existed 
but were unmapped, as was the case of the Northridge, California earthquake It has also been 
shown that in almost all cases, large earthquakes (magnitude 6 and above) start at depths of at 
least 5 to 10 km (Brune and Thatcher, 2002).  It is only at these depths that sufficient strain  can 
be stored to provide an adequate amount of stress  to move the large volumes of rock required to 
create a large earthquake. 


Fluid injection has been observed in the U.S. since the 1960’s. Rubey and Hubbert (1959) 
suggested that a pore pressure increase would reduce the “effective strength of rock” and thus 
weaken a fault.  The induced seismicity (thousands of events over a 10 year period, with the 
largest having a M5.3) associated with the Rocky Mountain Arsenal fluid disposal operations 
(injection rates of up to thirty million liters per month over a four year period) was directly 
related to this phenomenon, involving a significant increase in the pore pressure at depth, which 
reduced the “effective strength” of the rocks in the subsurface (Brune and Thatcher, 2002).  The 
size, rate, and manner of seismicity is controlled by the rate and amount of fluid injected in the 
subsurface, the orientation of the stress field relative to the pore pressure increase, how extensive 
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the local fault system is, and, last (but not least), the deviatoric stress field in the subsurface, i.e., 
how much excess stress there is available to cause an earthquake (Cornet et al., 1992, Cornet and 
Scotti, 1992, Cornet and Julien, 1993, Cornet and Jianmin, 1995, Brune and Thatcher, 2002).   


II.   Description of Enhanced Geothermal Systems (EGS) 


An Enhanced Geothermal System EGS is an engineered subsurface heat exchanger designed to 
either extract geothermal energy under circumstances in which conventional geothermal 
production is uneconomic, or to improve and potentially expand the production operations so 
that they become more economic.  Most commonly, EGS is needed in cases where the reservoir 
is hot but permeability is low.  In such systems, permeability may be enhanced by hydraulic 
fracturing, high-rate water injection, and/or chemical stimulation (Allis, 1982; Batra et al., 1984; 
Beauce et al., 1991, Fehler, 1989).  Once the permeability has been increased, production can be 
sustained by injecting water (supplemented as necessary from external sources) into injection 
wells and circulating that water through the newly created permeability, where it is heated as it 
travels to the production wells.  As the injected water cools the engineered fractures, slippage on 
the fractures and faults from the induced seismicity, and chemical dissolution of minerals may 
also create new permeability, continually expanding the reservoir and exposing more heat to be 
mined.  In most EGS and hydrothermal applications the pressures are kept below the 
“hydrofracture” pressure and are designed to induce failure, i.e., shear failure, on preexisting 
fractures and faults.  The idea is to open an interconnected region of fractures to maximize the 
surface area exposed to the injected fluids which in turn optimizes the heat extraction from the 
rock.   


A hydrofracture on the other hand has the potential to create a “fast path” which may not allow 
an optimal “sweep” of injected fluid throughout the rock formation.  Hydrofractures are used in 
the oil and gas industry to enhance permeability by creating a large fracture (hundreds of feet 
long) that connects existing fractures and porosity which will then allow one to “drain” the 
formation of fluids (oil and/or gas).  Subsidiary shear failure does occur during the “leak-off” of 
the fluids from the hydrofracture intersecting the existing fractures (assuming they are oriented 
favorably with respect to the principal stresses) by the same mechanism used in EGS, but it is 
temporary, mainly happening only during the hydrofracturing process.  Thus, actual 
hydrofracturing for geothermal applications may not be as common as in oil and gas 
applications.  Other EGS schemes focus on improving the chemistry of the natural reservoir 
fluid.  Steam impurities such as noncondensable gases decrease the efficiency of the power 
plants, and acid constituents (principally HCl and H2SO4) cause corrosion of wells, pipelines, 
and turbines (Baria et al., 2005).  Water injection is again an important EGS tool to help manage 
these fluid chemistry problems. 


Each of the major EGS techniques - hydrofracturing, fluid injection, and acidization - has been 
used to some extent in selected geothermal fields, and in most cases there is some information on 
the seismicity (or lack thereof) induced by these techniques.  Specific examples are summarized 
below and discussed in detail in Majer et al., (2007).   


As pointed out, injection at subhydrofracture pressures can also induce seismicity, as 
documented in a number of EGS projects (Ludwin et al., 1982; Mauk et al., 1981; O’Connell 
and Johnson, 1991; Stevenson, 1985).  These studies of low-pressure injection-induced 
seismicity in geothermal fields have concluded that the seismicity is predominantly of low 
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magnitude.  The largest recorded event associated with a geothermal operation has been a M4.6 
at The Geysers field in northern California in the 1980s, when production was at its peak.  Since 
then, there have been  more M 4 events, but none as large as the event in the early 1980s.  
Almost all other seismicity at other geothermal fields has been in the range of M3 or less (Majer 
et al., 2007). 


Mechanisms of Induced Seismicity in Geothermal Environments 


In the geothermal world, induced seismicity has been documented in a number of operating 
geothermal fields and EGS projects.  In the most prominent cases, thousands of earthquakes are 
induced annually.  These are predominantly microearthquakes  that are not felt by people, but 
also include earthquakes of magnitudes up to the mid magnitude 4’s.  At other sites, the induced 
seismicity may be entirely of very small  magnitudes, or may be a short-lived transient 
phenomenon.  In the majority of the dozens of operating hydrothermal fields around the world, 
there is no evidence whatsoever of any induced seismicity causing significant structural damage 
to the surrounding community (Majer et al., 2005; Baria et al., 2006).  However, as mentioned 
above, depending on where the geothermal project is located, the induced seismicity may still 
exceed previously agreed-upon levels to nearby communities for a variety of reasons. 


Several different mechanisms have been hypothesized to explain these occurrences of induced 
seismicity in geothermal settings: 


1. Pore-Pressure Increase:  As explained above, in a process known as effective stress 
reduction, increased fluid pressure can reduce static frictional resistance and thereby 
facilitate seismic slip in the presence of a deviatoric stress field.  In such cases, the 
seismicity is driven by the local stress field, but triggered on an existing fracture by the 
pore-pressure increase.  In many cases, the pore pressure required to shear favorably 
oriented joints can be very low, and vast numbers of  micro- earthquakes occur as the 
pressure migrates away from the well bore in a preferred direction associated with the 
direction of maximum principal stress.  In a geothermal field, one obvious mechanism is 
fluid injection.  Point injection from wells can locally increase pore pressure and thus 
possibly account for seismicity around injection wells, if there are local regions of low 
permeability.  At higher pressures, fluid injection can exceed the rock strength, actually 
creating new fractures in the rock (as discussed above). 


2. Temperature changes:  Cool fluids interacting with hot rock can cause contraction of 
fracture surfaces, in a process known as thermoelastic strain.  As with effective stress, the 
slight opening of the fracture reduces static friction and triggers slip along a fracture that 
is already near failure in a regional stress field.  Alternatively, cool fluids interacting with 
hot rock can create fractures and seismicity directly related to thermal contraction.  In 
some cases, researchers have detected non-shear components, indicating tensile failure, 
contraction, or spalling mechanisms. 


3. Volume Change Due to Fluid Withdrawal/Injection:  As fluid is produced (or also 
injected) from an underground resource, the reservoir rock may compact or be stressed.  
These volume changes cause a perturbation in local stresses, which are already close to 
the failure state (geothermal systems are typically located within faulted regions under 
high states of stress).  This situation can lead to seismic slip within or around the 
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reservoir.  A similar phenomenon occurs where solid material is removed underground, 
such as in mines, leading to “rockbursts” as the surrounding rock adjusts to the newly 
created void (McGarr, 1976) 


4. Chemical Alteration of Fracture Surfaces:  Injecting non-native fluids into the formation 
(or allowing fluids to flow into the reservoir due to extraction) may cause geochemical 
alteration of fracture surfaces, thus reducing or increasing the coefficient of friction on 
the surface.  In the case of reduced friction, micro-earthquakes would be more likely to 
occur.  Pennington et al. (1986) hypothesized that if seismic barriers evolve and 
asperities form (resulting in increased friction), events larger than MEQs may become 
more common.   


All four mechanisms are of concern for EGS applications.  The extent to which these 
mechanisms are active within any specific situation is influenced by a number of local and 
regional geologic conditions that can include the following:  


• Orientation and magnitude of the deviatoric stress field in relation to existing faults. 


• Extent of faults and fractures:  The magnitude of an earthquake is related to the area of 
fault slippage and the stress drop across the fault.  Larger faults have more potential for a 
larger event, with a large proportion of the seismic energy being at the dominant 
frequency of the seismic event related to the length of the shearing fault (i.e., the larger 
the fault, the lower the emitted frequency which brings it closer to the ranges of 
frequencies where soils and structures are directly affected and therefore the greater 
likelihood of structural damage).  Large magnitude events can also be generated by high 
stress drop on smaller fault ruptures, but the frequency emitted is too high to cause 
structural damage.  As a general rule, EGS projects should be careful with any operation 
that includes direct physical contact or hydrologic communication with large active 
faults. 


• Rock mechanical properties such as compaction coefficient, shear modulus, damping and 
ductility. 


• Hydrologic factors such as the static pressure profile, existence of aquifers and 
aquicludes, rock permeability and porosity. 


• Historical natural seismicity: In some cases, induced seismicity has occurred in places 
where there was little or no baseline record of natural seismicity(e.g. Rocky Mountain 
Arsenal).  In other cases, exploitation of underground resources in areas of high 
background seismicity has resulted in little or no induced seismicity.  Still, any 
assessment of induced seismicity potential should include a study of historical earthquake 
activity.   


As stated above, several conditions must be met for significant (damaging) earthquakes to occur.  
There must be a fault  large enough to allow significant slip, there must be stress present to cause 
this slip along the fault (as opposed to some other direction), and these stress must be greater 
than the stress holding the fault together (the sum of the stresses  perpendicular to the fault plus 
the strength of the material in the fault).  Also, as pointed out above, the larger earthquakes that 
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can cause damage to a structure usually mainly  increase  at depths greater than 5 km.  
Consequently, it is easy to see why the occurrence of large magnitude events is not a common 
phenomenon on shallow geothermal areas In fact, a variety of factors must come together at the 
right time (enough strain stored up by the earth to be released) and in the right place (on a fault 
large enough to produce a large event) for a significant earthquake to occur.  It is also easy to see 
why seismicity may take the form of many small events.   


III.   Geothermal Examples 


Several examples are summarized to demonstrate the different experiences with, and the 
technical and public perception issues encountered with, EGS systems.  These represent a variety 
of different conditions (but see also Knoll, 1992, Guha, 2000 and Talebi, 1998).   


The main issues addressed in these case histories were (for details see Majer et al., 2007): 


Technical Approach 


The objective of the injection is to increase the productivity of the reservoir.  Each case history 
will have different technical specifications and conditions.  Important parameters in the design of 
injection programs are:  


• Injection pressure 


• Volume of injection  


• Rate of injection 


• Temperature of fluids 


• Chemistry of fluid 


• Continuity of injection 


• Location and depth of injections 


• In situ stress magnitudes and patterns 


• Fracture/permeability of rocks 


• Historical seismicity 


Public Concerns  


Each site will also present different levels and types of public concerns.  Some sites are very 
remote, and thus there is little public concern regarding induced seismicity.  On the other hand, 
some sites are near or close to urban areas.  Felt seismicity may be perceived as an isolated 
annoyance, or there may be concern about the cumulative effects of repeated events and the 
possibility of larger earthquakes in the future. 


Commonalities and Lessons Learned 
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To recommend how to best mitigate the effects of induced seismicity, one must examine the 
common aspects of the different environments and determine what has been learned to date.  For 
example, a preliminary examination of data in certain cases has revealed an emerging pattern of 
larger events occurring on the edges of the injection areas, even occurring after injection has 
stopped.  In other cases, there is an initial burst of seismicity as injection commences, but then 
seismicity decreases or even ceases as injection stabilizes. If one can learn from previous EGS 
projects, then past lessons can help prevent future mistakes. 


In a  study by Majer et al., (2007) the case histories included were:  


• The Geysers, USA:  A large body of seismic and production/injection data have been 
collected over the last 35 years, and induced seismicity has been tied to both steam 
production and water injection.  Supplemental injection projects were faced with 
substantial community opposition, despite prior studies predicting less than significant 
impact.  The opposition has abated somewhat because of improved communication with 
residents and actual experience with the increased injection. 


• Cooper Basin, Australia:  This is an example of a new project that has the potential for 
massive injection.  Test injections have triggered seismic events over M3.0.  The project 
is, however, in a remote area, and there is little or no community concern. 


• Berlin, El Salvador:  This was an EGS project on the margins of an existing geothermal 
field.  The proponents have developed and implemented a procedure for managing 
injection-induced seismicity that involves simple criteria to determine whether to 
continue injection or no (see detailed case history below).  This procedure may be 
applicable to other EGS projects. 


• Soultz, France:  This is a well-studied example, with many types of data collected over 
the last 15 years in addition to the seismic data.  EGS reservoirs were created at two 
depths (3,500 and 5,000 m), with the deeper reservoir aimed at proving the concept at 
great depth and high temperature (200 ºC).  Concern about induced seismicity has 
curtailed activity at the project, and no further stimulations are planned until the issue 
with the local community including possible damage to structures from an event of 
around M2.9   - is resolved. 


IV.   Gaps in Knowledge 


As stated above, following the six international workshops held on induced seismicity under the 
auspices of IEA/GIA, USDOE and GEISER it has been shown that existing scientific research, 
case histories, and industrial standards provide a solid basis for characterizing induced seismicity 
and the planning of its monitoring.  Therefore, the focus for additional study should be not only 
on understanding how to mitigate and control the seismicity, if necessary, but on the beneficial 
use of induced seismicity as a tool for creating, sustaining, and characterizing the improved 
subsurface heat exchangers, whose performance is crucial to the success of future EGS projects.  
Following is a list of the primary scientific issues that were discussed at the workshops.  These 
are in no particular priority and are not meant to exclude other issues, but were the ones most 
discussed: 
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1. Do the larger seismic events triggered during EGS operations have a pattern with respect 
to the general seismicity?  It was pointed out that at Soultz, The Geysers, and other sites, 
the largest events tend to occur on the fringes, even outside the “main cloud” of events 
and often well after injection has been stopped.  Moreover, large, apparently triggered 
events are often observed after shut-in of EGS injection operations, making such events 
still more difficult to control.  The development and use of suitable coupled reservoir 
fluid flow/geomechanical simulation programs will offer a great help in this respect, and 
advances are being made in this area; see, for example, Hazzard et al. (2002), Cornet and 
Julien (1993), Kohl and Mégel (2005), and Ghassemi and Tarasovs (2005).  By looking 
at an extensive suite of such models, it should be possible to determine what features are 
correlated to the occurrence of this phenomenon and would eventually allow the 
development of predictive models of seismicity.  Laboratory acoustic emission work 
would greatly help in this effort, by complementing the numerical studies and helping to 
calibrate the models used. 


2. What are the source parameters and mechanisms of induced events?  The issue of stress 
drop versus fault size and moment is important.  There is some evidence that large stress 
drops may be occurring on small faults, resulting in larger-magnitude events than the 
conventional models would predict (Brune and Thatcher, 2002; Kanamori and Rivera, 
2004).  It was pointed out that understanding stress heterogeneity may be a key to 
understanding EGS seismicity.  Some results support this hypothesis (Baria et al., 2005).  
For example, the regional stress field must be determined before any stability analysis is 
done, which (it was concluded) requires integration of various techniques such as 
borehole stress tests and source mechanism studies.  It was also found that the existence 
of induced seismicity does not prove that the rock mass is close to failure; it merely 
outlines local stress concentrations (Cornet et al., 1992).  In addition, it was found that at 
Soultz, it took 4 to 5 MPa pore-pressure increase over in situ stress, at around 3,500 m 
depth, to induce seismicity into a fresh fault that ignores large-scale pre-existing 
fractures.  Finally, it is difficult to identify the failure criterion of large-scale pre-existing 
faults, many of which do not have significant cohesion. 


3. Are there experiments that can be performed that will shed light on key mechanisms 
causing EGS seismicity?  Over the years of observing geothermal induced seismicity, 
many different mechanisms have been proposed.  Pore-pressure increase, thermal 
stresses, volume change, chemical alteration, stress redistribution, and subsidence are just 
a few of the proposed mechanisms.  Are repeating events a good sign or not?  Do 
similarity of signals provide clues to overall mechanisms?  One proposed experiment is 
to study the injection of hot water versus cold water to determine if thermal effects are 
the cause of seismicity.  If we can come up with a few key experiments to either 
eliminate or determine the relative effects of different mechanisms, we would be heading 
in the right direction.   


4. How does induced seismicity differ in naturally fractured systems from hydrofracturing 
environments?  The variability of natural systems is quite large: they vary from systems 
such as The Geysers to low-temperature systems, each varying in geologic and structural 
complexity.  Do similar mechanisms apply, will it be necessary to start afresh with each 
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system, or can we learn from each system, such that subsequently encountered systems 
would be easier to address? 


5. Is it possible to mitigate the effects of induced seismicity and optimize production at the 
same time?  In other words, can EGS fracture networks be engineered to have both the 
desirable properties for efficient heat extraction (large fracture surface area, reasonable 
permeability, etc.) and yet be generated by a process in which the associated induced 
seismicity does not exceed well-defined thresholds of tolerable ground shaking?  The 
traffic light system developed by Bommer et al. (2006) goes some way to achieving this 
end, but the idea of fracture network engineering (as introduced in Hazzard et al., (2002) 
should be further investigated.  Microearthquake activity could be a sign of enhanced 
fluid paths, fracture opening/movement, and possibly permeability enhancement 
(especially in hydrofracture operations) or a repeated movement on an existing fault or 
parts of a fault.  The generation of seismicity is a measure of how we are perturbing an 
already dynamic system as a result of fluid injection or extraction.  


6. Does the reservoir reach an equilibrium?  Steady state may be the wrong term, but energy 
can be released in many different ways.  Steam/hot water releases energy, as does 
seismicity, creep, subsidence, etc. (local and regional stress are the energy inputs or 
storage).  It has been pointed out that while the number of events at The Geysers is 
increasing, the average energy release (as measured by cumulative magnitude of events) 
is actually constant or slightly decreasing (Majer and Peterson, 2005).  If this decrease in 
energy occurs as the result of many small events, then this is good; if it occurs as the 
result of a few big events then this is undesirable.  Thus, an understanding of magnitude 
distribution in both space and time is necessary. 


V.   Summary and Conclusions/Way Forward 


At least six international workshops that have been convened in the last four years to date to 
address the issue of EGS induced seismicity have come to the conclusion that induced seismicity 
poses little threat to produce damaging seismicity, but it must be taken seriously and dealt with 
to make the project acceptable to regulators and any affected communities.  If properly planned 
and executed it should not pose any threat to the overall development of the geothermal 
resources.  In fact, induced seismicity provides a direct benefit because it can be used as a 
monitoring tool to understand the effectiveness of the EGS operations and shed light on the 
mechanics of the reservoir.  It was pointed out many times in these workshops that even in non-
geothermal cases where there has been significant induced seismicity (reservoir impoundment 
(Koyna), hydrocarbon production (Gazli), and waste disposal activities (Rocky Mountain 
Arsenal, Hoover and Dietrich, 1969; and Hsieh and Bredehoft, 1981)) effects of induced 
seismicity has been dealt with in a successful manner as not to hinder the objective of the 
primary project.   


During these workshops, scientists and engineers working in this field have guided us towards a 
short and long term path.  The short-term path is to ensure that there is open communication 
between the geothermal energy producer and the local inhabitants.  This involves early 
establishment of a monitoring and reporting plan, communication of the plan to the affected 
community, and diligent follow-up in the form of reporting and meeting commitments.  The 
establishment of good working relationships between the geothermal producer and the local 
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inhabitants is essential.  Adoption of best practices from other industries should also be 
considered.  For example, in the Netherlands, gas producers adopt a good neighbor policy, based 
on a proactive approach to monitoring, reporting, investigating and - if necessary - compensating 
for any damage (see NAM, 2002).  Similarly, geothermal operators in Iceland have consistently 
shown that it is possible to gain public acceptance and even vocal support for field development 
operations, by ensuring that local inhabitants see the direct economic benefit of those activities 
(Gudni Axelsson, personal communication, 2008). 


The long-term path must surely be the achievement of a step change in our understanding of the 
processes underlying induced seismicity, so that any associated benefit can be correctly applied 
and thus reduce any risk.  At the same time, subsurface fracture networks with the desired 
properties must be engineered.  Seismicity is a key piece of information in understanding 
fracture networks and is now routinely being used to understand the dynamics of fracturing and 
the all important relationship between the fractures and the fluid behavior.  Future research will 
be most effective by encouraging international cooperation through data exchange, sharing 
results of field studies and research at regular meetings, and engaging industry in the research 
projects.  Additional experience and the application of the practices discussed above will provide 
further knowledge, helping us to successfully utilize EGS-induced seismicity and achieve the full 
potential of EGS.  
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EXCUTIVE SUMMARY 


 


The report was prepared by the William Lettis & Associates Division of Fugro Consultants, Inc. 


at the request of AltaRock Energy, Inc. to provide further assessment of the maximum induced 


earthquakes for the Newberry EGS Demonstration Project based on site-specific properties 


from the site.  


 


To further evaluate maximum geologic structure length and extent which might be associated 


with induced earthquakes near Davenport 55-29, additional detailed analyses of LiDAR data 


was conducted. The objective of this evaluation was to identify the relative scales of any nearby 


potential faults, fractures, and features that might be present within 1 to 5 km of the well site. No 


significant features were disclosed within the 1-km radius of the well. Within a 5-km radius, 


mapped lineaments are associated with drainage and depositional features on the flanks and 


margins of the Newberry volcano, and are not similar to active tectonic features mapped in the 


broader region by Cladouhos et al., 2011.  


 


Four alternative approaches to evaluating Mmax for the Newberry EGS Demonstration based on 


physical properties of the surrounding rock mass and proposed injection process were 


considered. Three of these approaches provide single-valued deterministic estimates of Mmax for 


specific combinations of physical parameters estimated for the site. The fourth approach 


provides a probabilistic estimate, but requires local knowledge of the earthquake activity rate 


parameters, which are less complete at Newberry. 


 


One method (Brune, 1970) is based on dynamic stress drop, which controls the absolute 


amplitude of radiated seismic waves and corresponding ground shaking. The second method is 


based on source volume and moment (McGarr, 1976). The third method (Leonard, 2010) 


estimates seismic moment from fault dimensions through a scaled set of relations. The plausible 


range of Mmax estimates derived from these calculations span a range of magnitudes from about 


M 3 to M 4 (Tables 3 through 6). The largest magnitudes require assumptions with multiple 


combinations of maximized or end-member parameters which appear unlikely. 


 







 
Fugro WLA  
Project No. 04.79217300 
 
 


AltaRock Energy  5/13/11 


iii


The fourth magnitude estimation approach (Shapiro et al., 2010) uses injected volume, critical 


stress based on site characteristics, and regional earthquake recurrence information to develop 


probabilistic estimates of Mmax. Probability estimates for Mmax are estimated based on the 


methods of Shapiro et al. (2010) and are sensitive to the input values of regional seismicity 


activity parameters, but are most sensitive to hydraulic diffusivity which influences the maximum 


volume where pore pressures can be increased in response to injection. The preferred 


estimates of Mmax probabilities (Table 9) were calculated using the highest hydraulic diffusivity 


derived for induced seismicity (Talwani et al., 2007) and conservative parameters for the 


probability equations of Shapiro et al. (2010). Based on this analysis, the probability of the 


Newberry injection activity inducing an event with M > 3.0 is less than 1% over a 50-day period 


that would include injection and pressure dissipation.  At a 95% probability, the maximum 


induced event has M less than 2.2. The median (probability = 0.5) Mmax for the most 


conservative assumptions is less than M 1.0. The results of ongoing local seismic monitoring 


planned for the demonstration project should provide a basis for updated estimates of Mmax 


probabilities.  
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1.0  INTRODUCTION 


 


This report provides an assessment of the Maximum earthquake (Mmax) likely to be associated 


with induced seismicity from the proposed Newberry EGS Demonstration at the Davenport 55-


29 well. The demonstration site is located on the west flank of Newberry Volcano south of Bend, 


OR (Figure 1). Details of the planned program and previous studies conducted are discussed in 


AltaRock (2011). An assessment of the local and regional seismic hazard for the demonstration 


project was completed by Wong et al. (2011). Cladouhos et al. (2011) evaluated evidence of 


recent faulting in the region based on newly acquired LiDAR data. 


 


The report was prepared by the William Lettis & Associates Division of Fugro Consultants, Inc. 


at the request of AltaRock Energy, Inc. under P.O. ARE 002-9-0057, dated April 12, 2011. The 


objective is to provide further assessment of the maximum induced earthquakes for the 


Newberry EGS Demonstration Project based on site-specific properties from the site. Physical 


parameters for the Newberry Project where provided by AltaRock (Tables 1 and 2; AltaRock, 


2011) along with additional information on heat flow data from the site. Recently acquired LiDAR 


data was provided for the evaluation by AltaRock as well.  
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 2.0  ESTIMATES OF MMAX FOR THE NEWBERRY EGS 


 


2.1  Evaluation of Maximum Structure Length Near Davenport 55-29 


The extent and orientation of potential tectonic structures in the vicinity of the injection site is an 


important component in the evaluation of potential Mmax for induced earthquakes. Based on 


previous fault compilations (Figure 1), seismic hazard studies for the Newberry EGS project 


(Wong et al., 2011), as well as further evaluation of active faults by AltaRock (Cladouhos et al 


2011), most elements of the active major regional fault systems do not appear to extend closer 


than about 20 km of the injection site, although some features which are primarily volcanic in 


origin extend within about 7 km of the site. Evaluation of these regional faults by Cladouhos et 


al. (2011) further suggests a strong concentration of active fault orientations with approximately 


north-south strikes. These strikes are very consistent with preliminary orientations of Smin based 


on borehole televiewer results from Davenport 55-29 (AltaRock, 2011) and are most likely 


orientations of structures along which induced seismicity may occur.  


 


To further evaluate maximum geologic structure length which might be associated with induced 


earthquakes near Davenport 55-29, we conducted additional detailed analyses of LiDAR data 


provided by AltaRock Energy. The objective of this evaluation was to identify the relative scales 


of any nearby potential faults, fractures, and features that might be present in the well vicinity. 


The emphasis of this evaluation focused on features within 1 to 5 km of the well site. The 


analysis consisted of identification and mapping of lineaments on a variety of map bases at both 


large and small scales. These lineaments were then evaluated and classified on geologic and 


geomorphic criteria. The results provide an indication of the relative scale of geologic structure 


which might be considered in the evaluation for maximum induced earthquakes.  


 


Bare-earth Light Detection and Ranging (LiDAR) digital elevation models (DEMs) and hillshade 


images were provided to WLA by Altarock. The LiDAR is compiled from 4 separate datasets 


(Area 1, 2, 3, and 11) collected by Watershed Sciences, Inc for the Oregon Department of 


Geology and Mineral Industries (DOGAMI). The data was collected between October 2, 2009 


and July 3, 2010 at an average native density of ≥ 8 points per square meter. These raster 


datasets were provided in north, south, and west segments and with a 3 foot grid cell resolution. 
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The DEMs and associated hillshade images were the primary source of base images used for 


the lineament mapping (Figure 2). The north and south DEMs were merged into a single 


eastern segment and processed using ArcGIS 3D analyst into derivative hillslope aspect and 


slope (degree) maps which provided secondary and tertiary base maps for lineament mapping 


and analysis.  


 


Linear features were initially mapped on the DEM hillshade image (Figure 2), as shapefile lines 


using ArcGIS Desktop version 10, at screen scales of 1:5,000 to 1:10,000 for the 5-km study 


area and slightly larger surrounding region. The mapped lineaments were then compared to the 


derivative maps (Figures 3 and 4), and additional linear features identified and compiled. The 


linear features mapped on all images are generally short segments less than 0.5 km long, with 


the longest segment measuring 2.5 kilometers. The mapped features were classified based on 


geomorphic interpretations derived from the base maps and noted in an attribute table. For each 


feature only one description is provided, but in some cases multiple geomorphic descriptions 


could be possible. The compiled and classified lineaments, along with regional lineaments 


discussed below, are shown on Figure 5.  


 


Lineaments were also mapped at a large scale (1:100,000) from the DEM hillshade base 


(Figure 2), aspect base (Figure 3) and slope map base (Figure 4) with a new shapefile created 


for each map base. Features were mapped to a distance of 8 - 10 kilometers from the site. 


Attributes were not provided for the lineaments mapped at this scale because in many cases 


lineaments were composed of multiple features (stream segment, base of hill slope, benched 


slope, etc).  These line segments are longer than those mapped from the DEM at smaller scales 


and reach up to 15 kilometers in length. The regional lineaments are shown on Figures 5, 6, and 


7.  


 


The final step in the lineament evaluation was to overlay the mapped lineaments on a local 


geologic base map (Ma et al., 2009) to assess any correlation of mapped lineaments and 


geology (Figure 8). 
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2.1.1 Results  


The two compilation maps (Figures 5 and 8) best depict the aggregate patterns of mapped 


features near Davenport 55-29. Within a 1 km radius of the well, there is a notable lack of 


mapped lineaments at both detailed and regional scales. The detailed mapping lineaments 


within the 5 km radius are dominantly short features associated with the younger volcanic flow 


units north of the well. South of the well, within the 5-km radius, the detailed lineaments are 


dominantly erosional and drainage related. Orientations of these lineaments typically follow local 


slope direction. The regional scale lineament patterns are dominated by WNW-striking features 


in the western portion of the map and by WSW-striking features in the eastern half of the map. 


These features also appear to reflect primarily drainage and depositional patterns on the west 


flank of the Newberry Volcano, but represent a more aggregated view of smaller scale individual 


features. Particularly in the eastern portion of the map, the pattern of the regional lineaments 


appears to be associated with the constructional topography of younger volcanic units north and 


south of the main crater and with ring fractures of the main caldera (Figure 8).  


 


The general patterns and characteristics of the mapped lineaments on Figures 5 and 8 do not fit 


the patterns of active tectonic structures mapped by Cladouhos et al (2011) on the LiDAR data 


over a broader region near Newberry. The active tectonic features mostly had strikes of N10°± 


10° (Cladouhos et al., 2011). The lineaments mapped on Figures 5 and 8 generally have 


westerly strikes. An exception is a group of lineaments striking about N5°E which lie west and 


south of the 1-km radius, and are mapped from the regional images. These lineaments appear 


to coincide with erosional contacts of mapped geologic units on the west flank of Newberry 


(Figure 8). They are not expressed as scarps or fissures in the detailed mapping, and thus do 


not appear to represent evidence of a through-going structure in that area.  


 


2.2  Alternative Approaches to Mmax Estimates 


We consider four alternative approaches to evaluating Mmax for the Newberry EGS 


Demonstration based on physical properties of the surrounding rock mass and proposed 


injection process. Three of these approaches provide single-valued deterministic estimates of 


Mmax for specific combinations of physical parameters estimated for the site. The fourth 
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approach provides a probabilistic estimate, but requires local knowledge of the earthquake 


activity rate parameters, which are less complete at Newberry. 


 


One method (Brune, 1970) is based on dynamic stress drop, which controls the absolute 


amplitude of radiated seismic waves and corresponding ground shaking (Archuleta and Hartzell, 


1981; Aki, 1983; Boore, 1983). The second method is based on source volume and moment 


(McGarr, 1976). The third method (Leonard, 2010) is based on a displacement-fault dimension 


(time-independent) definition of “static” stress drop, which has no first-order relationship with 


dynamic stress drop; dynamic stress drops determine ground shaking levels (Archuleta and 


Hartzell, 1981; Aki, 1983; Boore, 1983). A wide range of dynamic stress drops and rise times 


(the time required for full displacement to occur at each point on the fault) can produce the 


same “static” stress drop. The fourth magnitude estimation approach (Shapiro et al., 2010) uses 


injected volume, critical stress based on site characteristics, and regional earthquake 


recurrence information to develop probabilistic estimates of Mmax. 


 


2.2.1  Stress Drop and Source Radius Based on Brune (1970) 


Estimates of seismic moment from induced events can be calculated from stress drop and 


source radius using Brune (1970). Seismic moment is then converted to magnitude using the 


standard equations for conversion to moment magnitude (Equation 1).  


 


M = 2/3 log10 (Mo) – 10.7       (1) 


 


For this evaluation we use a range of stress drop from 1 to 3 MPa, the typical range for shallow-


focus normal-faulting earthquakes (Mohammadioun and Serva, 2001). For comparison, stress 


drops for induced earthquakes at the Fenton Hill geothermal site ranged as high as 2 MPa and 


averaged <1 MPa (Fehler and Phillips, 1991). Mayeda and Walter (1996) estimated stress 


drops in the western United States using regional coda envelopes with corrections for 


attenuation. Their mean dynamic stress drop for Basin and Range earthquakes was 3.0 MPa 


(30 bars). Spudich et al., (1999) suggest that stress drop of 3.0 MPa (30 bars) is a reasonable 


stress drop for an extensional environment based on their analyses of extensional earthquake 


ground motion data. Ichinose et al. (1997) found stress drops of ~ 6.0 MPa (60 bars) for a 


normal-faulting earthquake sequence near Reno, Nevada, that contained a M 4.5 mainshock. 
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Doser (1986) estimated stress drops of 6-7 MPa (60-70 bars) for the three M > 6 normal-faulting 


earthquakes in the Fairview Peak-Dixie Valley, Nevada, earthquake sequence. Boatwright 


(1985) estimated dynamic stress drops 3.3 ±1.6 MPa (33 ±16 bars) and 7.7 ±5.2 MPa (77 ±52 


bars) for aftershocks from two segment of the 1983 M 7.0 Borah Peak, Idaho, earthquake.  


 


Compared to the Newberry EGS well, all the tectonic earthquakes occurred at substantially 


greater depths, where the maximum stress is vertical and determined by an overburden of at 


least 10 km thickness. Doser and Smith (1989) found that in the extensional region of the 


western United States that all M ≥ 7.0 earthquakes occurred at depths of ≥ 12 km. In contrast, 


the maximum earthquake depth associated with induced seismicity will be < 3.5 km and the 


maximum (vertical) stress will be about one third of the maximum stress of tectonic normal-


faulting earthquakes evaluated in Boatwright (1985). Doser (1986), Mayeda and Walter (1996), 


Ichinose et al. (1997), Mohammadioun and Serva (2001) find that none of the normal-faulting 


earthquakes at depths of 7 km had dynamic stress drops > 3 MPa (30 bars). Consequently, we 


expect that maximum stress drop will be less than the mean dynamic stress drop of 3.0 MPa 


(30 bars) for Basin and Range normal-faulting earthquakes reported by Mayeda and Walter 


(1996), on the order of 1-1.5 MPa (10-15 bars) based on Mohammadioun and Serva (2001). 


However, we report a range of 1 to 3 MPa for the purposes of sensitivity testing. 


 


Source radius is taken as 250 and 500 m, with 500 m corresponding to the expected maximum 


extent of the injected area as outlined by AltaRock (Table 2). As shown in Table 3, maximum 


magnitudes are all < M 4. The most plausible range of corresponds to dynamic stress drops 


comparable to the Fenton Hill geothermal site and shallow western U.S. extensional 


environments on the order of 2 MPa (20 bars) or less gives stress-drop based Mmax in the range 


of M 3.5 to 3.8. 


 


2.2.2  Injection Volume and Rigidity Based on McGarr (1976) 


McGarr (1976) proposed a relation between seismic moment and the volume change introduced 


by the total injection volume. Because this approach ascribes all volume change to a single 


event, it may be viewed as conservative. The relation also depends on crustal rigidity, which 


may vary at the Newberry site (Table 1). Table 4 shows calculated Mmax values from M 3.12 to 
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M 3.28 based on the McGarr (1976) approach using a conservative range of crustal rigidity 


values appropriate for the Newberry site. 


 


2.2.3  Fault Length and Area Based on Leonard (2010) 


Leonard (2010) provides an updated suite of equations which describe self-consistent scaling 


relations between seismic moment and fault rupture area, length, and other parameters. A 


subset of these relations is applicable to the relatively small fault rupture areas and lengths that 


are likely to be associated with EGS induced events. Seismic moment is then converted to 


magnitude using the standard equations for conversion to moment magnitude (Equation 1). 


Evaluation of the LiDAR data, and existing geologic mapping with the 5-km radius near 


Davenport 55-29, does not reveal the existence of significant and continuous geologic 


structures near the well (Section 2.1) which would exceed the length of AltaRock’s proposed 


stimulation region of about 1 km (AltaRock, 2011). Thus, for evaluation of Mmax based on fault 


length and area parameters we derive length and fault area parameters which reflect the 


proposed limits of the stimulation region.  


 


The proposed development plan would create an EGS reservoir with a long dimension of 1000 


m (AltaRock, 2011) or source radius of 500 m (Table 2). This value is taken as a potential strike 


length for the maximum faulting extent. Likewise, the vertical extent of open-hole injection (1073 


m from Table 2) provides an indication of the depth extent of possible faulting. In an extensional 


environment, fractures and faults are unlikely to be vertical, as shown by observations of 50° 


dipping fractures in Davenport 55-29 (AltaRock, 2011). Thus, potential rupture areas are 


calculated using dips of 50° to 70° to reflect observed fracture orientations, and some tendency 


to develop a steeper orientation along the extent of the open hole injection. Vertical limits on 


fault extent beyond the open hole are also limited. The upper extent of faulting would be limited 


by the AltaRock injection plan to not extend above 6000 feet depth (~2 km depth; ~150 m above 


open hole extent). Below the open hole (~3.1 km depth), proprietary temperature data from the 


well suggests that a depth limit for seismogenic faulting is likely not more than about 3.5 km; at 


these temperatures quartz-rich rocks begin to deform by ductile flow in laboratory experiments 


(see, for instance, Brace and Kohlstedt, 1980) at strain rates of about 10–14sec–1 or lower.  The 


seismic–aseismic boundary has been used as a surrogate for the brittle-ductile transition in the 


crust and has been shown to correlate with the temperatures at depth of 3.5 km at Newberry in 
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several other studies of western U.S. crustal structure in high heat-flow regions (Gilpin and Lee, 


1978; Maja and McEvilly, 1979; Sibson, 1982; and Smith and Bruhn, 1984). Thus, some 


additional vertical extent to the fault areas, perhaps in the range of 200 to 400 m is possible, but 


is limited to a maximum of about 1500 m by operational limits and the depth limit of seismogenic 


faulting. These larger fault extents are calculated as well to provide a bounding set of values for 


fault area.   


 


The Leonard (2010) relations are probably valid for hypocentral depths > 5 km, but application 


to depths < 3.5 km is highly uncertain and may not be valid. Stress drops of shallow-focus (< 3.5 


km depth) normal-faulting earthquakes are systematically smaller than for deeper crustal 


earthquakes (Mohammadioun and Serva, 2001). Both the empirical normal-faulting earthquake 


data (Mohammadioun and Serva, 2001) and laboratory modeling of the strength of the crust 


versus depth for different slip-type regimes (Scholz, 1990) indicate that it is most appropriate to 


consider a stress-drop for depths < 3.5 km that is half the stress drop for depths of larger-


magnitude normal-faulting earthquakes. We consider 1.5 MPa as representative of the likely 


mean stress drop for < 3 .5 km normal-faulting events and 3.0 MPa as representative of deeper, 


tectonic normal-faulting events, consistent with Mohammadioun and Serva (2001) and Mayeda 


and Walter (1996), as discussed in Section 2.2.1. In the Leonard (2010) formulation, scaling is 


proportional to a constant stress drop, thus, this constant is reduced by 0.5 to correspond to the 


stress drop reduction from 3.0 MPa to 1.5 MPa for shallow earthquakes. This reduces log Mo 


estimates from Leonard (2010) by about 0.3 log units relative to the standard Leonard (2010) 


estimates. Estimates for “shallow” and “deep” earthquakes are tabulated separately in Tables 5 


and 6 to represent expected Mmax values. 


 


Tables 5 and 6 summarize the ranges of calculated values for Mmax based on potential fault 


extent inferred from the AltaRock injection plans (Table 2 and AltaRock, 2011). For shallow 


stress drop estimates, Mmax values based on fault area and fault length for the injection depth 


and possible maximum depth of induced seismicity depth range from about M 3.7 to M < 4. 


Larger Mmax values require combined assumptions of high stress drop, low fault dip, and 


significant extension of the fault area in the vertical dimensions above and below the open hole 


injection section.  
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2.2.4  Seismogenic Index Approach Based on Shapiro et al. (2010) 


Shapiro et al. (2010) analyzed injection-seismicity data from six geothermal and hydrocarbon 


reservoirs and found that there is a time-invariant site-specific seismogenic index that might 


have useful predictive value for estimating the largest induced magnitude associated with an 


entire injection program. The Shapiro et al. (2010) analysis is appealing because it provides a 


probabilistic prediction of maximum magnitude based on a relatively modest amount of site-


specific information. Unfortunately, it requires a parameter that is not known a-priori, the tectonic 


potential, which could be estimated after a relatively short duration of injection, depending on 


the system response. Since the tectonic potential is not known a-priori for Newberry, we start 


with the Shapiro et al. (2010) analysis of the Paradox Valley injection well and seismicity 


response to evaluate strategies to boot-strap estimates of tectonic potential prior to acquiring 


site-specific Newberry injection-seismicity measurements. 


 


We present the Shapiro et al. (2010) approach starting with their magnitude predictive equations 


and work back to the assumptions and derivation of the equation. Analysis of the Paradox 


Valley injection-seismicity data illustrates a strategy to make an initial estimate of tectonic 


potential based on planned injection and site parameters. 


 


Based on the reasonable assumption that induced seismicity occurrence will exhibit Poisson 


behavior, Shapiro et al. (2010) compute occurrence probability of n events with magnitude 


larger than M in a specified time interval for the important case of the probability (P(0,M,t)) of the 


absence of an event with a magnitude larger than a given M in the time interval from the start to 


the end of injection. 


 


P(0,M,t) = exp(−Qc(t)10 Σ−bM)       (2) 


 


Qc(t) is the cumulative injected volume at the time at the end of injection, b is the slope of the 


cumulative magnitude-recurrence for the site, Σ is their seismogenic index, 


 


Σ = a − log (FtS)        (3) 


 







 
Fugro WLA  
Project No. 04.79217300 
 
 


AltaRock Energy  5/13/11 


15


Ft is the “tectonic potential” from Shapiro et al. (2007) and S is the poroelastic uniaxial storage 


coefficient, which is relatively well constrained to the range of S=10-6 m-1 ± 0.5 10-7 for limestone 


and Newberry intrusive rocks (Domenico and Schwartz, 1997). The actual value of a used in 


Shapiro et al. (2010) to predict Mmax, depends of the potential volume of perturbed crust and 


the duration that the pore-pressure perturbation exists in that volume. Since a is usually 


reported from earthquake recurrence calculations in units of 1/(km2*year), it is necessary to 


determine the seismogenic thickness appropriate for the region to convert a to units of 


1/(km3*year). Then the duration that pore-pressure perturbations will remain elevated during and 


after injection must be determined along with the depth range and lateral extent of the pore-


pressure perturbation. With this information (duration and perturbed pore-pressure volume), a 


can be normalized (multiplied by volume and time) to yield the nondimensional a required for 


application in Shapiro et al. (2010). A conservative approach to estimate the volume, is to use 


the maximum hydraulic diffusivity associated with induced seismicity of 10 m2/s from Talwani et 


al. (2007) to calculate the fracture extent over the duration of elevated pore pressure, and thus 


maximum lateral extent of the pore-pressure perturbation; this maximizes the nondimensional 


estimate of a. 


 


The tectonic potential has the advantage of only depending on the tectonic activity of the 


injection region, but depends on a critical maximum pressure parameter, Cmax, and the 


concentration of pre-existing cracks N, 


 


Ft = Cmax / N         (4) 


 


Rothert and Shapiro (2007) developed the concept of critical pressure, C, which is the pore 


pressure necessary to create displacement along a crack. For a network of random pre-existing 


cracks, Rothert and Shapiro (2007) indicates that in the first approximation C is uniformly 


distributed between its minimal and maximal values, Cmin and Cmax, with values on the order of 


102 to 106 Pa., respectively. Cmax is usually larger than the injection caused pressure 


perturbation (excluding maybe a small volume around the source). Rothert and Shapiro (2007) 


estimate Cmax from induced seismicity at their sites (Table 7).  Nominally, the ratio of Cmax to the 


applied overpressure in Table 2 is the ratio of minimum effective stress to maximum effective 


stress from Pine and Batchelor (1984), SR, given by  
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SR=(1+sinφ)/(1-sinφ)        (5) 


 


where φ is the friction angle.  


 


Although Rothert and Shapiro (2007), Shapiro et al. (2007), Shapiro and Dinske (2009), and 


Shapiro et al. (2010) never document the units they use for a in Equation (3), Cladouhous (pers. 


comm., 2011) inquired and found that a was considered nondimensional in these publications. 


Thus, appropriate use and specification of a is based on the unit volume of potentially induced 


seismicity and the duration that pore pressures remain elevated in response to injection, to yield 


a simple probability distribution for Mmax. We illustrate how appropriate scaling of a works using 


injection and induced seismicity from the Paradox Valley injection well where the initial injection 


lasted 14 days, a total volume of 11,000 m3, and fluid at injected overpressures1.5-4 times 


higher (33 MPa, Ake et al., 2005) than the proposed Newberry 8-24 MPa injection overpressure 


range (Table 2). We then evaluate the Shapiro et al. (2010) prediction for the four year-period at 


Paradox Valley leading up to the observed Mmax at Paradox Valley of 4.3. 


 


Shapiro et al. (2010) estimate Σ =-2.5 from the first 9 days of an unspecified injection period at 


Paradox Valley. We calculate Cmax using the eight years of injection spanned by the analyses of 


Shapiro et al. (2007). The effective radius of injection pressure induced seismicity for this period 


is about 2 km (Denlinger et al., 2010), into a formation thickness of 200 m (Bremkamp and Harr, 


1988), which is a small fraction of the depth range of the seismogenic crust for the region of 


about 15 km (Ake et al., 2005). This formation thickness is much less than the depth span of the 


perforated zones because the perforations below the Leadville formation were quickly sealed by 


precipitates. We adjust the a estimate of -1.795 from LaForge (1997) for the 8-year time period 


and the volume of potential activity (2 km radius over 200 m thickness) to obtain a 


nondimensional estimate of a of -1.67. We use information from Paradox Valley on friction angle 


(40 degrees from Bremkamp and Harr (1988), S=10-6 m-1, and fracture density of 0.5 


(Bremkamp and Harr, 1988), the duration of injection considered by Shapiro et al. (2010) of 


eight years, and the Paradox Valley Σ=-2.5 from Shapiro et al. (2010) to back-calculate Cmax for 


Paradox Valley (Table 7). The estimated Paradox Valley Cmax of 16 MPa is close to the well-
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head fluid injection pressure of ~17 MPa associated with the onset of induced seismicity (Ake et 


al., 2005).  


 


To check the consistency of the estimated Cmax of 16 MPa for Paradox Valley and the Mmax 


prediction approach of Shapiro et al. (2010), we calculate the Mmax for the initial 1991 14-day 


injection sequence that injected a total volume of 11,000 m3. We calculate Mmax for a period of 


30 days to correspond to the time initially required for pressure to decline after injection was 


stopped (Ake et al., 2005). During this initial injection the perforated active injection sections 


extended from the top of the Leadville at about 4.2 km depth into basement at 5.1 km. 


Consequently, we use a formation thickness of 1 km for the initial injection sequence. We use a 


hydraulic diffusivity of 10 m2/s, calculated using well measurements of permeability in the 


fractures from initial injection well test (Bremkamp and Harr, 1988), to establish the radius of the 


potentially affected area around the well. We use the initial injection period b-value from Ake et 


al. (2005) b=0.82 to calculate the Mmax probability for the initial 1991 Paradox Injection sequence 


(Figure 9). The observed Mmax=0.9 falls within the 95% confidence region of Mmax < 1.2 (Figure 


9). This suggests that using a reasonable estimate of Cmax and the region recurrence 


information appropriately scaled for the injection characteristics (volume and time), yields a 


reasonable estimate of Mmax for the total volume injected using a sufficient time for the pressure 


to decrease after injection stops. 


 


We also calculated Mmax for the 1996-2000 period at Paradox Valley where injection rates were 


held at their highest values. This period of induced seismicity culminated with the occurrence of  


a M=4.3 earthquake in May 2000 (Ake et al., 2005), the largest induced Paradox Valley 


earthquake to date that  represents the observed Mmax at Paradox Valley. For this case we use 


a formation thickness of 200 m because the lower perforations were sealed by precipitate and a 


time period of 4 years to rescale a from LaForge (1997) along with the Cmax of 16 MPa in (2) and 


(3) to estimate Mmax probability (Figure 10). The observed Paradox Valley Mmax=4.3 is close to 


the median prediction of Mmax =4.39 (Figure 10). This result is probably not directly applicable to 


a closed loop geothermal system, because a total net volume of > 2*106 m3 of fluid were 


injected at high pressure at Paradox Valley over four years, so this result may be of more 


interest for sequestration activities than EGS activities. However, it does suggest that the 


Shapiro et al. (2010) approach may be useful for injection storage applications. 
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We have applied Shapiro et al. (2010) to estimate probabilistic maximum magnitude for the 


maximum injected volume scenario (30,545 m3 in Table 2). We consider two approaches to 


apply Shapiro et al. (2010). Both approaches scales a to the volume surrounding the well that 


would be subject to increased pressures in a 50 day time period to allow for pressure decline 


after injection ceases. The first approach uses the maximum hydraulic diffusivity associated with 


induced seismicity of 10 m2/s from Talwani et al. (2007); they determined that hydraulic 


diffusivity values of fractures associated with seismicity are between 0.1 and 10 m2/s. Hydraulic 


diffusivities > 10 m2/s are associated with aseismicity based on Talwani et al.’s (2007) analysis 


of more than 90 case histories of induced seismicity and cases of aseismicity in response to 


injection and reservoir impoundment. This large hydraulic diffusivity produces the most 


conservative estimate of Mmax that could be associated with induced seismicity. The second 


approach uses the hydraulic diffusivity expected at the site of 0.2 m2/s (Table 1), which is still in 


the range of hydraulic diffusivities (0.1-10 m2/s) associated with induced seismicity from injection 


and reservoir impoundment (Talwani et al., 2007). 


 


Based on testing results for sample Granite N2 4281 2H provided by AltaRock, we 


conservatively used the largest observed ratio of overpressure to Cmax from Table 2 to 


correspond to a friction angle of 20o, a crack density of 0.5/m, S=5*10-7 m-1 from Table 1, and 


the Southern Cascade a=-2.11 km2/year and b=0.94 estimate from Wong et al. (2010) in 


equations (2) through (5) to estimate the maximum induced magnitude (Figure 11 and Table 8). 


This calculation suggests that the probability of an induced event associated with the planned 


Newberry injection activity with M > 3.0 is < 1% and a 95% probability the maximum induced 


event has M < 2.2. The median maximum magnitude for the most conservative assumptions is 


less than M=1.0.   


 


To illustrate the sensitivity to recurrence parameters and hydraulic diffusivity, the calculations 


were performed using Southern Cascade recurrence parameters and the Northern Basin and 


Range source zone recurrence parameters of Wong et al. (2010) as shown in Figures 11 and 


12 and Tables 8. These calculations show a much stronger sensitivity to hydraulic diffusivity 


than a- or b-value, indicating the importance of seismic monitoring in response to initial injection 


to characterize effective seismic hydraulic diffusivity for the site vicinity. These results also 
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indicate that use of activity rates or site parameters from other potentially analogous geothermal 


or volcanic regions with higher background tectonic activity rates such as Coso or Long Valley 


(Wong et al., 2011) will not provide any more meaningful estimates of the Mmax probability for 


the Newberry site. 


 


The a-priori application of Shapiro et al. (2010) is somewhat speculative, but we have used 


multiple conservative assumptions on Cmax, and the maximum possible volume affected by 


pore-pressure perturbation using the maximum hydraulic diffusivity associated with induced 


seismicity. Consequently, we suggest that the range of Mmax in Table 8 from Shapiro et al. 


(2010) represents the most realistic a-prior estimate of Mmax, particularly in light of the apparent 


Mmax predictive capabilities of Shapiro et al. (2010) for the short initial 14-day injection sequence 


at the Paradox Valley injection well (Figure 9) as well as the 4-year long-term large-storage-


volume injection that induced a M 4.3 earthquake (Figure 10). However, the most appropriate 


application of the Shapiro et al. (2010) approach would be to calculate the seismogenic index, 


Σ, from the first several days of injection and update the estimate of maximum magnitude based 


on actual site responses to early injection. Since Shapiro et al. (2010) demonstrate that the 


seismogenic index is time invariant, early estimation of Σ from injection activities would provide 


a more realistic and robust estimate of maximum induced magnitude than any a-priori approach. 


This updated empirical site-specific maximum induced magnitude estimate would be valuable to 


evaluate how to operate the injection to meet project objectives. 
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3.0  CONCLUSIONS 


 


Additional lineament analyses of LiDAR data did not disclose any significant features within the 


1-km radius of the well. Within a 5-km radius, mapped lineaments are associated with drainage 


and depositional features on the flanks and margins of the Newberry volcano, and are not 


similar to active tectonic features mapped in the broader region by Cladouhos et al., 2011.  


 


Estimates of Mmax are derived by three approaches (stress drop based on Brune, 1970; injection 


volume and rigidity based on McGarr, 1976; fault parameter based on Leonard, 2010) from 


ranges of physical dimensions of proposed demonstration process and Newberry-specific 


properties of the surrounding rocks. The plausible range of Mmax estimates derived from these 


calculations span a range of magnitudes from about M 3 to M 4 (Tables 3 through 6). The 


largest magnitudes require assumptions with multiple combinations of maximized or end-


member parameters which appear unlikely. 


 


Available data indicate that normal-faulting earthquakes tend to have smaller dynamic stress 


drops than reverse-faulting earthquakes (Mohammadioun and Serva, 2001). This result is 


consistent with dynamic rupture simulations that show smaller dynamic stress drops and longer 


rise times during normal-faulting rupture (Brune, 1996; Shi et al., 1998; Oglesby et al., 1998; 


2000; O'Connell et al., 2007). Thus, for the same moment magnitude, normal-faulting 


earthquakes have lower ground motions than strike-slip and reverse-slip earthquakes, as found 


in empirical analyses strong ground motions (Spudich et al., 1999; Pankow and Pechman, 


2004, 2006; Abrahamson and Silva, 2008; Boore and Atkinson, 2008; Campbell and Bozorgnia, 


2008; and Chiou and Youngs, 2008). In particular, the new ground motion prediction equations 


developed and released as part of the Next Generation Attenuation (NGA) Project sponsored by 


the Pacific Earthquake Engineering Research Center (PEER) Lifelines Program are generally 


considered “state-of the-practice” in the earthquake engineering community and all show 


reductions of 10-20% in normal-faulting peak velocities (Abrahamson and Silva, 2008; Boore 


and Atkinson, 2008; Campbell and Bozorgnia, 2008; and Chiou and Youngs, 2008), the ground 


shaking parameter that has the strongest association with human perception of ground shaking 


and impact of shaking on structures (Siskind et al., 1980). Thus, the ground shaking associated 







 
Fugro WLA  
Project No. 04.79217300 
 
 


AltaRock Energy  5/13/11 


21


with Mmax will probably be lower than what is typically experienced in strike-slip and reverse-


faulting environments. 


Probability estimates for Mmax are estimated based on the methods of Shapiro et al. (2010) and 


are sensitive to the input values of regional seismicity activity parameters, but are most sensitive 


to hydraulic diffusivity which influences the maximum volume where pore pressures can be 


increased in response to injection. The preferred estimates of Mmax probabilities (Table 9) were 


calculated using the highest hydraulic diffusivity derived for induced seismicity (Talwani et al., 


2007) and conservative parameters for the probability equations of Shapiro et al. (2010). Based 


on this analysis, the probability of the Newberry injection activity inducing an event with M > 3.0 


is less than 1% over a 50-day period that would include injection and pressure dissipation.  At a 


95% probability, the maximum induced event has M less than 2.2. The median (probability = 


0.5) Mmax for the most conservative assumptions is less than M 1.0. The results of ongoing local 


seismic monitoring planned for the demonstration project should provide a basis for updated 


estimates of Mmax probabilities.  
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Table 1. Summary of Rock and Physical Properties for Newberry (T. Cladouhos, pers. 
Comm., 2011) 


Input parameter Symbol Value (SI Units) Value (oilfield units) 


Friction angle1 φ 20o-45o 20o-45o 


McGarr constant K ~1.0 ~1.0 


Rock rigidity μ 2.0->3.0 GPa 290,000->435,000 psi 


Young’s Modulus Ε 5.0 GPa 725,000 psi 


Poisson’s ratio ν 0.22 0.22 


Hydraulic diffusivity D 0.2 m2/s 2 x1011 D/s 


Dynamic viscosity η 0.0001 Pa.S 0.1 cP 


Permeability K 10-17 m2 0.01 mD 


Porosity ψ 0.02 0.02 


Crack density from TAMU ε 0.5 0.15 


 


Table 2. Preliminary Newberry EGS Demo Project Hydroshear Design Parameters (T. 
Cladouhos, pers. Comm., 2011) 


Input parameter Symbol Value (SI Units) Value (oilfield 
units) 


Well head Pressure WHP 8.3 -> 24.1 MPa 1200-3500 


Open hole fluid pressure @ shoe-6450 ft P 26-42 MPa 3800->6100 psi 


Open hole fluid pressure @ mid -8255 ft P 31-47 MPa 4500->6800 psi 


Open hole fluid pressure @ TD -10060 ft P 36-52 MPa 5200->7500 psi 


Volume per stimulation V 19090->30545 m3 5.0->8.0 Mgal 


Peak Rate  Q 32-50 l/s (1.9-3.0 m3/min) 500-800 gpm 


Duration per stimulation t 7days 7days 


Stimulation dimension R 500 m 1640 ft 


Well diameter  21.6 cm 8.5 inch 


Open hole length  1073 m 3520 ft 
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Table 3.  Mmax Estimates Based on Brune (1970) 


Magnitude (M) Stress Drop (MPa) Radius 
(m) 


3.89 3 500 
3.57 1 500 
3.28 3 250 
2.97 1 250 


 


Table 4.  Mmax Estimates Based on McGarr (1976) 


Magnitude (M) μ (GPa) Injected Volume (m3) 
3.12 2 30,545 
3.19 2.5 30,545 


3.24 3 30,545 


3.28 3.5 30,545 


 


Table 5.  Mmax Estimates Based on Fault Area (Leonard, 2010)  


Shallow Stress Drop  Deep Tectonic faults Source Parameters 
Magnitude 


(M) log Mo* Magnitude 
(M) log Mo* Area 


(km2) 
Strike Extent 


or Length 
(m) 


Vertical 
Extent (m) Dip 


3.94 15.02 4.14 15.32 1.40 1000 1073 50 ° 


3.89 14.94 4.09 15.24 1.24 1000 1073 60° 


3.85 14.89 4.05 15.19 1.14 1000 1073 70° 


4.02 15.13 4.22 15.43 1.66 1000 1073+200 50° 


4.08 15.22 4.28 15.53 1.92 1000 1073+400 50° 


* log Mo = (1.5 x log A) + 6.1  for A > 0 (Leonard, 2010; Table 5, dip slip faults); reduced by 0.3 for shallow 


 


Table 6.  Mmax Estimates Based on Fault Length (Leonard, 2010)  


Shallow Stress Drop  Deep Tectonic faults Source Parameters 
Magnitude 


(M) log Mo* Magnitude (M) log Mo* Strike Extent or Length (m) 


3.19 13.90 3.39 14.20 500 
3.80 14.80 4.00 15.10 1000 


* log Mo = (3 x log L) + 6.1  for L > 0 (Leonard, 2010; Table 5, dip slip fault) reduced by 0.3 for shallow 
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Table 7. Cmax Values from Rothert and Shapiro (2007) 


Site Overpressure (MPa) Cmax (MPa) 


Fenton Hill 14 8 


Soult-sous-Forêts 12 4 


Cotton Valley 10 2 


Paradox Valley 34 16 


 


Table 8.  Preliminary Mmax Probability Based on Shapiro et al. (2010) 


South Cascades Source 
Parameters (a = -2.11, b=0.94) 


Northern Basin and Range 
Parameters (a =-2.44, b=0.82) Magnitude 


(M) D=10 m2/s D=0.2 m2/s D=10 m2/s D=0.2 m2/s 
1 4 x 10-1 1 x 10-2 3 x 10-1 7 x 10-3 
2 6 x 10-2 1 x 10-3 5 x 10-2 1 x 10-3 
3 8 x 10-3 2 x 10-4 8 x 10-3 1 x 10-4 
4 9 x 10-4 2 x 10-5 1 x 10-3 2 x 10-5 


 


Table 9. Summary Table of Preferred Mmax Range and Probability Estimates 


Magnitude 
(M) Preliminary Probability Mmax > M Ranges 


1 4 x 10-1 7 x 10-3 
2 6 x 10-2 1 x 10-3 
3 8 x 10-3 1 x 10-4 
4 9 x 10-4 2 x 10-5 
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Digital Elevation Model with Detailed and Regional Lineaments       FIGURE 5
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Geology and Compiled Lineaments                                        FIGURE 8
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For the Paradox Valley 1996-2000 >2,000,000 m3 Injection Sequence
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Newberry Induced Mmax Probability with
South Cascades Seismicity Rate for b = 0.94 FIGURE 11
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Newberry Induced Mmax Probability with
Northern Basin and Range Seismicity Rate for b = 0.82 FIGURE 12
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AltaRock Energy Inc., as part of the Newberry Volcano Engineered Geothermal System (EGS) 
Demonstration Project, will develop an EGS reservoir in the high temperature, low permeability 
rock on the northwest flank of Newberry Volcano.  AltaRock intends to quantitatively 
demonstrate that hydroshearing techniques can successfully induce and sustain fluid flow and 
heat extraction from one injection well and two production wells for the conceptual design of a 
commercial-scale wellfield and power plant. 


In the first phase of the project, we have evaluated the potential EGS induced seismicity and 
seismic hazards in the Project Area and analyzed the seismic risk as part of the submittal of an 
environmental document to the governing regulatory agencies and stakeholders.  The specific 
objectives of the study are to: (1) evaluate the baseline seismic hazards in the Project Area 
including at La Pine, the closest community to the site; (2) estimate the potential increase in 
seismicity rate and the maximum magnitude of an earthquake induced by the hydroshearing in 
the injection well NGC 55-29; and (3) evaluate the increased seismic risk imposed by the 
hydroshearing activities.  


A priori estimates of the maximum induced earthquake and the rate of seismicity that might 
occur due to EGS activities at Newberry Volcano are difficult to predict prior to the undertaking 
of site-specific investigations including seismic monitoring and subsurface imaging of the pre-
existing fault and fracture pattern in the affected rock volume.  As a first-order characterization, 
estimates can be made based on global case histories of other EGS projects preferably in similar 
geologic and tectonic settings.  Based on this approach, an upper-bound range of maximum 
magnitudes ranging from moment magnitude (M) 3.5 to 4.0 has been incorporated into the 
hazard analysis.  A probably conservative range of rates of activity has been considered in the 
hazard analysis adopted from the observed induced seismicity at The Geysers, California. 


The Project Area in central Oregon is characterized by a moderate level of tectonic and volcanic 
activity with a number of active faults and a low to moderate level of historical seismicity.  In the 
probabilistic seismic hazard analysis performed in this study, active faults, volcanic sources of 
seismicity, and regional seismic source zones for background earthquakes were included.  This 
included two local seismic sources associated with Newberry Volcano.  The results of the 
probabilistic seismic hazard analysis indicate that there is no difference in hazard at La Pine, 
Sunriver, and the Project site (NGC 55-29) between the baseline conditions (which incorporates 
the hazard from both natural tectonic and volcanic seismicity) and the EGS induced seismicity.  
As a result, potential EGS induced seismicity poses no seismic risk to the residents in the 
neighboring communities. 


Although there is no additional seismic risk due to EGS induced earthquakes, if events of M 3.0 
and higher were to occur, and we judge the likelihood of their occurrence to be small, they will 
probably be felt in La Pine and Sunriver, but not at damaging levels of ground motions (> 0.10 
g).  Individual residents within 10 km of the Project site will feel the larger events.  The strength 
of shaking will depend on the size of the event, and distance to and site conditions at each 
location.  The effects of induced seismicity will be more of a nuisance than a hazard to the vast 
majority of local residents because of the small size of the events and distances to centers of 
population. 
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1. Section 1 ONE Introduction 


AltaRock Energy Inc., as part of the Newberry Volcano Engineered Geothermal System (EGS) 
Demonstration Project, will develop an EGS reservoir in the high temperature, low permeability 
rock on the northwest flank of Newberry Volcano (Figure 1).  AltaRock intends to quantitatively 
demonstrate that hydroshearing techniques can successfully induce and sustain fluid flow and 
heat extraction from one injection well and two production wells for the conceptual design of a 
commercial-scale wellfield and power plant. 


In the first phase of the project, evaluations of the induced seismicity and seismic hazards and a 
risk analysis need to be submitted as part of an environmental document for the governing 
regulatory agencies and stakeholders.  As requested by AltaRock Energy, URS Corporation has 
performed such a study.  The specific objectives of the study are to: (1) evaluate the baseline 
seismic hazards in the Project Area including La Pine, the closest community to the site; (2) 
estimate the potential increase in seismicity rate and maximum magnitude of an earthquake 
induced by the hydroshearing in the well NGC 55-29; and (3) evaluate the increased seismic risk 
imposed by the hydroshearing activities.  


These objectives are consistent with Step Two, “Assess Natural Seismic Hazard Potential” and 
Step Three “Assess Induced Seismicity Potential” in the “Protocol for Induced Seismicity 
Associated With EGS” (Majer et al., 2008) and the DOE protocol for the U.S. currently being 
developed. 


1.1 SCOPE OF WORK 


There are five specific tasks specified by AltaRock that were performed in this study.  The 
following is a description of those tasks as described in the Request for Qualifications (RFQ): 


Task 1.  Review of Available Information and Data From Previous EGS Projects 


The consultant will review available geologic, geophysical, and seismologic data for EGS 
projects, particularly those in volcanic environments similar to Newberry Volcano (e.g., EGS 
projects at Ogachi and Hijori geothermal projects in Japan).  These data will be evaluated and if 
feasible, look-alike conceptual models generated.  Relevant theoretical models should also be 
evaluated.  AltaRock will make available to the consultant any relevant data requested that it 
possesses. 


Task 2.  Evaluation of Local Faults 


Quaternary faults exist in and around the Project Area, including but not limited to ring 
structures associated with the Newberry nested caldera.  The consultant must provide a 
defensible argument for the definition of the area to be investigated in this task.  At a minimum, 
the area investigated should include the community of La Pine.  This evaluation will include but 
not be limited to interpretation of LiDAR, aerial photographs, Landsat, and topographic maps to 
identify any geomorphic evidence for faulting at the surface (e.g., fault scarps).  Note that 
AltaRock is part of the Oregon LiDAR Consortium Project flying LiDAR over the Newberry 
Volcano area.  The consultant should include a brief field reconnaissance to field‐check 
potential fault scarps and surficial evidence of faulting in the proposed budget.   
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Note the LiDAR data was not made available to URS at the time of this study and so it was not 
evaluated. 


Task 3.  Site-Specific Probabilistic Seismic Hazard Analysis 


The consultant will calculate the site-specific probabilistic ground motions resulting from 
natural seismicity and the potential increase resulting from hydroshearing activities for the 
Project Area defined in Task 2 above.  The potential for induced seismicity could be derived by 
relating regional and site-specific conditions, including such parameters as the state of stress, 
presence or absence of favorably oriented faults and fractures, and hydroshearing plans 
(injection rates and pressures).  The analysis will include but not be limited to contributions to 
strong ground shaking at the Project Area from seismic activity along known active structures, 
as well as other potential (e.g., suspected) contributing structures.  The potential for induced 
seismicity should be characterized in terms of recurrence characteristics, rates, and maximum 
magnitudes for inclusion in the probabilistic hazard model.  The analysis results should be 
presented at a minimum in a set of hazard curves that express ground motions as a function of 
annual exceedance probability.  The basis and the potential for triggering of local faults should 
be included in the analysis.  The consultant will define the uncertainties in any models used and 
in the model parameters. 


Task 4.  Seismic Risk Evaluation 


A qualitative seismic risk evaluation will be performed based on the results of Task 3.  The 
potential ground shaking as expressed in terms of peak ground acceleration, peak ground 
velocity, and/or intensity from induced events will be estimated.  Estimates of their effects will be 
made on the local population, and the built and natural environment.  The seismic vulnerability 
of typical buildings in the area will be considered.  These potential impacts should be expressed 
in tangible measures of structural impacts and felt effects in the area investigated using for 
example, the Modified Mercalli (MM) intensity scale and standard blast vibration regulatory 
thresholds. 


Task 5.  Final Report 


A final report that (1) describes the analysis approach and the results of each task performed, 
and (2) summarizes the results of the study will be produced and transmitted to AltaRock for 
their review.  A Final Report will be produced. 


1.2 ACKNOWLEDGMENTS 
This study was supported by AltaRock Energy Inc.  Our thanks to Joe Iovenitti and Will Osborn 
for their assistance.  The seismic hazard and risk evaluations of the AltaRock Newberry Volcano 
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 Probabilistic Seismic Hazard Analysis Mark Dober and Ivan Wong 
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2. Section 2 TWO Newberry Volcano Egs Demonstration Project 


The Newberry Volcano EGS Project will be executed in three phases over a period of 
approximately three years (Davenport Newberry Holdings LLC, 2010). Phase I, Pre-Stimulation, 
will integrate all existing geoscience and well data along with any additional flow test and 
wellbore survey data into a comprehensive geologic model of the project. A detailed stimulation 
plan will be developed, an initial microseismic array (MSA) will be installed, public meetings 
and information forums will be conducted, and Phase I and II permits will be obtained. In Phase 
II, Reservoir Creation and Characterization, an existing deep well will be stimulated using 
hydroshearing techniques to create a fracture network. The initial MSA may be modified or 
augmented prior to stimulation. The stimulated injection well and surrounding fracture network 
will be characterized by a short flow test, and MSA and chemical tracer data will be interpreted 
to map the fracture locations. 


Two production wells will be directionally drilled from the same well pad into the mapped 
fracture network. The first production well will be drilled into one flank of the newly created 
fracture network, and a connectivity test will be conducted. Groundwater, produced from on-site 
water wells, will be pumped into the injection well while the production well is flowed to an 
atmospheric separator, with the steam vented to the atmosphere and the residual liquid re-
circulated to the injection well. A second similar production well will be drilled into the opposite 
flank of the fracture network. If necessary, stimulation of the production wells will be conducted 
to enhance connectivity. The final Phase II operation will be an extended circulation test to 
characterize system performance under steady-state conditions. In Phase III, Long-Term 
Monitoring and Conceptual Modeling, the static EGS system will be monitored to assess fracture 
evolution and reservoir response to production, and a conceptual model of a commercial-scale 
EGS wellfield and power generation facility will be developed. 


In terms of progress to date, Davenport completed the drilling of two deep wells, NGC 55-29 and 
NGC 46-16, in August and November 2008, respectively. The injection well NGC 55-29 was 
completed to a depth of 3,066 m (10,060 ft), with an 8.5-inch-diameter open hole from 1,790 m 
(6,462 ft) to total depth. NGC 46-16 was completed to a depth of 3,553 m (11,599 ft), with a 
12¼-inch-diameter open hole to 2,100 m (6,888 ft) and a 10-5/8-inch-diameter open hole to total 
depth. Both wells bottomed out in crystalline rock consisting of a mix of subvolcanic basalt and 
granodiorite. 


The injection well and, if necessary, the production wells, will be stimulated using a process 
termed “hydroshearing.” The goal of hydroshearing stimulation is to create multiple hydraulic 
fracture network zones in crystalline rock to create the heat exchange area of an EGS system. 
Hydroshearing is the process of hydraulically inducing shear failure in subsurface rock 
formations along pre-existing natural fractures. Hydroshearing requires that stimulation pressure 
be maintained at levels less than formation breakdown pressure, unlike traditional oil and gas 
fracturing techniques. Exceeding the formation breakdown pressure can result in tensile failure, 
which can lead to short-circuiting in hot, dry rock formations. Inducing shear failure offers the 
greatest potential for creating an EGS reservoir that will provide sufficient surface area and 
residence time for injected fluids to reach optimum production temperature and maximize 
reservoir life by minimizing short-circuiting and premature injection fluid breakthrough. To 
create a network of optimum fracture width, density and overall dimension, hydroshearing 
stimulation is conducted at multiple levels in the target well. The advantages of multiple 
stimulations include:  
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 Creation of a larger reservoir volume, thereby doubling or tripling available heat 
exchange area.  


 Enhancing system permeability and connectivity to allow for higher production rates and 
lower injection pressures, thereby increasing the economic viability of the project.  


 Establishing a single-well production total mass flow rate 75 Kg/s.  


 Forming a fracture network ‘half-length’, or radius, of 500 m.  


The project planning purposes, the hydroshearing in NGC 55-29 is expected to occur over a 
period of 21 days at a pump rate of 420 to 1,260 gals/min. The objective of stimulation is to 
create up to three separate and stacked fracture networks. Well stimulation will use (1) rig-off 
with chemical diverters and/or (2) rig-on with mechanical and chemical diverters. In either case, 
stimulation will be accomplished by pumping groundwater into the injection well at relatively 
high pressure (but at a pressure low enough to prevent tensile failure and formation breakdown) 
to hydroshear the shallowest pre-existing wellbore fractures below the casing shoe. Chemical 
and mechanical diverters are used to direct the stimulation fluid to specific areas of pre-existing 
fractures, previously identified by borehole televiewer surveys. Chemical diverters, commonly 
and safely used in oil and gas operations, are used to temporarily block open fractures, but are 
later removed by thermal degradation or the addition of other chemical additives. Mechanical 
diverters are plugs and other tools used to isolate specific sections of the well bore. The Phase I 
Stimulation Plan will define the approach AltaRock will use, and will be reviewed and approved 
by BLM and DOE prior to field operations. 


Microseismicity will be continuously monitored along with surface injection rates and pressures. 
A fiber optic monitoring system will be deployed in the wellbore to provide real-time distributed 
temperature information and bottomhole pressure. The orientation and shape of the fractured 
reservoir created by stimulation, controlled by the in situ stress regime at any given depth, will 
be determined by interpretation of MSA data. After the well has thermally recovered from 
stimulation, a three-day, single-well flow test will be conducted to characterize the newly created 
reservoir through tracer sampling and analysis. All resulting data (e.g., microseismic, hydraulic, 
fiber optic and flow back test data) will be thoroughly analyzed. The thermo-, hydro-, 
mechanical-, chemical-model of the reservoir will then be updated. 


Once a fracture geometry with a long axis radius of about 500 m is achieved, a high-temperature, 
chemical diverter will be pumped in an attempt to redirect the hydraulic treatment to the next set 
of natural fractures. The resulting temperature, microseismic and pressure data will be analyzed 
to determine if the diversion has been successful. If the chemical diverter does not provide 
sufficient zonal isolation to allow creation of multiple fracture networks, a rig will be mobilized 
and a mechanical isolation device, such as a scab liner, will be installed in the well to ensure that 
at least two separate fracture networks are created. 


 







SECTIONTHREE Seismicity Induced By EGS 


 W:\X_WCFS\PROJECTS\NEWBERRY-ALTAROCK\NEWBERRY_SEISMIC HAZ EVAL_FINAL.DOC\11/24/10   3-1 


3. Section 3 THREE Seismicity Induced By EGS 


Earthquakes that have been generated through human activity, i.e., induced seismicity, have been 
recognized for decades.  One of the first examples was the recognition in 1945 that earthquakes 
were being caused by the impoundment of Lake Mead behind Hoover Dam.  Earthquakes have 
also been induced by both surface and underground mining activities (e.g., McGarr, 1971; Cook, 
1976) and fluid injection (e.g., Healy et al., 1968; Nicholson and Wesson, 1990).  In the past 
decade, the long-standing term “reservoir-induced seismicity” has been officially replaced by 
“reservoir-triggered seismicity” by the U.S. Committee on Large Dams.  This term accurately 
characterizes the process of induced seismicity in that the effect of reservoir impoundment, 
mining, and fluid-injection is to “trigger” shear failure (earthquakes), along pre-existing pre-
stressed zones of weakness, i.e., faults and fractures, that are favorably oriented in the current 
tectonic stress field.  The act of triggering is to add an increment of stress or reduce the normal 
stress across pre-stressed faults or fractures resulting in seismic slip.  Although this mechanism 
does not explain all induced seismicity such as tensile failure earthquakes due to hydraulic 
fracturing, it certainly explains the largest induced earthquakes such as those at the Rocky 
Mountain Arsenal and other cases of fluid-induced seismicity (Nicholson and Wesson, 1990), 
most mining cases (e.g., Wong and McGarr, 1990; Wong, 1993), and large reservoirs (e.g., 
Simpson, 1976; Wong et al., 1991). 


Seismicity induced by EGS activities has been described in a number of scientific papers.  The 
subject has been reviewed and described in an overview paper by Majer et al. (2007).  We 
briefly summarize that paper in the following. 


Induced seismicity has been documented in a number of operating geothermal fields and EGS 
projects.  The seismicity consists predominantly of microearthquakes (moment magnitude [M] or 
Richter local magnitude [ML] < 3.0), which generally are not felt (unless at close distances of a 
few kilometers) although events in the M 4.0 to 5.0 range have occurred (Section 3.4).  
Microearthquakes have led to little or no damage worldwide (Majer et al., 2007). 


A number of mechanisms can lead to geothermal-induced seismicity (Majer et al., 2007):  


(1) pore pressure increase, which can decrease the static friction and induce seismic slip in a 
deviatoric stress field.  In this process of effective stress reduction, pre-existing faults are 
already pre-stressed and the increase in pore pressure acts as a trigger;  


(2) temperature decrease where cool fluids interact with hot rock causing contraction of 
fracture surfaces in a process called thermoelastic strain.  As with the effective stress 
reduction, the slight opening of a pre-stressed fracture reduces the static friction and 
triggers slip already near failure in the local stress field;  


(3) as fluid is produced from or injected into the reservoir rock, it may be compacted or 
stressed.  These volume changes cause a perturbation in the local stress field and also can 
cause slip on pre-existing fractures or faults; and  


(4) injecting non-native fluid into rock may cause a geochemical alteration of fracture 
surfaces thus changing the coefficient of friction on those surfaces.  In this case of 
reduced friction, microearthquakes are more likely to occur. 


All four mechanisms are relevant to EGS applications.  The extent to which any of these 
processes is active in a specific situation is affected by a number of local and regional geologic 
conditions including (Majer et al., 2007): 
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(1) the orientation and magnitude of the deviatoric stress field in relation to pre-existing 
faults;  


(2) extent and orientation of faults and fractures; 


(3) rock mechanical properties such as shear modulus, ductility, etc.; 


(4) hydrologic factors such as permeability and porosity; and  


(5) historical natural seismicity. 


Majer et al. (2007) summarize several cases of geothermal-induced seismicity including The 
Geysers, California; Cooper Basin, Australia; Berlin, El Salvador, Soultz-sous-Forets, France, 
and Basel, Switzerland. 


In the following we describe the induced seismicity at two EGS sites in Japan and the Fenton 
Hill site in New Mexico.  All three sites are in similar volcanic caldera settings as Newberry 
Volcano.  The Geysers has been the site of ongoing fluid-induced seismicity associated with 
geothermal production and has thus provided a field laboratory for studying their causes and 
effects.  However, no EGS activities have been performed at The Geysers to date although the 
first experiment is scheduled to occur in early 2011.  A brief description of The Geysers 
seismicity also follows. 


3.1 OGACHI AND HIJORI, JAPAN 


A Hot Dry Rock (HDR) geothermal project was initiated at the Ogachi site in northeast Japan in 
1989.  The site is located within a Neogene caldera with an uplifted granodiorite basement and a 
north-northwest-trending mylonite zone (Ito and Kitano, 2000).  In the Ogachi experiment, a 
1,000-m deep injection well and a 1,100-m deep production well were drilled into pre-Tertiary 
granite.  Two reservoirs were developed by hydraulic fracturing in the injection well (Ito et al., 
2001).  The deepest reservoir at the bottom of the injection well was created by injecting a total 
of 10,163 m3 of water.  The shallower reservoir at about 700 m depth was created by injecting 
5,400 m3 of water. 


Both acoustic emissions (AE) and microearthquakes were monitored at the Ogachi site.  Events 
appeared to be confined to a volume within 1,000 m of the injection well in an orientation 
consistent with the joint pattern (Kaieda et al., 2010).  With the exception of a single event of M 
(unknown scale) 2.0, the remainder were smaller than M -1.0 (Kaieda et al., 2010). 


A HDR project similar to the Ogachi experiment was performed at the Hijori site on the southern 
edge of the Hijori caldera in northern Japan (Kaieda et al., 2010).  An injection well HDR-1 was 
drilled to a depth of 2,205 m in granodiorite basement rock.  Injection was carried out in three 
stages of flow rate: 1, 2, and 4 tons/min of water over a 12-hour period.  Seismicity was very low 
the first 4 hours of stimulation similar to what was observed at Ogachi (Kaieda et al., 2010).  The 
events aligned along an east-west direction consistent with the natural joint pattern.  The events 
propagated about 500 m from HDR-1.  The maximum magnitude was M 0.3 with the remaining 
events smaller than M -1.0 (Kaieda et al., 2010).  In a comparison with the Cooper Basin Hot 
Fractured Rock Project, Kaieda et al. (2010) suggest that the microearthquakes at Ogachi and 
Hijori were relatively small compared to Cooper Basin (maximum M 3.7) because at the two 
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Japanese sites, the rock volume is highly fractured and the in situ stress conditions are relatively 
low. 


3.2 FENTON HILL, NEW MEXICO 


The first HDR experiments were initiated at a site at Fenton Hill, New Mexico in 1973 by the 
Los Alamos National Laboratory (Phillips et al., 2001).  The site is located on the southwest 
flank of the Jemez caldera, which was last active in the late-Pleistocene.  During the 25-year 
lifetime of the Los Alamos HDR Project, two separate confined HDR reservoirs were created in 
hot crystalline rock, interrogated, and flow-tested for almost a year each.  The first reservoir was 
developed at a depth of about 2,800 m in jointed granitic rock at a mean temperature of 195 C. 
(Brown, 2009).  The second reservoir was created at a depth of about 2,500 m also in jointed 
granitic rock at a mean temperature of 235 C.  


In December 1983, a massive hydraulic fracturing experiment was performed with more than 
21,000 m3 of water injected in 61 hours.  The injection was conducted at a depth of 3,460 m in 
the deeper reservoir.  More than 11,000 microearthquakes were recorded over the course of the 
injection.  The events imaged a tabular volume 1 km by 1 km by 300 m striking N10W and 
dipping 65 to the east (Phillips et al., 2001).  The local in situ stress field was extensional with 
the minimum principal stress oriented nearly northwest-southeast (Brown, 2009). Magnitudes of 
the events in three massive injections have ranged from M -6 to -2 (Albright and Pearson, 1982).  
The microearthquakes result from shear failure probably on pre-existing planes of weakness that 
intersect or make up the main hydraulic system (Albright and Pearson, 1982). 


3.3 THE GEYSERS 


The Geysers geothermal area is the site of a vapor-dominated steam field from which electric 
power has been generated since the early 1960’s.  Earthquakes are concentrated at the steam 
production field and extend to a depth of 6 km (Eberhart-Phillips and Oppenheimer, 1984).  Prior 
to the onset of power production, the region surrounding The Geysers was characterized by a 
very low level of seismicity, albeit seismographic coverage was poor. 


Eberhart-Phillips and Oppenheimer (1984) suggested that there are two plausible mechanisms 
that may explain the induced seismicity at The Geysers:  (1) volumetric contraction due to mass 
withdrawal, which could perturb the stress field and cause faulting in the reservoir rock already 
near failure due to the regional stress field, and (2) aseismic deformation due to regional 
tectonism may be converted to strike-slip deformation due to an increase in the coefficient of 
friction along fault surfaces (Eberhart-Phillips and Oppenheimer, 1984).  For both mechanisms, 
Eberhart-Phillips and Oppenheimer (1984) expected seismicity to continue to increase in spite of 
declining reservoir production and for seismicity to occur in areas where new production is 
initiated. 


Stark (1990) made several significant observations on The Geysers seismicity: (1) earthquake 
clusters associated with injection wells image the injected fluid and this correlation is more 
apparent for hypocentral depths deeper than about 2 km; (2) temporal correlation between the 
onset of injection and seismicity is generally observed; and (3) not all injection is accompanied 
by seismicity and some seismicity, especially shallower events, does not correlate with injection. 
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The largest earthquake observed in The Geysers has been a M 4.6 event that occurred on 20 
October 2006 on the northern margin of The Geysers area.  It had a shallow focal depth (3.5 km) 
and it is believed to have been induced.  The USGS catalog lists a total of 23 probable Geysers 
induced earthquakes of ML or M 4.0 and greater.  This translates to a rate of one M  4.0 event 
per 1.5 years since 1972.  The rate, however, appears to have significantly increased since 2003 
to about one M  4.0 event on average every 6 to 7 months, after a dramatic increase in injection.  
Although the largest earthquake observed at The Geysers has been a M 4.6, the value of M 5.0 is 
still generally agreed upon as an upper bound (Majer et al., 2007). 


3.4 MAXIMUM EGS EARTHQUAKE 


Maximum magnitudes (Mmax) and earthquake rates are the two most important inputs into 
seismic hazard analyses.  The magnitude of an earthquake is proportional to the area of the fault 
that slips in an event and the amount of stress that is released, i.e., stress drop.  Several 
conditions must be met for a large and potentially damaging earthquake to occur.  There must be 
a large enough fault, stresses must be high enough to cause slip, and the fault needs to be pre-
stressed and near failure. 


Predicting the Mmax of earthquakes due to EGS activities has been a difficult challenge.  As 
recognized by many, the characteristics of induced seismicity are controlled by the nature and 
distribution of pre-existing fractures and faults and the local stress field in the volume of rock 
surrounding the well where fluid is being introduced (e.g., Majer et al., 2007).  A number of 
theoretical approaches have been developed to predict Mmax. 


McGarr (1976) relates the sums of the seismic moment released in earthquakes to a change in 
volume.  In the case of fluid injection, it is the volume added to the system by injection.  McGarr 
(1976) applied this relationship to the injection-induced earthquakes at the Rocky Mountain 
Arsenal and obtained general agreement for the three largest events.  A key constraint is the total 
seismic moment is not typically released in a single event but rather a sequence of events and so 
any estimate of Mmax would be conservative. 


A second approach is to relate the seismic moment or maximum magnitude to the maximum 
length or area of pre-existing faults in the volume of rock that will be affected by fluid injection.  
The seismic moment and hence moment magnitude can be computed assuming a reasonable 
range of stress drops using the standard Brune (1970) source model.  Stress drops have been 
computed for microearthquakes at Fenton Hill and they range from 0.1 to 20 bars (Fehler and 
Phillips, 1991).  Seismic moments can also be computed based on a range of displacements that 
might occur on the faults.  Leonard (2010) has developed a set of self-consistent scaling 
relationships between seismic moment and rupture area, length, width, and average 
displacement.  Leonard (2010) contends that the scaling relationships are applicable to small 
rupture lengths and rupture areas (> 0 km or 0 km2). 


A third approach has been proposed by Shapiro et al. (2010) using the parameter “seismogenic 
index.”  Shapiro et al. (2007) observed that under “general conditions,” the number of fluid-
induced earthquakes with a magnitude larger than a given value increases approximately 
proportionally to the injected fluid volume.  Using the seismicity rate of induced events and the 
fluid injection rate, Shapiro et al. (2010) derived the parameter seismogenic index.  This 
parameter can be used to compare different locations of possible fluid injections.  The 
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seismogenic index depends on the local maximum critical pressure for shear fracturing, the 
volume concentration of pre-existing fractures, and the poroelastic uniaxial storage coefficient 
(Shapiro et al., 2010).  Along with the injection parameters, the seismogenic parameter can be 
used to estimate the probability of a given number of such events during an injection period.  
Shapiro et al. (2010) tested this technique at six case studies of injection induced seismicity 
including Cooper Basin, Basel, and Ogachi and the results were reasonable. 


All the approaches above depend on an a priori knowledge of the rupture characteristics of 
future induced seismicity, which requires subsurface characterization of the affected volume of 
rock around the well.  This information is not yet available but will be obtained as further 
investigations are performed (Section 2).   


In the absence of a characterization of the faulting and fracture pattern in the rock volume being 
affected by fluid injection at NGC 55-29, the estimation of Mmax needs to be based on suitable 
analogs.  Although the number of analogs similar to Newberry Volcano are limited, the 
observations at EGS sites such Fenton Hill, Ogachi, and Hijori in similar geologic and tectonic 
settings suggest that Mmax may be less than M 3.0 (Figure 2).  However, to reiterate, the value 
of Mmax is very dependent on the site-specific conditions of the affected rock volume as pointed 
out by numerous investigators and thus we need to allow for the probability, albeit small, of 
higher values. 


In a review of Mmax associated with EGS, the highest observed value has been an earthquake of 
M 3.7 in Cooper Basin, Australia (Figure 2).  The next largest event was a M 3.4 event in Basel, 
Switzerland.  Although not an EGS site, The Geysers has recorded a M 4.6 earthquake, but this 
is for a well-developed geothermal field that has operated over four decades.  The first M 4.0 
induced earthquake occurred in 1982, nearly 20 years after geothermal production had begun 
(Wong et al., 2010).  In light of the Mmax values shown in Figure 2, with greater consideration 
of the EGS sites in similar geologic settings, a probable upper-bound Mmax for the Newberry 
EGS Project is M 3.5 to 4.0. 
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4. Section 4 FOUR Seismotectonic Setting and Historical Seismicity 


The seismotectonic setting and historical seismicity of the Project Area are described below. 


4.1 SEISMOTECTONIC SETTING 


An understanding of the seismotectonic setting of a site provides the framework in which the 
earthquake potential of geologic structures in a region can be identified and characterized.  The 
following is a description of the seismotectonic setting of Newberry Volcano in central Oregon. 


Central Oregon is dominantly influenced by the nearby seismically active convergent margin, 
which is marked by the boundary between the Juan de Fuca and North American plates (Figure 
3). The northeastward (N60E) motion of the Juan de Fuca plate relative to the North American 
plate occurs at a rate of approximately 40 to 45 mm/yr according to Riddihough (1984).  
Convergence is accommodated by underthrusting and subduction of the Juan de Fuca plate 
beneath the North American continent along the Cascadia trench.  Oblique subduction of the 
Juan de Fuca plate has created a north-south trending volcanic arc that extends from northern 
California to southern British Columbia.  This chain of Late-Cenozoic volcanoes makes up the 
Cascade Range (Figure 3).  In central Oregon, the range is dominated by late Pleistocene 
stratovolcanoes including Mt. Jefferson, the Three Sisters, and Newberry Volcano (Figure 3). 


Other major tectonic elements of the plate boundary include an active accretionary wedge 
complex in the offshore region east of the trench and a deformed Tertiary forearc basin that lies 
seaward of the volcanic arc.  The present-day Coast Ranges consist of accreted marine sediments 
and fragments of oceanic crust that were subsequently deformed during early Tertiary plate 
convergence and subduction (Unruh et al., 1994).  Late Cenozoic deformation in the Coast 
Ranges is characterized by uplift, folding, distributed faulting, and rotation of crustal blocks 
about vertical axes (Unruh et al., 1994).  Geomorphic evidence (indices such as stream gradients, 
longitudinal profiles, sinuousity, and valley incision) suggests that uplift of the Coast Range may 
still be occurring today.  


Oblique subduction along the Oregon coastline produces arc-parallel motion of the Cascadia 
forearc and adds an additional component of crustal deformation from the relative motions of 
distinct forearc blocks (Wells et al., 1998; McCaffrey, 1994).  Wells et al. (1998) differentiate 
between three forearc segments based on contrasting patterns of Neogene deformation, 
seismicity and volcanism, and crustal structure: the southern Sierra Nevada block, the central 
Oregon block, and the northern Washington block. The boundary of the Oregon block extends 
south from the Oregon-Washington border to the relatively aseismic Klamath Mountains which 
mark the northern boundary of the Sierra Nevada block (Wells et al., 1998) (Figure 3).  During 
the Cenozoic, the Oregon Coastal block (OC) has been rotating clockwise with respect to stable 
North America at about 1.5/m.y. (Magill et al., 1982), creating a diffuse transfer zone along its 
boundary with the Basin and Range to the east (Figure 3).  The volcanic arc in this region is 
characterized by lower rates of seismicity, high extrusion rates, axial grabens, and overall 
extension (Wells et al., 1998).  Due to the rapid translation of the Sierra Nevada block N50W at 
a rate of 11 mm/yr, the volcanic arc along its eastern edge has generally higher rates of 
seismicity, high extrusion rates, and elements of transtension (Wells et al., 1998). 


East of the Cascadia forearc is the Basin and Range Province which is undergoing east-west to 
southeast-northwest crustal extension at a rate of approximately 10 mm/yr (Wells et al., 1998; 
Zoback and Zoback, 1989) (Figure 3).  This extension was initiated in the late Tertiary and has 
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resulted in an overall pattern of north-south trending normal faults that separate uplifted blocks 
from intervening grabens.  This region is tectonically active with numerous fault scarps that 
indicate relatively youthful displacements, abundant geothermal activity, and low to moderate 
levels of historical seismicity.   


Central Oregon is a complex transitional region, as the region is influenced in part by the 
northernmost extent of the Basin and Range extensional tectonics and also by volcanic processes 
that characterize the High Cascade region (Ake et al., 2001).  The dynamic interplay between 
extensional faulting and volcanic processes raises questions about whether the potential seismic 
sources are tectonic or volcanic in origin. (Ake et al., 2001).  


Regional active faulting in Oregon is largely concentrated along four north-trending fault zones 
within and east of the Cascade volcanic arc (Pezzopane, 1993).  These broadly distributed zones 
in central and eastern Oregon appear to be the northern continuation of active faults of the 
Central Nevada Seismic Belt, north of the Walker Lane and the Eastern California Shear zones 
(Pezzopane and Weldon, 1993).  Despite the paucity of large magnitude earthquakes in the 
historical record in Oregon, it is likely that active fault zones in Oregon serve to kinematically 
connect seismic activity in northeastern California and northwestern Nevada to seismically 
active fault zones in southern and central Washington (Pezzopane and Weldon, 1993).  


The regional tectonics near Newberry Volcano is unique because of its location in the back-arc 
east of the Cascade Range, which is common to only three other nearby volcanic centers; Simcoe 
Mountain, Washington, and Medicine Lake and Hackamore in northern California (Hildreth, 
2007).  Newberry is similar to Medicine Lake and Hackamore insofar as they are influenced 
significantly by transtensional tectonics from impingement of Basin and Range faulting with 
Cascades faulting and volcanism (Gutmanis, 1989; Poland et al., 2006; Hildreth, 2007; 
Donnelly-Nolan et al., 2008).  Extensional movements in the Newberry region are 
accommodated by slip along three principal fault zones that show Quaternary and Holocene 
displacements and probably intersect or merge beneath the caldera and shield, including the 
Northwest Rift zone, the Southeast Newberry fault zone, and the Southwest Newberry fault zone 
(Higgins, 1973; Fitterman, 1988; Gutmanis, 1989; Chitwood, 1990). On the northeast side of 
Newberry Volcano, the Brothers fault (Figure 9) offsets Miocene and Pliocene volcanics, yet 
does not appear to offset Quaternary lava flows (MacLeod and Sherrod, 1988; Walker and 
MacLeod, 1991). The Brothers zone is, nevertheless, included in this hazard analysis. 


4.2 HISTORICAL SEISMICITY 
The historical earthquake record can be divided into pre-instrumental and instrumental periods.  
Prior to about 1961, earthquake locations and size estimates are mostly based on felt reports.  
Earthquake data were gathered from newspaper accounts, which began with the establishment of 
settlements in the region.  The pre-instrumental record for this region is estimated to be complete 
above M 5.0 since about 1850 (Wong and Bott, 1995).  The historical catalog used in this 
analysis is from Wong et al. (2000) updated with data principally from the Advanced National 
Seismic Network and the U.S. Geological Survey (Figures 4 and 5). 
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4.2.1 Pre-Instrumental Seismicity 


No earthquakes greater than M 5.0 have occurred within 100 km of Newberry Volcano between 
1891 and 1961 (Figure 4).  The closest large event is 165 km southwest of Newberry Volcano 
and was the M 6.0 Klamath Falls, Oregon earthquake that occurred on 21 October 1993.  
However several moderate-sized events have occurred since 1891.  They include three ML 4.3 or 
Modified Mercalli intensity (MM) V earthquakes in 1906, 1920 and 1921 none of which were 
felt at the site (Figure 4).  There was a significant regional earthquake on 18 April 1936 about 
340 km from the volcano which is discussed below. 


The largest and most significant earthquake in eastern Oregon, known as the Milton-Freewater or 
Stateline earthquake, occurred at 11:08 p.m. on the night of 15 July 1936 (Neumann, 1938).  The 
maximum intensity was MM VII+, and it was felt over an area of 275,000 km2 (Figure 6).  In a 
reevaluation of the event, Woodward-Clyde Consultants (1980) (also Foxall and Turcotte, 1979) 
calculated a magnitude of ML 6.1, as recorded at 17 seismographic stations.  Based on the 
isoseismal map and an empirical relationship between magnitude and total felt area developed by 
Toppozada (1975), the event was estimated to be a ML 6.4 (Bott and Wong, 1993).  The 
mainshock was preceded by two felt foreshocks at 10:30 p.m. and 11:20 p.m. local time and was 
followed by numerous aftershocks (Neumann, 1938). 


The mainshock was felt most strongly and caused damage in and around Milton-Freewater, 
Umapine, and Stateline, Oregon.  It was also strongly felt in Walla Walla, Washington just north 
of the border.  Total damage amounted to $100,000 in 1936 dollars.  Many chimneys were 
damaged, houses were moved off their foundations, canned goods were scattered in a cannery, 
plaster cracked, windows broke, and school buildings were damaged (Neumann, 1938). 


Intense ground cracking occurred in a zone 25 m wide and 500 m long extending west-northwest 
along the base of a hill west of Milton-Freewater.  Some cracks were 1 to 2 m wide, and in one 
place the ground dropped by 2.4 m.  Water emerged from some of these cracks, indicating that 
liquefaction as well as ground slumping and landsliding had occurred.  Groundwater flow 
generally increased in wells, and several springs were revived. 


Though the epicentral location of this earthquake has been difficult to determine, an epicenter 
based on the isoseismal data gave a location about 10 km northeast of Milton-Freewater 
(Neumann, 1938).  The isoseismal map depicted by in Stover and Coffman (1993) shows the 
Newberry Volcano just outside of the MM II to III isoseismal.  However, it is possible that the 
event was felt (MM II) at or near the volcano (Figure 6). 


4.2.2 Instrumental Seismicity 


Although the earliest seismograph station was established in 1906 in Seattle, coverage using 
modern instrumentation did not begin until 1980 when the University of Washington extended 
its seismographic coverage into Oregon.  Before this time, stations such as Corvallis (COR) 
installed in 1944 and Klamath Falls (KFO) in 1962 were few in number.  Due to the lack of 
extensive seismographic coverage, the historical record is probably only complete in the study 
region for events of ML  3.0 since 1980. 


There have only been six ML 3.0 or greater earthquakes within 100 km of the Newberry Volcano 
since 1980 (Figure 4).  Of these events, four were in 1999 consisting of a minor swarm of 
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earthquakes during April and May of that year.  The largest event in the swarm was a ML 4.3 
earthquake on 28 April 1999, which was felt at Christmas Valley and Paisley, Oregon.  It was 
located about 98 km southeast of the Newberry Volcano (Figure 4).  Two other events were felt 
in Christmas Valley, a ML 3.1 on 27 April and a ML 3.3 earthquake the following day.  The 
closest ML 3.0 and larger earthquake to the site was an event estimated at ML 3.0 in 1943 about 
35 km north of the site (Figure 5).  Based on the instrumental record, no earthquakes have been 
located within 10 km of well NGC 55-29 or Newberry Volcano (Figure 5). 


Other significant earthquakes in the vicinity of the Newberry Volcano include a ML 4.8 
earthquake on 13 April 1976 located 150 km to the north (Figure 4).  The Deschutes Valley 
earthquake cracked plaster and drywall in Dufur and Wamic, Oregon (Stover and Coffman, 
1993).  The ML 4.8 event was felt throughout central Oregon and was possibly felt with MM II at 
the Newberry Volcano (Figure 7).  The 15-km deep event was preceded by nine foreshocks 
ranging in magnitude from ML 1.1 to 3.8.  There were a total of 13 aftershocks, the largest 
measuring ML 4.2 (Wong and Bott, 1995).  Couch et al. (1976) computed a composite focal 
mechanism of the mainshock and other events in the sequence, which suggested a west-
northwest-striking reverse fault as the source.  Several anticlines in the epicentral area have 
similar orientations (Wong and Bott, 1995). 
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5. Section 5 FIVE Seismic Hazard Analysis Methodology 


The probabilistic seismic hazard analysis (PSHA) approach used in this study is based on the 
model developed principally by Cornell (1968).  The occurrence of earthquakes is assumed to be 
a Poisson process.  The Poisson model is widely used and is a reasonable assumption in regions 
where data are sufficient to provide only an estimate of average recurrence rate (Cornell, 1968).  
The occurrence of ground motions at the site in excess of a specified level is also a Poisson 
process, if (1) the occurrence of earthquakes is a Poisson process, and (2) the probability that any 
one event will result in ground motions at the site in excess of a specified level is independent of 
the occurrence of other events. 


The probability that a ground motion parameter “Z” exceeds a specified value “z” in a time 
period “t” is given by: 


 p(Z > z) = 1-e-(z)•t (1) 


where (z) is the annual mean number (or rate) of events in which Z exceeds z.  It should be 
noted that the assumption of a Poisson process for the number of events is not critical.  This is 
because the mean number of events in time t, (z)•t, can be shown to be a close upper bound on 
the probability p(Z > z) for small probabilities (less than 0.10) that generally are of interest for 
engineering applications.  The annual mean number of events is obtained by summing the 
contributions from all sources, that is: 


 (z) = 
n
 n(z) (2) 


where n(z) is the annual mean number (or rate) of events on source n for which Z exceeds z at 
the site.  The parameter n(z) is given by the expression: 


 n(z) = 
i
 
j
 ßn(mi)•p(R=rj|mi)•p(Z>z|mi,rj) (3) 


where: 


 ßn(mi) = annual mean rate of recurrence of earthquakes of magnitude increment mi on 
source n; 


 p(R=rj|mi) = probability that given the occurrence of an earthquake of magnitude mi on 
source n, rj is the closest distance increment from the rupture surface to the 
site; 


 p(Z > z|mi,rj) = probability that given an earthquake of magnitude mi at a distance of rj, the 
ground motion exceeds the specified level z. 


The calculations were made using the computer program HAZ38 developed by Norm 
Abrahamson (PG&E).  This program has been validated in the Pacific Earthquake Engineering 
Research (PEER) Center-sponsored “Validation of PSHA Computer Programs” Project (Thomas 
et al., 2010).  


5.1 SEISMIC SOURCE CHARACTERIZATION 


Two types of earthquake sources are characterized in this seismic hazard analysis: (1) fault 
sources; and (2) areal source zones.  Fault sources are modeled as three-dimensional fault 
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surfaces and details of their behavior are incorporated into the source characterization.  Areal 
source zones are regions where earthquakes are assumed to occur randomly.  Seismic sources are 
modeled in the hazard analysis in terms of geometry and earthquake recurrence.  


The geometric source parameters for faults include fault location, segmentation model, dip, and 
thickness of the seismogenic zone.  The recurrence parameters include recurrence model, 
recurrence rate (slip rate or average recurrence interval for the maximum event), slope of the 
recurrence curve (b-value), and maximum magnitude.  Clearly, the geometry and recurrence are 
not totally independent.  For example, if a fault is modeled with several small segments instead 
of large segments, the maximum magnitude is lower, and a given slip rate requires many more 
small earthquakes to accommodate a cumulative seismic moment.  For areal source zones, only 
the areas, maximum magnitude, and recurrence parameters (based on the historical earthquake 
record) need to be defined.  


Uncertainties in the seismic source parameters as described below, which are sometimes large, 
were incorporated into the probabilistic seismic hazard analysis using a logic tree approach 
(Figure 8).  In this procedure, values of the source parameters are represented by the branches of 
logic trees with weights that define the distribution of values.  A sample logic tree for a fault is 
shown in Figure 8.  In general, three values for each parameter were weighted and used in the 
analysis.  Statistical analyses by Keefer and Bodily (1983) indicate that a three-point distribution 
of 5th, 50th, and 95th percentiles weighted 0.185, 0.63, and 0.185 (rounded to 0.2, 0.6, and 0.2), 
respectively, is the best discrete approximation of a continuous distribution.  Alternatively, they 
found that the 10th, 50th, and 90th percentiles weighted 0.3, 0.4, and 0.3, respectively, can be 
used when limited available data make it difficult to determine the extreme tails (i.e., the 5th and 
95th percentiles) of a distribution.  Note that the weights associated with the percentiles are not 
equivalent to probabilities for these values, but rather are weights assigned to define the 
distribution.  We generally applied these guidelines in developing distributions for seismic 
source parameters with continuous distributions (e.g., Mmax, fault dip, slip rate or recurrence) 
unless the available data suggested otherwise.  Estimating the 5th, 95th, or even 50th percentiles 
is typically challenging and involves subjective judgment given limited available data. 


5.1.1 Source Geometry 


In a PSHA, it is assumed that earthquakes of a certain magnitude may occur randomly along the 
length of a given fault or segment.  The distance from an earthquake to the site is dependent on 
the source geometry, the size and shape of the rupture on the fault plane, and the likelihood of the 
earthquake occurring at different points along the fault length.  The distance to the fault is 
defined to be consistent with the specific attenuation relationship used to calculate the ground 
motions.  The distance, therefore, is dependent on both the dip and depth of the fault plane, and a 
separate distance function is calculated for each geometry and attenuation relationship.  The size 
and shape of the rupture on the fault plane are dependent on the magnitude of the earthquake; 
larger events rupture longer and wider portions of the fault plane.  We modeled the rupture 
dimensions following the magnitude-rupture area and rupture width relationships of Wells and 
Coppersmith (1994). 


Volcanic earthquakes are assumed to occur randomly with no preference for strike and dip, and 
only within a cylindrical source volume centered on the volcanic edifice.  Volcano-tectonic 
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events are assumed to occur randomly along only the three fault zones that transect Newberry 
Volcano.   


5.1.2 Earthquake Recurrence 


Recurrence relationships for the earthquake sources are modeled using the truncated exponential 
Gutenberg-Richter, characteristic earthquake, and the maximum magnitude recurrence models.  
These models are weighted (Figure 8) to represent our judgment on their applicability to the 
sources.  The truncated exponential recurrence relationship is assumed to be appropriate for the 
volcanic earthquake sources (eruption and volcano-tectonic) and the regional source zones.  


The general approach of Molnar (1979) and Anderson (1979) is used to derive the recurrence for 
the truncated exponential model.  The number of events exceeding a given magnitude, N(m), for 
the truncated exponential relationship is 


 
N(m)= (m ) 10 -10


1-10
o


-b(m-m ) -b( m -m )


-b( m -m )


o u o


u o
 (4) 


where (mo) is the annual frequency of occurrence of earthquakes greater than the minimum 
magnitude, mo; b is the Gutenberg-Richter parameter defining the slope of the recurrence curve; 
and mu is the upper-bound magnitude event that can occur on the source.  Typically, a mo of M 
5.0 is used for the hazard calculations because smaller events are not considered likely to 
produce ground motions with sufficient energy to damage well-designed structures.  In this 
study, we have calculated the hazard at mo of M 5.0 for the baseline hazard and M 4.0 when 
accounting for the EGS induced seismicity. 


The numerical formula of Youngs and Coppersmith (1985) is used here for fault sources to 
model characteristic recurrence as described by Aki (1983) and Schwartz and Coppersmith 
(1984).  In the characteristic model, the number of events exceeding a given magnitude is the 
sum of the characteristic events and the non-characteristic events.  Characteristic events are 
distributed uniformly over  0.25 magnitude unit  centered on the characteristic magnitude, and 
the remainder of the moment rate is distributed exponentially using the above equation with a 
maximum magnitude 0.25 lower than the characteristic magnitude (Youngs and Coppersmith, 
1985). 


The maximum magnitude model can be regarded as an extreme version of the characteristic 
model.  We adopted the model proposed by Wesnousky (1986).  In the maximum magnitude 
model, there is no exponential portion of the recurrence curve, i.e., events are modeled with a 
normal distribution about the characteristic magnitude, with a sigma of 0.25.  The distribution is 
truncated at 0.5 units above the characteristic magnitude. 


The recurrence rates for the fault sources are defined by either the slip rate or the average return 
time for the maximum or characteristic event and the recurrence b-value.  The slip rate is used to 
calculate the moment rate on the fault using the following equation defining the seismic moment: 


 Mo =  A D (5) 
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where Mo is the seismic moment,  is the shear modulus, A is the area of the rupture plane, and 
D is the slip on the plane.  Dividing both sides of the equation by time results in the moment rate 
as a function of slip rate: 


 Mo =  A S (6) 


where Mo is the moment rate and S is the slip rate. Mo has been related to moment magnitude, 
M, by Hanks and Kanamori (1979): 


 M = 2/3 log Mo – 10.7 (7) 


Using this relationship and the relative frequency of different magnitude events from the 
recurrence model, the slip rate can be used to estimate the absolute frequency of different 
magnitude events. 


The average return time for the characteristic or maximum magnitude event defines the high 
magnitude (low likelihood) end of the recurrence curve.  When combined with the relative 
frequency of different magnitude events from the recurrence model, the recurrence curve is 
established. 


5.2 GROUND MOTION CHARACTERIZATION 


To characterize the ground motions at a specified site as a result of the seismic sources 
considered in the PSHA, we used empirical ground motion prediction models for spectral 
accelerations.  The relationships used in this study were selected on the basis of the 
appropriateness of the faulting type and site conditions for which they were developed (Figure 
8). 


The uncertainty in ground motion attenuation was included in the PSHA by using the log-normal 
distribution about the median values as defined by the standard error associated with each 
attenuation relationship.  Three standard deviations about the median value were included in the 
analysis. 
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6. Section 6 SIX Input to Analyses 


As required by Task 3, the probabilistic seismic hazard at selected locations (e.g., La Pine) is 
calculated for (1) the baseline conditions due to natural seismicity, in this case both tectonic and 
volcanic earthquakes, and (2) with the added effects of potential fluid injection-induced 
seismicity due to the EGS activities. The following section describes the characterization of the 
seismic sources considered in the PSHA and the empirical ground motion prediction models 
selected and used. 


6.1 SEISMIC SOURCES 


Seismic source characterization is concerned with three fundamental elements:  (1) the 
identification of significant sources of earthquakes; (2) the maximum magnitude of these 
earthquakes; and (3) the rate at which they occur. All significant sources of earthquake ground 
shaking should be included in state-of-the-art PSHAs. Given the close proximity of the 
geothermal well site to Newberry Volcano, the seismic hazards from naturally-occurring 
volcano-tectonic earthquakes are also considered important in this analysis.   


Thus three types of seismic sources were included:  active seismotectonic faults including the 
Cascadia subduction zone (CSZ), active volcanoes and volcano-tectonic sources, and regional 
background source zones. An “active” fault or volcano must typically show recurrent movements 
or eruptions, respectively, within Holocene or latest Pleistocene time to be considered potentially 
seismogenic and thus included here. Regional seismic source zones account for potential random 
background earthquakes on structures that are buried or may be too small or too deep to rupture 
to the surface.  Although the downdip edge of the CSZ megathrust rupture is more than 250 km 
away, its ability to generate relatively frequent great earthquakes (M 9) will result in some 
contribution to the hazard for sites in central Oregon.  The specific parameters used in this 
analysis for these three types of seismic sources are discussed in the following sections. 


6.1.1 Tectonic Earthquakes on Faults 


A search for all known or suspected Quaternary faults within a 100-km radius from the 
Newberry Volcano was performed using mainly the maps from the USGS Quaternary Faults and 
Fold Database of the United States (http://earthquake.usgs.gov/regional/qfaults/) and available 
published reports and geologic maps. The compilation located 14 known or suspected late 
Quaternary fault zones located within a 100-km radius of the Project Area that could contribute 
to the ground motion hazard (Table 1; Figure 4). Each fault was characterized with a probability 
distribution for activity, fault geometry and rupture length, maximum magnitude, and slip rate on 
the basis of the results of several previous seismic hazard studies and regional investigations 
(e.g., Ake et al., 2001, Geomatrix Consultants, 1995; Pezzopane, 1993, Hawkins et al., 1988, 
Schapiro et al., 2004).  The following section describes the methodology used to characterize the 
crustal faults, and discusses the attributes of significant Quaternary fault zones in the region near 
Newberry Volcano.   


Table 1 lists the earthquake source parameters and Figure 9 shows the location of the fault zone 
sources used as input to the hazard calculations. Table 1 is an inventory of all known and 
suspected active tectonic fault sources that potentially contribute to the probabilistic ground-
shaking hazard because of their potential activity, rupture length, and proximity to the 
geothermal wells and sites nearby. Shorter, individual faults (< 10 km) were not included as 
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separate independent sources because they are accounted for by use of the areal background 
source. 


The probability of activity, P(a) for each fault source is considered to be the likelihood that the 
structure is seismogenic and capable of generating an earthquake independently in the current 
neotectonic stress regime.  Many factors were used in these determinations including:  fault 
orientation with respect to the contemporary stress regime, fault geometry, relation to other 
seismogenic structures, relation to volcanoes and volcanic vents, age of youngest movement, 
rates of activity, geomorphic expression, amount of cumulative offset, and evidence for a non-
tectonic origin.  Generally, faults with definitive evidence of late Quaternary (post-middle 
Pleistocene) activity were assigned a P(a) of 1.0.  Other faults were judged on an individual 
basis.  Zones having any fault or splay that shows definitive evidence for repeated Quaternary 
activity were assigned a P(a) of 1.0 (Table 1).  Exceptions include faults that may be secondary 
and dependent on other faults, faults or fault features that may have a non-seismogenic origin, 
and faults that may be too short ( 10 km) to independently generate significant earthquakes. The 
P(a) for faults and fissure zones that merge with Newberry Volcano was reduced to account for 
the probability that the high heat flow does not allow a brittle crust to be thick enough to produce 
moderate- to large-magnitude tectonic earthquakes, and that local extension and regional fault 
slip is partially aseismic and accommodated partially by dike intrusion. The P(a) values for all 
the faults range from 0.3 to 1.0 (Table 1).  


The maximum magnitude earthquake for each fault was estimated from the maximum mapped 
fault length and the empirical relationship of Wells and Coppersmith (1994) between M and 
surface rupture length (SRL), for all fault types, where M = 1.16*log (SRL) + 5.08.  The 
standard deviation in this determination is ± 0.3 magnitude units, which is taken to form the 2-
sigma tails of the distribution. For some fault zones, two values of Mmax are used and weighted 
to account for the likelihood of shorter ruptures and smaller magnitude events on these broad 
zones of graben-type faults, which in places have a volcano-tectonic signature. To account for 
the probability of smaller magnitude earthquakes on certain “volcanic” faults, this study places a 
lower weight on the maximum rupture length and a higher weight on a preferred rupture length 
that is based on the length of the longest continuous fault (or vent alignment) and not the total 
length of the zone.  


In the site region, almost all faults are dominantly normal-slip faults, but occur in zones, 
commonly associated with grabens, some with volcanic vents and vent alignments. The 
Holocene (Quaternary) rupture behavior of many of the faults in this region is poorly understood. 
Many of the regional fault zones can be projected along strike to connect with adjacent fault 
zones, however, available geologic maps indicate most faults are short and rarely rupture 
multiple fault segments. Actual fault behavior may be more complex than what is assumed in 
this analysis. For example, one reason fault displacement may not be expressed at the surface in 
this region is because the slip during a typical large magnitude (~M 7) earthquake is distributed 
onto more than one fault splay and may die out rapidly upwards on the numerous faults in these 
nested graben zones.  Thus, for the hazard calculations, all faults are modeled as planar sources 
that extend the full depth of the seismogenic crust, which varies spatially in the study area. 
Probability distributions for the maximum seismogenic depth for fault and background 
earthquake sources (Tables 1 and 3) were assigned on the basis of the maximum depth of 
historical seismicity in that region, if available. In all rupture models, fault dip values are 
averaged over the total depth of the seismogenic crust. 
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Depending on the available data, the slip rate distributions relied on long-term ( 1.6 Ma) and 
short-term ( 130 ka) geological data. However, most faults have no specific data at all. 
Commonly, in this study, only one or two sites along a young, well-expressed fault scarp might 
provide slip rate or displacement-per-event or recurrence information. Only two or three faults in 
Table 1 have reliable data to calculate a Holocene or late Pleistocene slip rate. For a fault having 
little or no slip rate data, the distribution was commonly established by a comparison to other 
better-studied faults in the area, taking into account factors such as location of the zone, style of 
deformation, geomorphic expression, and age of youngest movement.  


Most uncertainties in slip rates are based on geological constraints, dating, or measurement 
uncertainties, which commonly vary by factors of 2 to 3 from the average or preferred slip rate. 
Factors of 2 or 3 are not uncommon for geological uncertainties.  The discrete probability 
distribution weights the preferred slip rate higher than the tails.  In most cases, the two tails of 
the distributions commonly span an order of magnitude in slip rate, which we consider to form 
the 2-sigma or 95% confidence limits. For most of these faults, the slower slip rate estimate may 
be the most accurate, given they generally lack abundant evidence of repeated paleoearthquakes 
or multiple event scarps.  If slip rates on the principal fault zones in this region were 2 or 3 times 
greater than the preferred estimates, we would likely see it expressed as more scarps or more 
relief in the topography. On the other hand, perhaps the +2-sigma slip rates can be considered to 
account, at least conceptually, for an incomplete record of the active faulting in the region (burial 
or erosion), or for a hypothetical rise in seismic moment rate, perhaps associated with regional 
stress triggering of events related to locking and unlocking of the CSZ, or with temporal 
clustering of earthquakes, as seen most commonly on longer, multi-segment fault zones. Thus, 
slip rate uncertainties that commonly span an order of magnitude (± 2-sigma) about the preferred 
value are taken here to be an appropriate approach for estimating uncertainty in slip rates for 
ground motion hazard analysis.  


Earthquake recurrence for most fault sources is modeled with two recurrence models: the 
maximum magnitude and characteristic earthquake recurrence (Section 5.1.2). The characteristic 
model is preferred and weighted 0.6 and the maximum magnitude model is assigned a weight of 
0.4.  Volcanic and volcano-tectonic earthquake sources are modeled with the truncated 
exponential recurrence. Observations of historical seismicity and paleoseismic investigations 
suggest that characteristic behavior is more likely for individual faults, whereas a truncated 
exponential model seems to fit better the seismicity that occurs in zones (Schwartz and 
Coppersmith, 1984), including volcanic and volcano-tectonic events.  


The most significant Quaternary faults in terms of seismic hazard to the areas of interest are 
summarized below. Table 1 includes a more detailed description of some of the regional 
Quaternary faults and tectonic earthquake source parameters.  


Significant Faults  


Late Pleistocene and Holocene fault activity in Oregon is concentrated along four regional 
through-going fault zones that trend approximately north-south across Oregon and appear to 
connect active faults in northern California and the Central Nevada seismic belt with those in 
southern Washington and the High Cascades (Pezzopane, 1993; Pezzopane and Weldon, 1993).  
Several of the crustal faults within the western two zones of Pezzopane (1993), the Cascade zone 
and the Central Oregon zone (not shown here),  are potential seismic sources that could generate 
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a ground-shaking hazard to the EGS site on Newberry Volcano, and the towns of La Pine and 
Sunriver, Oregon (Figure 10).  The Cascade zone, the westernmost zone in Oregon, begins near 
Mount Lassen in California and consists primarily of normal faults in the High Cascade graben.  
In the 100-km-radius study area, principal fault zones of the Cascade zone include the Chemult 
graben, the La Pine graben, the Southwest Newberry zone, the Northwest Rift, the Tumalo, the 
Sisters fault zone, and Warm Springs fault zone (Figure 9).  


The Central Oregon zone, east of the Cascade zone, consists of several long, range-bounding 
normal and normal-oblique faults that form a regional zone that merges into the High Cascades 
along the Southeast Newberry fault zone at Newberry Volcano. This fault trend continues 
northwestward along the Northwest Rift zone, the Tumalo, and Sisters fault zones, and along 
graben faults towards Mount Hood and other faults towards Mount St Helens.  The Southeast 
Newberry fault zone marks the volcano-tectonic transition from more-purely tectonic 
transtensional faulting to the south and southwest, in the northwestern Basin and Range 
Province, to more-purely volcanic at Newberry Volcano and into the Sisters Volcanoes and High 
Cascades.  Young, voluminous fissure eruptions along the Northwest Rift zone indicate it is 
much more volcano-tectonically active than the Southwest Newberry or Southeast Newberry 
fault zones.  All three of these fault zones are characterized as volcano-tectonic earthquakes 
sources in this hazard study.   


The Southeast Newberry fault zone intersects the southeast flank of the volcano and likely is 
structurally connected or kinematically related to the Northwest Rift zone (Higgins, 1973; 
Pezzopane and Weldon, 1993), perhaps in a left-stepping en echelon style,  with Newberry 
caldera in a pull-apart graben (e.g., Gutmanis, 1989).  The Southwest Newberry fault zone is the 
third Quaternary fault zone to converge at Newberry Volcano and offset early Newberry lava 
flows.  Several workers have suggested that the Chemult Graben (Walker Rim), Southwest 
Newberry faults, and the Northwest Rift-Tumalo-Sisters fault zones may be extensions of the 
same regional fault zone, partially buried under the Newberry shield (Higgins, 1973; Fitterman, 
1988; MacLeod and Sherrod, 1988; Chitwood, 1990). 


The Northwest Rift is a series of discontinuous, northwest-striking, en echelon, normal faults that 
offset late Pleistocene and early Holocene lava flows on the northern shield of Newberry 
Volcano. Peterson and Groh (1964) map the Rift Zone for 30 km length, from The Fissure at 
East Lake, within Newberry Caldera, to beyond Lava Butte, and they describe eight separate 
Holocene basaltic lava flows that have erupted from vents along the Rift Zone. Higgins and 
Waters (1967) describe several N-S and NW-striking faults exposed on the north and south walls 
of the caldera, one that may have as much as 122 to 183 m of stratigraphic throw. On the basis of 
vent alignments and topographic linears on both the north and southern shield of Newberry we 
speculate that the Rift Zone may continue southeastwards beneath the caldera as a stepover from 
The Fissure to the NW-trending vent alignment including the Interlake Obsidian Flow, the 
Pumice Cone Crater Obsidian Flow, and the Game Hut Obsidian Flow.  Perhaps the Rift Zone 
steps west again to near the Big Obsidian Flow and faults that cross West Lake (Higgins and 
Waters, 1967). All these west steps are curving the zone to connect with the Southwest 
Newberry fault zone and Walker Rim faults to the south.   


The alignment and spatial association of volcanic fissures and cinder cones along some zones 
suggests that certain faults may have a volcanic association (e.g., Geomatrix Consultants, 1995; 
Ake et al., 2001).  The distinction between volcanic faulting and tectonic faulting is significant 
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because faults that slip as a result of dike intrusion may only be capable of generating a 
maximum magnitude earthquake of M 5.5 (e.g., Jackson, 1994).  Therefore, it is important to try 
to distinguish the point where a tectonic fault that projects beneath a volcanic center becomes a 
“volcanic” fault associated with magma migration and dike intrusion (Ake et al., 2001).  Faults 
in the latter category include the Northwest Rift zone, and portions of the Southeast and 
Southwest Newberry fault zones in the vicinity of Newberry Volcano. However, Newberry is a 
hybrid between High Cascades and Basin and Range volcano-tectonics and seismo-tectonics, and 
not completely similar to the “volcanic rifting” within the Eastern Snake River Plains and 
associated magmatism and neotectonics related to hotspot migration at Yellowstone caldera.  
Newberry Volcano has bimodal volcanic chemistry and is located at the intersection of several 
regional fault zones in the backarc of Cascadia.  This is a quite different seismotectonic setting 
than purely volcanic rifting and basaltic dike intrusions following a major hotspot as it melts into 
the edge of a craton. 


The close proximity of the Northwest Rift with Newberry Crater and the spatial association of 
faults in this zone with aligned cinder cones and fissure vents have been interpreted to indicate 
that the Northwest Rift Zone is more closely associated with volcanic extension and dike 
emplacement rather than tectonic extension as slip along a dipping fault (Ake et al., 2001; 
Geomatrix Consultants, 1995).  Yet, the relatively long (~30 km), straight, surface expression, 
the NW-strike, and potential connection to the Tumalo fault, are similar features that it shares 
with other active faults in the Central Oregon zone. The northern portion of the Rift zone 
connects with the Tumalo fault far north of Newberry Caldera, maybe beyond the influence of its 
volcanism. The Rift may have a volcanic association, but is also favorably oriented to 
accommodate slip within the current tectonic stress field, and it probably reaches to the base of 
the seismogenic crust even below the volcano.  The Rift and Tumalo faults and La Pine graben 
faults serve to accommodate a significant portion of the regional strain associated with the 
Southeast and Southwest Newberry fault zones, which merge with the Brothers fault zone 
beneath Newberry Volcano (Pezzopane and Weldon, 1993). 


This study uses a P(a) of 0.5 to account for the possibility the Northwest Rift structure is 
seismogenic and thus infer it is to some extent related to volcanic processes and thus may be 
partially aseismic.  Perhaps also the La Pine graben faults, the Tumalo, and Sisters fault zones 
may in part be associated with magmatic extension and dike intrusion (Ake et al., 2001). This 
study uses a P(a) of 1 for all the other faults near Newberry, simply because they serve to 
accommodate extension in the High Cascades graben and nearby Basin and Range province.  
However, to account for the likelihood these three nearby faults are to some extent related to 
volcanic processes and thus may be smaller in magnitude, this study places a lower weight on a 
maximum rupture length based on the length of the longest continuous fault in the zone, and not 
the total length of the zone (Table 1). A higher weight is placed on a preferred maximum 
magnitude of M 6.0 for volcano-tectonic earthquakes on the 3 faults near Newberry Volcano, as 
described in the next section.   


6.1.2 Volcanic Earthquake Sources 


Commonly, volcanic earthquakes occur in sequences that accompany the movement of magma at 
different depths.  Thus, the tectonic setting of seismicity at volcanoes can be classified into 
sequences of eruption earthquakes and sequences of volcano-tectonic earthquakes, some of 
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which are not clearly associated with eruptions (Zobin, 2003). Eruption earthquakes 
hypothetically occur at the center of the volcano and during every major volcanic eruption.  
Volcano-tectonic (VT) earthquakes are associated with magma injection or withdrawal along 
fault zones in the proximity (~<10 to 20 km) of active volcanoes, including near the central 
eruption during caldera collapse and during flank vent and fissure eruptions. Many VT events are 
relatively deep for volcanic regions and thus are not expressed as movement along faults at the 
surface.  Movement of magma and associated gas and fluids can serve to overpressure and load 
to failure the caldera faults, ring fracture systems, and, local tectonic faults, especially if they 
have accumulated strain and are situated favorably in the local and regional stress field (Zobin, 
2003).  


Given the close proximity of the EGS Demonstration to Newberry Caldera, the earthquake 
hazards posed by Newberry Volcano, like any other active volcano, are in part independent of 
regional tectonic slip accommodated on faults.  Volcanic earthquakes are associated directly with 
dike intrusion and magma movement.  Seismicity occurs during either injection or withdrawal, 
and commonly as earthquake swarms within a few kilometers of the edifice, vent, or caldera 
(Tilling et al., 1987; Lahr et al., 1994; Simkin and Siebert, 2002; Roman and Cashman, 2006).  
Many volcanoes and volcanic centers, do in fact display various unique geological, geophysical, 
or seismotectonic features that reflect the stress and strain fields and style of faulting in the 
region.  Long Valley Caldera, Medicine Lake, and Mount St. Helens are just a few examples 
where regional dextral shear and extension (transtension) has been expressed in earthquake focal 
mechanisms beneath and in the vicinity of the volcanic centers (e.g., Prejean et. al., 2006; Poland 
et. al., 2006; Weaver et. al., 1987).  Newberry is probably similar given its setting where 
transtension in the Basin and Range Province merges with extension and magmatism in the High 
Cascade graben (Figure 4).  


Four volcanic earthquake sources are used in this study to model the seismicity associated with 
the largest Holocene volcanoes in the 100-km area, these include Bachelor Butte, South Sister, 
and North (and Middle) Sister volcanoes in the Cascades, and Newberry Volcano (Table 2; 
Figure 10).  These volcanoes were selected among the other numerous volcanic vents and vent 
alignments because of their recurrent Holocene eruption history and their assumed potential to 
generate much larger magnitude volcanic earthquakes than other vents and cinder cones in the 
area.  In particular for Newberry, this volcanic earthquake source is inferred to account for 
events that might accompany slip on ring-fracture and intra-caldera faults mapped or inferred to 
be under the caldera (Figure 9). 


In this study, eruption earthquakes and volcano-tectonic earthquakes are characterized for 
Newberry Volcano and the nearby fault zones, whereas only eruption earthquakes are 
characterized for the three other Cascade volcanoes within 100 km of the EGS well sites.  
Volcanic earthquake source parameters related to eruption sequences are characterized for the 
four volcanoes (Table 2). Three VT “fault” sources (Northwest Rift, Southwest Newberry, and 
Southeast Newberry fault zones) are inferred to have smaller preferred Mmax (M 6.0) and at 
most, maximum rupture lengths are assume equivalent to the lengths of the longest individual 
faults in the zone, rather than total length of the zone (Table 1).  The VT model is preferred (0.7 
weight) over the fault rupture model (0.3 weight). 


On the basis of a literature review of volcanic seismicity (e.g., Jackson, 1994; Zobin, 2001, 
2003), particularly at shield volcanoes and bimodal volcanic centers, earthquakes associated with 
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basalt dike-intrusion usually have small maximum magnitudes (~ M 5) because dike intrusion 
ruptures along the fault incrementally and at shallow depths (less than 4 to 7 km) where crustal 
rocks have lower strengths.  However, some volcanic centers considered similar to Newberry, 
have experienced events as large as M 6 to 6.5, especially if they have a more complicated 
history or explosive chemistry, and if they have regional fault zones in the vicinity or that 
transect the volcanic center (e.g., Zobin, 2001; 2003).  For the hazard calculations, the maximum 
volcanic earthquake for Newberry and Bachelor Butte is assumed to be M 6.0, and for the more 
complex and explosive Sisters stratovolcanoes the Mmax is M 6.5.  These assumed Mmax may 
be considered conservative for eruption sequences, based on available empirical data (e.g., 
Zobin, 2003), yet are probably appropriate and accurate to use to model volcano-tectonic events 
in the conduit deeper (~ 10 to 20+ km) beneath the volcanic edifice. 


By analogy and reference to historical volcanic seismicity patterns, most volcanic eruption 
events occur within approximately 5 to 10 km of the edifice, caldera or volcanic vent, whereas 
volcano-tectonic events occur as deep as 20 km and within a horizontal distance of ~10 km of 
the volcanic center (e.g., Walker, 1993; Zobin, 2003).  Thus, in this study, a cylindrical source 
volume with a diameter of 10 km is assumed centered on the volcano.  The source area is only to 
account for earthquakes within and beneath the volcano.  By analog, most volcanic swarms occur 
in the upper few kilometers of the crust, although in several cases, seismicity begins at deeper 
levels.  In this study, the volcanic earthquake sources are assumed to extend to 10 km in depth 
beneath the volcano.  Thus, the source volume is shaped like a cylinder with diameter of 10 km 
and long axis of 10 km oriented vertically.   


The recurrence rate of volcanic earthquakes is estimated from the history of volcanic eruptions, 
including major eruptive events as well as minor flows or pumice falls.  Newberry Volcano, the 
closest volcano to the site, is a broad shield volcano built by thousands of eruptions.  These 
began about 600,000 years ago and continued for several eruptive episodes over the past 10,000 
years at as many as 25 vents on the flanks and summit (Sherrod et al., 1997). The most recent 
eruption 1,300 years ago produced the Big Obsidian Flow. The caldera has been the focus of 
Newberry’s volcanic activity for at least the past 10,000 years, with as many as 4 to 6 major 
eruptions in 10 to 12 kyr (e.g., Higgins and Waters, 1967; Chitwood, 1990; Sherrod et al., 1997; 
Simkin and Siebert, 2002).  Other eruptions during this time have occurred along Northwest Rift 
zone on the volcano’s northwest shield and, to a lesser extent, the southwest and southeast 
flanks.  Certainly, large eruptions are accompanied by moderate magnitude earthquakes near the 
caldera. Earthquakes that might accompany the flank eruptions, such as along the Northwest 
Rift, are accounted for by the background source and by assuming a volcano-tectonic source 
model where a portion of the slip is seismic.   


The observation that many volcanoes have earthquake swarms that do not have eruptions, is the 
basis to estimate that volcanic earthquakes occur at minimum every eruption and in places occur 
much more frequent than every eruption.  This analysis makes the assumption that volcanic 
earthquakes occur ~ 2 to 3 times more often than the eruption record (e.g., Zobin, 2001, 2003). 
Thus, basic averages of the number of eruptions per time were used to establish an estimate of 
the maximum (longer) recurrence rate, which was divided by 2.5 to estimate the preferred and 
minimum (shorter) recurrence rates (Table 2). For example, for Newberry Volcano, on the basis 
of having 4 major eruptions in 12 kyr (Sherrod et al., 1997; Simkin and Siebert, 2002), the 
average maximum eruption recurrence rate is once every 3 kyr (Table 1).  Divide the maximum 
by ~2.5 provides the preferred average recurrence rate of ~1 kyr, and divide again provides a 
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minimum recurrence rate of ~0.5 kyrs.  Similarly, taking 6 major eruptions in 10 kyr (e.g., 
Chitwood, 1990), is an average of 1 major eruption (earthquake) sequence every ~1.7 kyr; and 
thus, assuming 2 or 3 earthquake sequences for every major eruption, a Mmax event is assumed 
to occur on average every 0.5 to 0.6 kyrs.  This is an example of how the recurrence rates were 
determined for the volcanic eruption earthquake sources.  The maximum and minimum 
recurrence values commonly vary by a factor of approximately 5 to 6 (2-sigma range), which is 
taken to be an appropriate characterization of the uncertainties for the hazard calculations.  


6.1.3 Newberry Background Earthquake Zone 


The Newberry background earthquake zone (NBEZ) accounts for the hazard from background 
earthquakes that are associated with volcanic processes and with smaller buried faults beneath 
the young volcanic deposits in the area. The Holocene lava flows and pyroclastic deposits form a 
young volcanic carapace near Newberry that has buried fault and fissure zones beneath the 
shield. Also the NBEZ is assumed to account for the random occurrence of earthquake swarms 
related to fault fissure movements, dike intrusions, and magma emplacement, but without a 
recorded eruption.  


In the Basin and Range Province and most of the western U.S., the maximum magnitude of 
earthquakes that do not produce surface rupture usually ranges from M 6 to 6.5, like in this study 
for those adjacent regions (Table 2).  However, in the vicinity of Newberry Volcano, the high 
heat flow serves to elevate the brittle-ductile transition depth to 10 to 12 km, and locally as 
shallow as 7 km (Catchings and Mooney, 1988; Stanley et al., 1990), which is substantially 
shallower than that for the surrounding regions.  The shallower seismogenic zone depth serves to 
limit the potential rupture source dimensions of earthquakes, which places limits on maximum 
magnitude.  In this study, the NBEZ is assumed to have maximum seismogenic zone depth of 10 
km and maximum background earthquake of M 5.5 ± 0.3.  The relatively smaller maximum 
background earthquake used for the NBEZ source zone corresponds to the relatively high heat 
flow and shallower seismogenic depth near Newberry Volcano, and thus to a VT source model 
that uses relatively smaller Mmax on the three fault zones that intersect Newberry Volcano 
(Table 1, discussion above). 


The NBEZ is assumed to have a P(a) 0.5 to account for the inferred potential aseismic character 
of volcanic and fault deformation in this area and for the probability that “typical” (tectonic and 
volcano-tectonic) background earthquakes in the region near Newberry may not be as common 
as in adjacent areas.  Recurrence rates for NBEZ are based on the historical catalogue for the 
Southern Cascades region (Section 6.1.4) and the Long Valley Caldera. The latter is scaled down 
on the basis of comparisons of regional seismicity and strain rates. The model assumes that Long 
Valley caldera accommodates ~10 times more regional strain (extension, shear, or both) than 
Newberry Volcano, and that otherwise, the shape and slope (but the scaled a-value) of the 
recurrence curve from Long Valley earthquakes are analogous to what might be expected at 
Newberry during an eruption (earthquake) sequence like the 1980 Mammoth Lake sequence (i.e., 
Hill, 2006).  Long Valley and Medicine Lake are considered the best seismotectonic analogs to 
Newberry insofar as they are located in similar tectonic settings in the western U.S., but they are 
in different stages of evolution, getting older to the south.  Long Valley was chosen as an analog 
to Newberry simply because the 1980 sequence was recorded well and yet the earthquake 
sequence was not associated with an eruption.  Thus, the pre-1980 record and seismicity before 
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and since then is a conservative analog for calculating recurrence statistics for a volcano-tectonic 
earthquake sequence and background seismicity at Newberry Volcano.  Medicine Lake has not 
had a significant historical earthquake sequence like at Long Valley.  


In the PSHA, we assign a weight of 0.95 that the NBEZ will have a rate similar to the Southern 
Cascades and a weight of 0.05 that the NBEZ could enter a seismic phase similar to the 1980 
Mammoth Lakes earthquake sequences and reactivation. 


6.1.4 Regional Seismic Source Zones 


To account for the hazard from background crustal earthquakes that are not associated with 
known or mapped faults, regional seismic source zones were incorporated into the analyses.  In 
most of the western U.S., the maximum magnitude of earthquakes not associated with known 
faults usually ranges from M 6 to 6.5.  Repeated events larger than these magnitudes probably 
produce recognizable fault-or-fold related features at the earth’s surface (e.g., Doser, 1985; 
dePolo, 1994). 


Earthquake recurrence estimates in the site region are required in order to assess the hazard from 
background earthquakes.  The region was divided into four seismic source zones, in part based 
on the tectonic model of Wells et al. (1998) (Figure 10): Southern Cascades, Oregon Block, Fold 
and Thrust Belt, and Northern Great Basin. The recurrence for the Long Valley Caldera 
discussed in Section 6.1.5 was also computed. Recurrence for the Oregon Block was adopted 
from Wong et al. (2000). The recurrence relationship for each seismic source zone was estimated 
using the maximum likelihood procedure developed by Weichert (1980) and the estimated 
completeness intervals for the region (Figures 11 to 14). Completeness intervals were estimated 
based on the history of settlement and the seismographic installation and operation in the region.  
Dependent events, such as aftershocks, foreshocks, and smaller events within an earthquake 
swarm, were also identified and removed from the catalogs using the technique developed by 
Youngs et al. (2000).  The resulting mean recurrence relationship assumed the truncated 
exponential form of the Gutenberg-Richter relationship of log N = a – bM.  The recurrence 
parameters with their standard deviations curves are summarized on Table 4.  The standard 
errors only reflect the goodness-of-fit of the recurrence curves.  Other sources of epistemic 
uncertainty, such as the definition of the boundaries of the regional source zones and magnitudes, 
are not included in these errors. 


6.1.5 Cascadia Subduction Zone Megathrust 


Considerable new and significant data and information has become available in the past decade 
on the megathrust.  In particular, there is now convincing evidence that the most recent 
megathrust earthquake occurred in January 1700, and that it was about a M 9 in size, thus 
probably rupturing the full length of the CSZ (Satake et al., 1996).  Although the CSZ appears to 
be segmented in its southern half (Goldfinger et al., 2010), we only considered full rupture 
events in our model because the hazard from the southern segments would be negligible in 
central Oregon.  Three scenarios were considered for the eastern extent of the megathrust rupture 
based on the model of the subduction zone by Flück et al. (1997):  (1) at the boundary between 
the locked and transition zones; (2) halfway into the transition zone; and (3) at the boundary 
between the transition and ductile zones.  We believe these scenarios capture the range of 
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uncertainty presently known on the extent of the megathrust rupture (Wong and Silva, 2000).  
The recurrence of the megathrust earthquakes are characterized by recurrence intervals of 250, 
450, and 650 years based on Goldfinger et al. (2010), weighted 0.3, 0.4, and 0.3, respectively.  
The characteristic and maximum magnitude recurrence model were considered for the 
megathrust and weighted 0.20 and 0.80, respectively, given the absence of any historical 
seismicity (M  5.0) along the megathrust with the possible exception of the 1992 M 7.2 Cape 
Mendocino earthquake. 


The Wadati-Benioff zone within the CSZ was not incorporated into the PSHA because previous 
studies (e.g., Shapiro et al., 2004) indicate it does not contribute to the hazard in central Oregon 
given the distance and low activity rate. 


6.2 EGS INDUCED SEISMICITY 


An EGS zone was defined as the area of 1 km radius centered on Well NGC 55-29 based on 
observations from other EGS sites (Section 2). Computing a future rate of seismicity for EGS at 
Newberry Volcano is not possible until future investigations have been performed including 
seismic monitoring.  However, we can consider a range of rates from other geothermal areas and 
therefore we have used recurrence parameters for The Geysers since 1972 as an upper-bound rate 
in the PSHA.  The b-value computed was 1.25 and we also included a + 0.2 uncertainty in the b-
value to incorporate a large uncertainty in the recurrence rates (Figure 15).  


The distribution of Mmax adopted for the EGS induced seismicity based on global analogs 
(Section 3) was estimated to be M 3.0, 3.5, and 4.0 weighted 0.4, 0.4, and 0.2 (Figure 8).  The 
0.2 weight assigned to the value of M 4.0 translates to the 95th percentile value.  As will be 
demonstrated in Section 7, the EGS seismicity has an insignificant impact on the probabilistic 
hazard at the three locations where the hazard was computed. 


6.3 GROUND MOTION PREDICTION MODELS 
To characterize the attenuation of ground motions in the PSHA, we have used recently 
developed empirical attenuation relationships appropriate for tectonically active regions such as 
the western U.S. These new attenuation relationships were developed as part of the Next 
Generation of Attenuation (NGA) Project sponsored by the PEER Center Lifelines Program and 
have been published in the Earthquake Spectra. The NGA models have a substantially better 
scientific basis than previous relationships (e.g., Abrahamson and Silva, 1997) because they are 
developed through the efforts of five selected attenuation relationship developer teams working 
in a highly interactive process with other researchers who have: (a) developed an expanded and 
improved database of strong ground motion recordings and supporting information on the 
causative earthquakes, the source-to-site travel path characteristics, and the site and structure 
conditions at ground motion recording stations; (b) conducted research to provide improved 
understanding of the effects of various parameters and effects on ground motions that are used to 
constrain attenuation models; and (c) developed improved statistical methods to develop 
attenuation relationships including uncertainty quantification.  


The relationships have benefited greatly from a large amount of new strong motion data from 
large earthquakes (M > 7) at close-in distances (< 25 km). Data include records from the 1999 
M 7.6 Chi Chi, Taiwan; 1999 M 7.4 Kocaeli, Turkey; and 2002 M 7.9 Denali, Alaska 
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earthquakes. Review of the NGA relationships indicate that, in general, ground motions 
particularly at short-periods (e.g., peak acceleration) are significantly reduced particularly for 
very large magnitudes (M 7.5) compared to earlier relationships.  The relationships by Chiou and 
Youngs (2008), Campbell and Bozorgnia (2008), Abrahamson and Silva (2008), and Boore and 
Atkinson (2008) were used in the PSHA for all crustal seismic sources (Figure 8). The 
relationships were weighted equally in the PSHA.  


A critical input into the NGA models is VS30, the average shear-wave velocity (VS) in the top 30 
m.  No in situ near-surface VS investigations have been performed in the Project Area.  The 
PSHA was calculated at the injection well (NGC 55-29) and the two closest communities, La 
Pine and Sunriver.  The site geology and VS30 values at these three locations are described in 
Section 6.4. 


Other input parameters include Z2.5, the depth to the Vs of 2.5 km/sec (a proxy for basin effects), 
which is only used in one model, Campbell and Bozorgnia (2008). We have used the default 
value of 2.0 km as recommended by the authors in lieu of site-specific data. Other parameters 
such as depth to the top of rupture (zero for all surficial faults unless specified otherwise), dip 
angle, rupture width, and aspect ratio of each fault are specified or calculated within the 
PSHA code. 


For the CSZ megathrust, the Youngs et al. (1997), Zhao et al. (2006), and Atkinson and Macias 
(2009) attenuation relationships were used with equal weights (Figure 8).  The Zhao et al. (2006) 
model is based on Japanese strong motion data. 


The above ground motion prediction models are for tectonic earthquakes of M  5.0.  However, 
to estimate the hazard from smaller induced earthquakes in the Project Area, a ground motion 
prediction model is needed.  Obviously, no such model exists for the Project Area and models 
appropriate for geothermally-induced seismicity have not been developed and published. 


A model by Chiou et al. (2010) has been recently developed for tectonic earthquakes M 3.0 to 
5.5 in California.  They observed that the strong motion data from induced seismicity at The 
Geysers, California indicated lower than average amplitudes for the parameters they investigated 
and so they did not include The Geysers data in their model.  We investigate this issue and have 
plotted the PGA values derived from ShakeMaps (Wald et al., 1999) of Geysers events onto the 
Chiou et al. (2010) curves for M 3.5, 4.0, and 4.5 and a soil site condition (Figures 16 to 18).  
The events range from ML 3.25 to 4.5 and were binned by 0.5 magnitude unit centered on the 
magnitude above.  As can be seen, the stations within 10 km show PGA values significantly 
above the attenuation curves.  Some of this exceedance may be due to local site effects since the 
close-in PGA values are from the Calpine strong motion sites in the communities of Anderson 
Springs and Cobb, California (Wong et al., 2010).  The values beyond 10 km are either within 
the 2 sigma curves or well below.  Thus the Chiou et al. (2010) curves underestimate ground 
motions at short distances (< 10 km) and are conservative at longer distances (> 10 km).  This 
result is not surprising given the shallow nature of fluid-injection induced seismicity compared to 
natural tectonic earthquakes and the highly attenuating crust in which they occur. 


This comparison is for The Geysers and northern California and so the question arises how 
would ground motions from induced earthquakes near Newberry Volcano compare with The 
Geysers seismicity ground motions?  It is possible, there may be differences due to different 
source parameters and crustal attenuation between the Project Area and The Geysers.  
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Obviously, we have no area-specific data so we are relying on analogs as is necessary in 
assessing potential EGS seismicity in the Project Area.  We believe that in terms of seismic 
source parameters, the assumption that EGS seismicity in the Project Area will be similar to 
seismicity at The Geysers is reasonable.  Induced earthquakes in different geothermal areas 
whether EGS-related or otherwise probably have similar seismic source parameters as tectonic 
earthquakes as has been observed in several studies (e.g., Fenton Hill, Section 2).  In terms of 
crustal attenuation, we are only interested in distances out to 30 km because the ground motions, 
e.g., PGA are too small (< 0.001 g) to have any hazardous impact (Figures 16 to 18).  Hence, we 
use the Chiou et al. (2010) model in our PSHA since it is the only model that is appropriate for 
M < 5.0 earthquakes.  The differences noted above will be considered in evaluating the hazard 
results. 


6.4 SITE GEOLOGY 


The site geology is described for the three sites where the probabilistic hazard was computed.  
No site-specific VS data are available for these sites to classify them. 


6.4.1 La Pine 


La Pine is in a basin between the Cascade Volcanic chain and Newberry Volcano in the Upper 
Deschutes River valley near the Little Deschutes River.  The basin is filled with 250 m to ~1 km 
of Quaternary and Tertiary volcanic and sedimentary deposits (Walker and McLeod, 1991; Lite 
and Gannett, 2002).  Hundreds of meters of fine-grained pyroclastic and glacial sediments are 
interbedded with lava and tuff deposits from Newberry Volcano and the Cascade Range. Thick 
sedimentary sequences occur with Mazama ash near the top and lacustrine sediments and glacial 
outwash gravels with tephra and lava flows. Walker and McLeod (1991) and Lite and Gannett 
(2002) map the units as Pleistocene to Holocene lacustrine and fluvial sedimentary deposits (Qs), 
but they contain thick Mazama ash, so they could map as Holocene Mazama pumice deposits 
(Qmp) in Cascade Range (Wang et al., 1998).  The depth to bedrock varies considerably in the 
area, from ~1 to 3 m on the pumice-mantled lava slopes, to a few tens of meters in the center of 
the basin and depressions on stream terraces. These units are probably the equivalent of National 
Earthquake Hazard Reduction Program (NEHRP) site class D (Table 5) for sites higher in 
elevation on the river terraces although many swampy saturated areas in the river flood plain fall 
into NEHRP E.  Perhaps most sites in the Upper Deschutes River Valley could be characterized 
by NEHRP E, given the low-density volcanic ash, the thick young, alluvial and lacustrine 
sediments, and shallow water table.  Based on this geologic site description, we adopted a VS30 
of 320 m/sec, an average value appropriate for NEHRP D (Table 5).  NEHRP E sites will 
produce lower seismic hazard at higher ground motions because of nonlinear soil effects. 


6.4.2 Sunriver 


Sunriver is located downstream of La Pine, where the Upper Deschutes River Valley is 
constrained between the Cascade Range volcanic vents and flows and lava flows on the 
northwest shield of Newberry Volcano.  Lava flows have periodically damned the river and 
helped fill the basin with lacustrine and fluvial sediments, through which the river has cut to 
leave numerous stream terraces.  Sunriver is on the eastern edge of the alluvial valley and the 
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western shield of Newberry.  Sunriver is mapped as Pleistocene to Holocene lacustrine and 
fluvial sedimentary deposits (Qs) and Pleistocene to Holocene basalt and basaltic andesite (Qb) 
by Walker and McLeod (1991) and Lite and Gannett (2002), but near the Deschutes River, some 
sites contain thick alluvial and fluvial gravel and basin lacustrine sediments.  The bedrock units 
map to Holocene Youngest basalt (Qyb) of Wang et al. (1998).  The sites closer to Newberry 
where lava flows are shallow in the section are probably NEHRP B to C and sites closer to or on 
the river flood plain are closer to NEHRP C to D.  A VS30 of 480 m/sec was adopted appropriate 
for NEHRP site class C (Table 5).  


6.4.3 Well NGC 55-29 


The geothermal wells are on the upper northwest flank of Newberry Volcano, near the caldera 
margin.  The sites are mapped as Pleistocene pyroclastic flows (Qp) and Pleistocene to Holocene 
basalt and basaltic andesite (Qb), and likely correlate with Holocene Youngest basalt (Qyb) of 
Wang et al. (1998).  Pyroclastic flow, pumice fall, and cinder deposits are interbedded with 
ignimbrites and lava flows, and Mazama ash mantles the surface except in swales and valleys 
where it has been washed away.  At increasing depths, tuffaceous and pumiceous units are 
interbedded with thicker lava flows.  The geothermal wells are in the flank of the volcano and are 
not associated with soft soils or saturated sediments. However, the pyroclastic deposits, which 
might vary considerably spatially, in thickness and composition, can reduce the average shear 
wave velocities.  The sites can be classified as NEHRP B overall, given the shallow bedrock and 
lack of sediments or a deep soil profile.  A VS30 of 550 m/sec appropriate for basalt was adopted 
for input into the PSHA. 
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7. Section 7 SEVEN Seismic Hazard Results 


Several factors control the level and character of earthquake ground shaking.  These factors are 
in general:  (1) rupture dimensions, geometry, orientation, rupture type of the causative fault; (2) 
distance from the causative fault; (3) magnitude of the earthquake; (4) the rate of attenuation of 
the seismic waves along the propagation path from the source to site; and (5) site factors 
including the effects of near-surface geology particularly from soils and unconsolidated 
sediments.  Other factors, which vary in their significance depending on specific conditions, 
include slip distribution along the fault, rupture directivity, footwall/hanging-wall effects, and the 
effects of crustal structure such as basin effects. 


Several parameters may be used to characterize earthquake ground motions.  The common 
parameters include: peak ground acceleration, velocity, and displacement; response spectral 
accelerations or velocities; duration; and time histories in acceleration, velocity, or displacement.  
In this analysis, we have estimated peak horizontal ground acceleration (PGA) and 0.3 and 1.0 
sec horizontal spectral accelerations (SA). 


PGAs can be roughly correlated to perceived shaking or MM intensity using the classification of 
Wald et al. (1999).  They have classified the following levels of ground shaking. 


PGA (g) Perceived Shaking MM Intensity 
< 0.002 Not felt I 


0.002 – 0.014 Weak II – III 
0.014 – 0.039 Light IV 
0.039 – 0.092 Moderate V 
0.092 – 0.18 Strong VI 


   


Correlations between any single ground motion parameter and intensity are highly uncertain.  
The above relationship has been found to be not well correlated for The Geysers since it was 
developed based upon eight larger California earthquakes of M  5.8 (Wald et al., 1999) that 
were tectonic events, which occur much deeper than the shallow Geysers earthquakes (Wong et 
al., 2010).  However, the model has found widespread use in the fluid-induced seismicity 
community. 


The results of the PSHA are described below and they are compared with the USGS National 
Seismic Hazard Maps. 


7.1 HAZARD RESULTS 


The results of the PSHA for the three locations La Pine, Sunriver, and Well NGC 55-29 are 
presented in terms of ground motion as a function of annual exceedance probability (i.e., hazard 
curves).  The annual exceedance probability is the reciprocal of the average return period.  At the 
standard return periods of 475, 975, and 2,475 years (10%, 5%, and 2% exceedance in 50 years, 
respectively), the baseline hazard PGAs and 0.3 and 1.0 sec SAs without EGS induced seismicity 
based on the hazard curves are listed in Table 6. The complete hazard results are presented in the 
Appendix.   


Figures 19 to 21, show in terms of hazard curves, which seismic sources contribute to the mean 
(total) hazard at the three locations.  At La Pine and Sunriver, the PGA hazard is controlled by 
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background earthquakes in the Basin and Range Province (Figures 19 and 20).  At Well NGC 55-
29, the hazard is dominated by the Newberry Volcano source (Figure 21). 


Next we included the potential EGS seismicity in the PSHA but we used a minimum magnitude 
of M 4.0 for the induced earthquakes even though M 5.0 is the generally accepted threshold for 
structural damage (Bommer et al., 2001).  M 5.0 was still used for the sources of natural 
earthquakes.  As summarized in Table 6, there is basically no contribution to the probabilistic 
hazard at La Pine, Sunriver at Well NGC 55-29 from EGS seismicity.  The relatively low rate of 
M  4.0 induced earthquakes and associated low ground motions result in no differences in the 
hazard when EGS events are included. 


7.2 COMPARISON WITH NATIONAL HAZARD MAPS 


In the 2008 version of the U.S. Geological Survey’s National Hazard Maps, which are the basis 
for the U.S. building code, the International Building Code, Petersen et al. (2008) have estimated 
probabilistic ground motions for the U.S. for the annual exceedance probabilities of 2%, 5%, and 
10% in 50 years (2,475, 975, and 475-year return periods, respectively).  The USGS PGA values 
at La Pine, Sunriver, and NGC 55-29 for a firm rock (NEHRP B/C) site condition average only 
about 0.09 g for a return period of 2,475 years significantly lower than the values computed in 
this study (Table 6) because they do not include many of the local seismic sources that are 
typically addressed in a site-specific PSHA. 
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8. Section 8 EIGHT Seismic Risk Analysis 


Figures 22 and 23 show the distribution of population and buildings in the Project Area based on 
the HAZUS (FEMA, 1997) default demographic database (2000 census) and default building 
stock inventory.  As shown, the area in the vicinity of Well NGC 55-29 is largely unpopulated 
and the seismic risk exposure due to EGS seismicity is low.  The results of the hazard analysis 
described in Section 7 indicate that there is no increase over the baseline probabilistic seismic 
hazard in the towns of La Pine and Sunriver as well as at NGC 55-29 due to EGS induced 
seismicity even though conservative ranges of rates were used in the PSHA.  The two towns are 
too distant (> 10 km) for EGS seismicity to contribute to the hazard.  Thus the seismic risk, even 
in terms of minor structural damage, to the residents of La Pine and Sunriver and local residents 
near Well NGC 55-29 is judged to be very low based on the results of this study. 


This is not to be construed that potentially larger EGS earthquakes of M 3.0 and higher, should 
they occur, will not be felt in La Pine and Sunriver.  It is highly possible they will be felt but not 
at damaging levels of ground motions (> 0.10 g) (Figures 16 to 18).  Individual residents within 
10 km of the project site will feel the larger events should they occur.  The strength of shaking 
will depend on the size of the event, and distance to and site conditions at the location.  However, 
the effects of induced seismicity will be more of a nuisance rather than a hazard to the vast 
majority of local residents because of the small size of the events and distance to centers of 
population. 
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Fault1 P(a)2 Style3 
Rupture 
Length4 


(km) 


Mmax 
(M)5 Fault Dip 


Slip Rate 
(mm/yr) 


Seismogenic 
Depth (km) 


Approximate 
Distance to 
Well (km) 


Data Sources Comments 


La Pine Graben 
Faults 


1.0 N 
30 (0.5) 
42 (0.5) 


6.8 
7.0 


70° W (0.4) 
90° (0.4) 


70° E (0.2) 


0.01 (0.2) 
0.1 (0.6) 
0.3 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


28.5 


Pitts and Couch, 1978; 
Hawkins et al., 1989; Lyon, 
2001; Ake et al., 2001; 
Geomatrix Consultants 1995; 
MacLeod and Sherrod, 1992; 
Pezzopane 1993  


The La Pine graben faults include mostly buried, composite graben structures located between Newberry Volcano and the High 
Cascades (Hawkins et al., 1988; MacLeod and Sherrod, 1992; Pezzopane, 1993; Geomatrix Consultants, 1995; Ake et al., 2001).  
The Deschutes River and numerous glacial lakes have filled the basins west of La Pine with ~250 m to ~1 km of mostly 
Quaternary glacial outwash and pyroclastic sediments from the High Cascade and Newberry volcanoes (Pitts and Couch, 1978; 
Ake et al., 2001; Lyon, 2001). The basin is bisected by a NNW-trending horst coincident with a chain of aligned volcanic vents 
(Gilchrist, Wampus, and Pringle Buttes) that have built upon the basin fill. Ake et al., 2001 discuss how eruptions from 
Newberry along the Northwest Rift at times dammed the Deschutes River, and they pose whether the basin may be a result of 
volcanic extrusion and basin subsidence rather than tectonic faulting. Ake et al. (2001) and Lyon (2001) discuss the Wampus 
fault zone and Dilman Meadows fault, which are considered in this study to be the surface expression of active faults in the La 
Pine graben zone. Dilman Meadows fault offsets the Pringle Falls tephra layer (218 ± 10 ka, Herrero-Bervera et al., 1994), 
middle Pleistocene lacustrine units, last-glacial-maximum outwash deposits, several younger fluvial (outwash?) terraces, and 
deposits containing the 7.6 ka Mazama ash (Lyon, 2001). Dilman Meadows fault dips east, antithetic to Wampus fault zone that 
dips west to vertical, according to geological and geophysical interpretations (Pitts and Couch, 1978; Ake et al., 2001). Gravity 
data (Pitts and Couch, 1978) define a subsurface fault zone at least 30 km in length.  Surface expression of the Wampus fault is mapped 
for 15 km, whereas volcanic vent and fault alignments, and the regional basin trend and topography imply the Wampus and 
Dilman Meadow faults are probably part of a longer (~42 km) structural zone of nested grabens and en echelon step-over faults.   


Northwest Rift Zone 
(southern section of 
the Metolius fault 


zone)  


0.5 N 
VT3 (0.7) 
10 ( 0.3) 


6.0 
6.2 


70° W (0.2) 
90° (0.6) 


70° E (0.2) 


0.01 (0.2) 
0.1 (0.6) 
0.2 (0.2) 


7 (0.4) 
10 (0.4) 
12 (0.2) 


7.0 
Ake et al. (2001); Geomatrix 
Consultants (1995); Hawkins 
et al. (1988) 


The Northwest Rift is a series of discontinuous, NW-striking, right-stepping, en echelon, normal faults that offset late 
Pleistocene and early Holocene lava flows on the northern shield of Newberry Volcano.  It is the southern section of the 
Metolius fault zone.  Hawkins et al. (1988) interpreted fault scarps that are 2 to 25 m in height in Pleistocene lava flows (~300 – 
400 ka) including the Shevlin Park Tuff (~170 ka).  The most recent fault activity was likely pre-Holocene (>6.6 to 7.3 ka) based 
on the age of unfaulted lava flows. Peterson and Groh (1964) map the Rift Zone for 30 km length, from The Fissure at East Lake, 
within Newberry Caldera, to beyond Lava Butte, and they describe eight separate Holocene basaltic lava flows that have erupted 
from vents along the Rift Zone.  Higgins and Waters (1967) describe several N-S and NW-striking faults exposed on the north 
and south walls of the caldera, one with as much as 400 to 600 feet of stratigraphic throw. On the basis of vent alignments and 
topographic linears on both the north and southern shield of Newberry we speculate that the Rift Zone may continue 
southeastwards beneath the caldera as a west stepover from The Fissure to the NW-trending vent alignment including the 
Interlake Obsidian Flow, the Pumice Cone Crater Obsidian Flow, and the Game Hut Obsidian Flow.  Perhaps the Rift Zone steps 
west again to near the Big Obsidian Flow and faults that cross West Lake (Higgins and Waters, 1967). The close proximity of 
the Northwest Rift with Newberry Crater and the spatial association of faults in this zone with aligned cinder cones and fissure 
vents have been interpreted to indicate that the Rift Zone is more closely associated with volcanic extension and dike 
emplacement rather than tectonic extension as slip along a dipping fault (Ake et al., 2001; Geomatrix Consultants, 1995).  Yet, 
the relatively long (~30 km), straight, surface expression and the NW-strike are similar to other active faults in Central Oregon, 
and the northern portion is far north of Newberry Caldera, probably beyond the influence of its volcanism.  The Rift probably 
accommodates some portion of the regional strain associated with the Southeast and Southwest Newberry fault zones, which 
merge with the Brothers fault zone beneath Newberry Volcano (Pezzopane and Weldon, 1993). P(a) of 0.5 accounts for the 
possibility this fault structure is more often than not related to volcanic processes and thus may be partially aseismic. Maximum 
rupture length (10 km), given a VT earthquake source model, is estimated from the lengths of the longest individual faults in the 
zone (rather than total length of the zone).  VT earthquakes are modeled to occur randomly along the zone because rupture of 
these smaller magnitude events (~M 6.0), theoretically does not encompass the rupture area inferred from maximum fault length 
and downdip seismogenic width.  


Tumalo Fault  
(central section of the 
Metolius fault zone) 


1.0 N 
32 (0.7) 
45 (0.3) 


6.8 
7.0 


70° W (0.6) 
90° (0.4) 


0.01 (0.2) 
0.1 (0.6) 
0.3 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


26.4 


Ake et al. (2001); Geomatrix 
Consultants (1995) 
Hawkins  et al. (1988); 
Hemphill-Haley (2001) 


Normal fault that forms the central section of the Metolius fault zone (94 km length; Hawkins et al.,1988) and the western 
margin of the Sisters fault zone. Differentiated from the Sisters zone on the basis of having a more-continuous scarp, evidence 
for repeated late- Pleistocene events and greater cumulative displacements. Prominent fault scarps are as much as 70 m high in 
Miocene-Pliocene volcanic rocks, 2- to 10-m-high scarps in middle Pleistocene ash-flow tuffs and lavas (Hawkins et al., 1988; 
Hemphill-Haley, 2001; Sherrod et al., 2004), and in places have been mapped as faulting glacial outwash (Peterson et al., 1976).  
In a quarry, the Tumalo fault displaces the Bend Pumice (~300-400 ka) and overlying gravels (~100-140 ka) (Ake et al., 2001; 
Hawkins et al., 1988). Cumulative displacement on the overlying deposits (~ 5 m) exceeds the displacement that could result 
from a single earthquake, which led Ake et al. (2001) to conjecture that multiple surface rupture events were accountable.  


Green Ridge - 
Tumalo Fault Zone 


(northern and central 
section of the 


Metolius fault zone) 


0.2 N 
29 (0.7) 
81 (0.3) 


6.8 
7.3 


70° W (0.6) 
90° (0.4) 


0.01 (0.2) 
0.1 (0.6) 
0.3 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


26.4 
Geomatrix Consultants (1995) 
Hawkins et al. (1988) 


Green Ridge is prominent ~700 m escarpment in Miocene volcanic rocks that forms the eastern margin of the High Cascades, 
and the northern section of the Metolius fault zone (Hawkins et al.,1988), north of the Tumalo fault and Sisters fault zone. Tonal 
and topographic linears across late Quaternary slope and fan deposits and the relatively large vertical displacements on early and 
middle Quaternary volcanic deposits suggests Quaternary fault activity on Green Ridge.  However, evidence is weak, and 
surface expression, although prominent, may not be as youthful as other faults like Tumalo, Sisters, and Northwest Rift zones.  
Rupture length of 81 km is a Mmax model that assumes rupture of Green Ridge and Tumalo fault zones, the central and northern 
Metolius fault zone. P(a) of 0.2 accounts for the possibility that Green Ridge and Tumalo fault zones could rupture together in a 
Mw 7.3 earthquake. Complete rupture (~105 km) including along the southern Metolius zone, Northwest Rift, is not modeled in 
this study.  
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Fault1 P(a)2 Style3 
Rupture 
Length4 


(km) 


Mmax 
(M)5 Fault Dip 


Slip Rate 
(mm/yr) 


Seismogenic 
Depth (km) 


Approximate 
Distance to 
Well (km) 


Data Sources Comments 


Sisters Fault Zone 1.0 N/NO 
30 (0.7) 
55 (0.3) 


6.8 
7.1 


70° W (0.2) 
90° (0.6) 


70° E (0.2) 


0.01 (0.2) 
0.05 (0.6) 
0.1 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


26.5 
Ake et al. (2001); 
Geomatrix Consultants 
(1995); Hawkins et al. (1988) 


Sisters is a broad zone (6 to 13 km in width) of short (< 15 km) NNW-striking normal faults that form the eastern margin of the 
High Cascades, from southeast of Bend to east of the town of Sisters. Sense of displacement is down-to-the-east and down-to-
the-west with scarps from a few meters to several tens of meters in height in late Teriary basalts, and lower scarps in Quaternary 
gravels (Ake et al., 2001). Hemphill-Haley (2001) identified scarps in Pleistocene gravels, and trenched across fault strands near 
Rudi Road, north of Tumalo.  Trench exposures evidence at least two paleoevents, each with as much as 1 m vertical 
displacement in outwash gravels estimated to be ~<100 ka (Hemphill-Haley (2001). Ake et al. (2001) assigned Max 6.75 on the 
basis of the discontinuous nature of the scarps in the zone and to match the displacement per event results of Hemphill-Haley 
(2001). The association of cinder cones along many of the scarps in the Sisters fault zone has been used to infer that the faults 
may not generate tectonic earthquakes, but rather be related to dike intrusion and volcanic earthquakes (Geomatrix Consultants, 
1995; Ake et al., 2001). The Tumalo fault lies along the western margin of the Sisters zone and exhibits obviously more 
evidence of recent activity, and therefore is treated as a separate fault source.  
  


Chemult Graben 
(western section) 


1.0 N 
30 (0.5) 
41 (0.5) 


6.8 
6.9 


70° W (0.2) 
90° (0.6) 


70° E (0.2) 


0.01 (0.2) 
0.1 (0.6) 
0.3 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


40.8 
Ake et al. (2001) 
Geomatrix Consultants (1995) 
MacLeod and Sherrod (1992) 


Graben is defined by series of discontinuous, north- to northeast-trending fault scarps, approximately 30 km long, that displace 
volcanic rocks of late Tertiary and Quaternary age (MacLeod and Sherrod, 1992).  Youngest displacement dated at ~0.88 Ma 
(MacLeod and Sherrod, 1992). Relatively subdued scarps, so slow slip rates seem likely compare to the Walker Rim faults that 
form the eastern escarpment, which is much more prominent but composed of older rock. The longest continuous scarp is 16 km 
in length. Northern traces may extend into La Pine Graben. Rupture length of 30 km is from Ake et al. (2001).  Rupture of 41 km 
is assumed to reach the southern end of the La Pine graben and Deschutes basin. Faults continue farther south, where they are 
buried by Mazama tephra, so rupture length is poorly known and probably a minimum value.  


Chemult Graben 
Faults 


(Walker Rim section) 
1.0 N 


41 (0.7) 
66 (0.3) 


6.9 
7.2 


70° W (0.4) 
90° (0.4) 


70° E (0.2) 


0.01 (0.2) 
0.1 (0.6) 
0.3 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


32.2 


Weldon et al. (2002) 
Ake et al. (2001) 
Geomatrix Consultants (1995) 
Pezzopane (1993)  
MacLeod and Sherrod (1992) 


Walker Rim is a prominent 300-m-high, west-facing escarpment of upper Miocene to lower Pliocene volcanic rocks formed by a 
series of splaying and anastamosing west-side down faults along the eastern margin of the Chemult Graben. Southward in the 
graben, the numerous, mostly west-side-down fault scarps are in places mostly buried by the Mount Mazama tephra (~7 ka). 
Northward, the fault zone curves from a NNW strike to a NE strike and projects towards Newberry volcano, and possibly steps 
east to connect with the Southwest Newberry faults.  To date, no Quaternary fault scarps have been described along this section, 
perhaps in part because of the blanket of Mazama ash. Weldon et al (2002) observe lineaments across Quaternary deposits using 
1:100,000-scale DEMs of the area. Walker Rim faults appear to be less active than more N-striking faults in the western Chemult 
graben (MacLeod and Sherrod, 1992; Pezzopane, 1993; Geomatrix Consultants Inc., 1995; Ake and others, 2001.) The total 
curved length of the Walker Rim zone is 66 km, which is assumed for Mmax, although considered to have a weight of only 0.3.  
Rupture length of 41 km and slip rate are assumed from the western section of the Chemult graben.  


Southwest Newberry 
Fault Zone 


1.0 N 
VT3 (0.7) 
14 ( 0.3) 


6.0 
6.4 


70° W (0.4) 
90° (0.4) 


70° E (0.2) 


0.01 (0.2) 
0.05 (0.6) 
0.1 (0.2) 


7 (0.2) 
10 (0.6) 
12 (0.2) 


21.1 
Geomatrix Consultants (1995) 
MacLeod and Sherrod (1992) 
Sherrod and Smith (2000) 


A zone of east-and west-facing normal faults that projects northeastward from the Walker Rim faults towards Newberry 
Volcano. Individual faults in this zone are short (<12 km), discontinuous, and offset Pleistocene lava flows, but not Holocene.  
Scarps appear to be buried by Newberry lava flows, yet, the 1-m DEM maps show several NE-trending lineations that project 
across the southwestern shield of Newberry towards the caldera.  Cinder cones and fissure vents on the south shield are oriented 
parallel to these faults, which has been taken to indicate the faults are associated with volcanism and dike intrusion rather than 
tectonic slip (MacLeod and Sherrod, 1992; Geomatrix Consultants, 1995); Sherrod and Smith, 2000).  These faults lie along the 
transitional boundary zone between Basin and Range faulting to the east and High Cascades volcanism and faulting to the west. 
The zone probably merges with the Southeast Newberry zone near or beneath Newberry Volcano. Maximum rupture length (14 
km), assuming a VT model, is estimated from the lengths of the longest individual faults in the zone. 


Southeast Newberry 
Fault Zone 


1.0 N 
VT6 (0.7) 
21 (0.3) 


6.0 
6.6 


70° W (0.4) 
90° (0.4) 


70° E (0.2) 


0.01 (0.2) 
0.2 (0.6) 
0.5 (0.2) 


7 (0.2) 
10 (0.6) 
12 (0.2) 


29.2 
Peterson and Groh (1964); 
Geomatrix Consultants 
(1995); Pezzopane (1993) 


The Southeast Newberry fault zone strikes northwest from the southern end of Viewpoint fault in the Fort Rock basin, through 
the Four Craters, to near two volcanic buttes (East Butte and China Hat) on the Newberry shield ~20 km SE of Newberry 
caldera. Mainly northwest-striking normal faults form small scarps on Plio-Pleistocene volcanic rocks and late Quaternary 
fluvial-lacustrine deposits with both down-to-the-east and down-to-the west displacements that are, in places, Holocene in age 
(Pezzopane, 1993). Radiocarbon dating on the Viewpoint fault indicates the most recent event is younger than 11 kyr, and 
geomorphic evidence suggests activity as recently as 4 kyr. Crack-In-The-Ground is part of a late Pleistocene graben that bounds 
the Four Craters volcanic center and offsets 740 ± 60 ka Green Mountain lava flows (Peterson and Groh, 1964; Pezzopane, 1993; 
Geomatrix Consultants, 1995). Maximum rupture length (21 km) is estimated from the lengths of the longest individual faults in 
this VT zone.    


Unnamed Faults near 
Antelope Mountain 


0.5 N 38 (1.0) 6.9 
70° SW 


(0.5) 
90° (0.5) 


0.005 (0.2) 
0.01 (0.6) 
0.05 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


45.9 
MacLeod and Sherrod, 1992; 
Weldon et al., 2002 


Northwest-striking faults that offset the Miocene to Pliocene volcanic vent complex at Antelope Mountain and a large basalt 
complex in the surrounding region (MacLeod and Sherrod, 1992).  The tall escarpment at Antelope Mountain and several small 
nested grabens are fault controlled and show significant throw, although no Quaternary scarps have been mapped.  Weldon et al. 
(2002) observed linears across Quaternary deposits on 1:100,000-scale DEMs of the area. P(a) of 0.5 is based on the lack of 
definitive evidence for late Quaternary activity. 
 


Paulina Marsh Faults 1.0 N/NO 35 (1.0) 6.9 
70° W (0.2) 


90° (0.6) 
70° E (0.2) 


0.01 (0.2) 
0.05 (0.6) 
0.1 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


53.0 


Walker and MacLeod, 1991; 
MacLeod and Sherrod, 1992; 
Pezzopane, 1993; 
Weldon et al., 2002 


Northwest-striking faults that offset Miocene and Pliocene volcanic rocks in the southwestern corner of the Fort Rock Valley 
(Walker and MacLeod, 1991; MacLeod and Sherrod, 1992). Paulina Marsh fault is marked on the floor of the marsh by a <2-m-
high, down-to-the-southwest fault scarp on deposits that may contain Mazama ash (Pezzopane, 1993). Possible right-lateral 
displacement of small stream channels on the marsh floor. Other faults are normal and high-angle and dip NE and SW so as to 
form two prominent grabens. Weldon et al. (2002) observed lineaments across Quaternary deposits on 1:100,000-scale DEMs. 
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Fault1 P(a)2 Style3 
Rupture 
Length4 


(km) 


Mmax 
(M)5 Fault Dip 


Slip Rate 
(mm/yr) 


Seismogenic 
Depth (km) 


Approximate 
Distance to 
Well (km) 


Data Sources Comments 


Faults North of 
Summer Lake 


0.5 N 38 (1.0) 6.9 
70° W (0.2) 


90° (0.6) 
70° E (0.2) 


0.005 (0.2) 
0.01 (0.6) 
0.05 (0.2) 


10 (0.2) 
12 (0.6) 
15 (0.2) 


91.5 
Walker and MacLeod, 1991; 
Pezzopane, 1993; 
Weldon et al., 2002 


Anastomosing zones of mostly NW- and many NE-striking normal faults that form tall bedrock escarpments with Pliocene and 
Miocene volcanic rocks (Walker and MacLeod, 1991). No fault scarps on Quaternary deposits have been described along these 
faults, but Quaternary displacement is inferred on the basis of the significant throw in the prominent bedrock escarpments 
associated with these faults. P(a) of 0.5 is based on the lack of definitive evidence for late Quaternary activity.   


Brothers Fault Zone 0.3 
NO/S


S 
55 (0.8) 
247 (0.2) 


7.1 
7.8 


70° SW 
(0.5) 


90° (0.5) 


0.005 (0.2) 
0.01 (0.6) 
0.05 (0.2) 


10 (0.2) 
12 (0.6) 
15 (0.2) 


28.5 Lawrence, 1976 


Brothers fault zone marks a significant geologic, geophysical, and seismotectonic boundary between transtensional faulting in 
the northern Basin and Range Province and transpression in the Yakima Fold belt and Columbia Plateau in southern Washinton. 
Brothers fault zone was considered to be the tectonically active “termination” of the NW Basin and Range faulting (Lawrence, 
1976). Brothers fault zone is included although neither published nor informal information reveals substantial evidence for late 
Quaternary fault activity, which is not unusual for many faults in this area where young slip is not obvious. P(a) of 0.1 is based 
on the lack of evidence for faults or scarps in known or suspected Quaternary deposits.  Slip rate is assumed to be similar to other 
faults that show significant throw in late Tertiary deposits yet lack demonstrable Quaternary activity. P(a) of 0.3 is based on the 
lack of any evidence for Quaternary fault activity. 


Warm Springs Fault 
Zone 


Shitake Creek Faults 
0.5 N 30 (1.0) 6.8 


70° W (0.4) 
90° (0.4) 


70° E (0.2) 


0.005 (0.2) 
0.01 (0.6) 
0.05 (0.2) 


7 (0.2) 
12 (0.6) 
15 (0.2) 


110.6 
Geomatrix Consultants, 1995; 
Pezzopane, 1993 


Warm Springs zone consists of discontinuous, north-south- trending, mostly down-to-the west normal faults along the eastern 
boundary of the High Cascades. Pezzopane (1993) describes young fault scarps in Pleistocene alluvium that resemble some 
scarps on the Sisters fault zone. P(a) of 0.5 is based on the lack of definitive evidence for late Quaternary activity.  
 


 
Note: Values in parentheses are probability weights.  
1
 Faults included in this analysis are all known or suspected late Quaternary faults within a 100-km radius from Newberry Volcano.  See text for further information. 


2
 P(a) is a normalized probability (from 0 to 1.0) coefficient for the subjective certainty that the fault structure has demonstrable or inferable capability of generating significant earthquakes. 


3
 N Normal; O Oblique; N/O Normal-Oblique; SS Strike-Slip. 


4
 Measured in a straight line, end-to-end, unless otherwise noted.  Most mapped faults taken from Geomatrix Consultants (1995). 


5
 Mmax is calculated from rupture length and other considerations as described in the text.  


6
 Volcano-tectonic (VT) earthquakes are associated with magma injection or withdrawal along fault zones in the proximity (~<10 km) of active volcanoes or volcanic rift areas, including the central eruption, caldera collapse, central eruption and flank eruptions, and flank fissure eruptions.  In this study, VT sources are assumed to have 


maximum rupture lengths equivalent to the lengths of the longest individual faults in the zone, rather than total length of the zone. VT earthquake locations are modeled to occur randomly along the idealized fault source zone, because rupture of these inferred smaller-magnitude VT events (~M 6.0 ± 0.5) 
theoretically does not encompass the maximum tectonic rupture area inferred from maximum fault length and seismogenic width.  VT sources are modeled with a truncated exponential recurrence rather than a characteristic recurrence model.    
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Volcano P(a) Mmax (Mw) 
Recurrence Rate 


(kyr) 


Approximate 
Distance to Well 


(km) 
Data Sources Comments 


Newberry Volcano 1.0 M 6.0 
3 (0.3) 
1 (0.4) 


0.5 (0.3) 
3.0 


Sherrod et al., 1997;   
Simkin and Siebert, 2002; 
U.S. Geological Survey, 2009 
 


Newberry Volcano, situated east of the Cascade Range, is one of the largest volcanoes in the conterminous United States, covering an area of about 1600 
sq km. The low-angle basaltic to basaltic-andesite shield volcano is dotted with more than 400 cinder cones; however Newberry has also produced major 
silicic eruptions associated with formation of a 6 x 8 km wide summit caldera containing two caldera lakes. The earliest eruptive products (<0.73 million 
years ago) (Ma) consist of a sequence of ash-flow and airfall tuffs. Caldera collapse is thought to be associated with major ash flows emplaced about 0.5 
and 0.3-0.5 Ma. These eruptions were preceded by the emplacement of numerous mafic cones and vents and silicic lava domes and flows, many of which 
are aligned NNW and NNE parallel to regional fault zones. A rhyolitic magma chamber has been present throughout the Holocene. Six major eruptive 
episodes from the early Holocene to about 1300 years ago have included both the eruption of basaltic lava flows from flank vents and the explosive 
ejection of rhyolitic pumice and pyroclastic flows and the extrusion of obsidian flows within the caldera. USGS leveling surveys near Newberry Volcano 
in 1985, 1986, and 1994 suggests that the volcano's summit area had risen as much as 97±22 mm with respect to a third-order survey in 1931. The 1931 
and 1994 surveys measured a 37-km-long, east–west traverse across the entire volcano. The 1985 and 1986 surveys, on the other hand, measured only a 
9-km-long traverse across the summit caldera with only one benchmark in common with the 1931 survey. Comparison of the 1985, 1986, and 1994 
surveys revealed no significant differential displacements inside the caldera. A possible mechanism for uplift during 1931–1994 is injection of 
approximately 0.06km3 of magma at a depth of approximately 10 km beneath the volcano's summit.  
Volcano Type:  Shield volcano 
Volcano Status: Radiocarbon 
Last Known Eruption:  690 AD ± 100 years 
Summit Elevation:  2434 m  7,985 feet 


Bachelor Butte 1.0 M 6.0 
5 (0.3) 
3 (0.4) 
1 (0.3) 


37.0 


Wood and Kienle, 1990; 
Simkin and Siebert, 2002; 
U.S. Geological Survey, 2009 
 


The 25-km-long Mount Bachelor volcanic chain consists of a symmetrical late-Pleistocene to Holocene stratovolcano SE of South Sister volcano and a 
roughly N-S-trending chain of scoria cones and small shield volcanoes. The youthful basaltic-andesite and basaltic Mount Bachelor volcanic chain was 
formed in four eruptive episodes dating back to about 18,000-15,000 years before present (BP). Construction of the NNW-SSE scoria cone chain south of 
Mount Bachelor was completed by about 12,000 years BP. The 2763-m-high Mount Bachelor (formerly known as Bachelor Butte) on the north 
topographically dominates the chain and is one of its youngest features. The latest activity from the chain produced early Holocene lava flows from Egan 
scoria cone on the north flank of Mount Bachelor that slightly preceded the eruption of the Mazama ash from Crater Lake about 6850 years ago. 
Volcano Type:   Stratovolcano 
Volcano Status: Tephrochronology 
Last Known Eruption:  5800 BC ± 1000 years 
Summit Elevation:  2763 m  9,065 feet 


South SisterVolcano 1.0 M 6.5 
5 (0.3) 
3 (0.4) 
1 (0.3) 


57.0 


Scott et al., 2001; 
Simkin and Siebert, 2002; 
U.S. Geological Survey, 2009 
 


South Sister is the highest and youngest of the Three Sisters volcanoes that dominate the landscape of the central Oregon Cascades. The main edifice of 
3157-m-high South Sister is constructed of andesitic and dacitic lava flows capped by a symmetrical summit cinder cone of probable latest-Pleistocene 
age. The late Pleistocene or early Holocene Cayuse Crater on the SW flank of Broken Top volcano and other flank vents such as Le Conte Crater on the 
SW flank of South Sister mark mafic vents that have erupted at considerable distances from South Sister itself. Late-Holocene eruptions formed a chain of 
dike-fed rhyodacitic lava domes and flows on the volcano's SE-to-SW flanks about 2000 years ago. Satellite radar interferometry (InSAR) data obtained 
by U S Geological Survey scientists detected continuing long-term slight uplift of the ground surface over a broad region centered 5 km west of South 
Sister volcano that began in 1997.   
Volcano Type:   Complex volcano 
Volcano Status: Radiocarbon 
Last Known Eruption:  50 BC (?)  
Summit Elevation:  3157 m  10,357 feet 


North SisterVolcano 1.0 M 6.5 
50 (0.4) 
30 (0.4) 
10 (0.2) 


57.0 


Scott et al., 2001; 
Simkin and Siebert, 2002;   
U.S. Geological Survey, 2009 
 


North and Middle Sister volcanoes anchor the northern end of the Three Sisters volcano group that dominates the landscape of the central Oregon 
Cascades. Glaciers have deeply eroded the Pleistocene andesitic-dacitic North Sister stratovolcano, exposing the volcano's central plug. North Sister was 
constructed over the remnants of the basaltic Little Brother shield volcano to the NW. Construction of the main edifice ceased at about 55,000 yrs ago, but 
N-S-trending fissures north of the volcano were active until at least the latest Pleistocene. Middle Sister volcano is located 2 km to the south. The basaltic-
to-rhyolitic Middle Sister and its flank vents is less-eroded, but Holocene activity in the North Sister area is restricted to a group of cinder cones north and 
NW of the North Sister that have produced a series of fresh-looking blocky lava flows on both sides of McKenzie Pass. The youngest lava flow, from 
Collier Cone, which was erupted about 1600 years ago and traveled 13.5 km to the west, is a prominent feature of the McKenzie Pass area. North Sister 
was constructed in four central volcano eruptive stages. Stages are bounded by unconformities and include (1) the Lower Shield Stage (ca. 400 ka), (2) the 
Glacial Stage (99–182 ka), (3) the Upper Shield Stage (ca. 80 ka), and (4) the Stratocone Stage (55–70 ka). We estimate that ~90% of the total 40 km3 
volume of North Sister was produced during the first two stages. The >11-km-long, north-trending Matthieu Lakes Fissure (75–11 ka) transects North 
Sister and erupted in three magmatic pulses, yielding a series of thick lavas, scoria cones, and subglacially erupted flow-dominated tuyas. Time-integrated 
eruption rates at North Sister appear to have slowed from 0.18 to 0.12 km3 per k.y. between < ca. 400–300 ka and 100 ka to 0.08 km3 per k.y. between ca. 
100 ka and 50 ka. Toward the end of volcanism at North Sister, dikes changed from a radial pattern to a N-S pattern, parallel to faults and vent alignments 
associated with E-W extension of the High Cascades graben. The Matthieu Lakes Fissure represents the final overprinting of the edifice and distribution 
of magma supply away from the North Sister center.  
Volcano Type:   Complex volcano 
Volcano Status: Radiocarbon 
Last Known Eruption:  440 AD ± 150 years 
Summit Elevation:  3074 m  10,085 feet  


 
Note: Values in parentheses are weights. 
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Table 3 
Earthquake Parameters for the Seismic Source Zones 


 


Source Zone 
Seismogenic 
Depths (km) 


Mmax (M) 


Newberry  10  2 5.5 


Southern Cascades  12  3 6.0 


Northern Great Basin  15  3 6.5 


Oregon Block 20  5 6.75 


Fold and Thrust Belt  20  5 6.75 
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Table 4 
Recurrence Parameters for Local and Regional Seismic Source Zones 


 


 
Area 
(km2) 


a-value 
a-value 
(area) 


b-value 
Magnitude 


(M) 
Return 
Period 


n (for whole 
area) 


74,172 -0.29 4.58 1.33 6 2511 0.0004 
    5 117 0.0085 


Fold and 
Thrust 


    4 5.5 0.1821 
25,100 -2.11 2.29 0.94 6 2240 0.0004 


    5 257 0.0039 
Southern 
Cascade 


    4 29.5 0.0339 
117,578 -2.44 2.63 0.82 6 195 0.0051 


    5 29.5 0.0339 
Northern 


Great Basin 
    4 4.5 0.2240 


100,000 -1.5 3.5 1.05 6 631 0.0016 
    5 56.2 0.0178 


Oregon Block 


    4 5 0.1995 
4,827 -0.73 2.95 0.69 6 15.6 0.0651 


    5.5 6.9 0.1441 
    5 3.1 0.3189 


Long Valley 
Caldera 


    4 0.6 1.5620 
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Table 5 
NEHRP Site Class Definitions 


Average Properties in Top 100 Feet 
Site Class Soil Profile Name 


Shear-Wave Velocity, s , (ft/s) 


A Hard Rock s  > 5,000 


B Rock 2,500 < s   5,000 


C Very Dense Soil and Soft Rock 1,200 ¸ s   2,500 


D Stiff Soil Profile 600  s   1,200 


E Soft Soil Profile s  < 600 
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Table 6 
Probabilistic PGA and 0.3 and 1.0 sec SA Values 


 
Without EGS Seismicity* 


Return Period (years) 
With EGS Seismicity** 
Return Period (years) Site 


475 975 2,475 475 975 2,475 


La Pine       


PGA 0.21 0.28 0.37 0.21 0.28 0.37 


0.3 Sec 0.45 0.58 0.78 0.45 0.58 0.78 


1.0 Sec 0.16 0.22 0.31 0.16 0.22 0.31 


Sunriver       


PGA 0.18 0.24 0.34 0.18 0.24 0.34 


0.3 Sec 0.37 0.49 0.69 0.37 0.49 0.69 


1.0 Sec 0.10 0.14 0.20 0.10 0.14 0.20 


Well NGC 55-29       


PGA 0.19 0.26 0.36 0.19 0.26 0.36 


0.3 Sec 0.34 0.47 0.67 0.34 0.47 0.67 


1.0 Sec 0.09 0.12 0.17 0.09 0.12 0.17 


* Mmin 5.0 


** Mmin 4.0 for EGS Zone 
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Figure
11


EARTHQUAKE RECURRENCE OF
LONG VALLEY CALDERA
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Log N = -0.73 - (0.69 ± 0.03)∗ML
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Figure
12


EARTHQUAKE RECURRENCE OF SOUTHERN
CASCADES


N=7
Log N = -2.11 - (0.94 ± 0.26)∗ML


Area = 25,100 km2
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Figure
13


EARTHQUAKE RECURRENCE OF FOLD AND
THRUST BELT


N=46
Log N = -0.29 - (1.33 ± 0.18)∗ML
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Figure
14


EARTHQUAKE RECURRENCE OF BASIN
AND RANGE PROVINCE


N=47
Log N = -2.44 - (0.82 ± 0.09)∗ML


Area = 117,578 km2
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Figure
15


EARTHQUAKE RECURRENCE OF
THE GEYSERS


N=47,643
Log N = 2.58 - (1.25 ± 0.005)∗ML
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Figure
16


RECORDED GEYSERS PGA VALUES COMPARED 
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Figure
17


Recorded Data (M3.75-4.25)


Chiou et al. (2010) M4.0
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Figure
18
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Site-Specific Probabilistic Hazard Results 


 







APPENDIX Site-Specific Probabilistic Hazard Results 
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We have computed the probabilistic hazard at the towns of La Pine and Sunriver, and Well NGC 
55-29 without and with the contribution of potential EGS-induced seismicity.  Figures A-1 to A-
18 summarize the results of the PSHA without EGS seismicity.  Figures A-1 to A-3 show the 
mean, median (50th percentile), 5th, 15th, 85th, and 95th percentile hazard curves for PGA for 
the three sites.  The 1.0 sec SA hazard is shown on Figures A-4 to A-6.  These fractiles indicate 
the range of uncertainties about the mean hazard.  At a return period of 2,475 years, there is a 
factor of 4 between the 5th and 95th percentile values for La Pine (Figure A-1).   


The contributions of the various seismic sources to the mean PGA hazard at the three sites are 
shown on Figures A-7 to A-9.  For La Pine and Sunriver, the controlling source at PGA is 
background seismicity within the Basin and Range Province.  The Newberry Volcano source 
controls the PGA hazard at NGC 55-29 (Figure A-9).  For long-period ground motions at a 
period of 1.0 sec, the CSZ controls the hazard at return periods greater than 1,000 years (Figures 
A-10 to A-12).  At shorter return periods, the Basin and Range background earthquakes control 
the hazard. 


Figures A-13 to A-18 illustrate the contributions by events that were obtained by deaggregating 
the PGA and 1.0 sec SA hazard by magnitude and distance bins.  The PGA hazard at 2,475 years 
is from local events of M 5.0 to 6.5 at distances less than 20 km, corresponding to background 
seismicity.  At long periods, e.g., 1.0 sec SA, the CSZ megathrust contributes mostly to the 1.0 
sec SA hazard with contributions also from background earthquakes (Figures A-16 to A-18). 


In Figures A-19 to A-24, the PGA and 1.0 sec SA hazard with EGS seismicity is deaggregated by 
seismic sources.  As shown, the contribution of EGS seismicity at the three selected sites is 
insignificant. 
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Figure
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SEISMIC HAZARD CURVES FOR
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AT SUNRIVER
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Figure
A-3


SEISMIC HAZARD CURVES FOR
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AT WELL 55-29
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Figure
A-4


SEISMIC HAZARD CURVES FOR 1.0 SEC
HORIZONTAL SPECTRAL ACCELERATION
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Figure
A-5


SEISMIC HAZARD CURVES FOR 1.0 SEC
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Figure
A-6


SEISMIC HAZARD CURVES FOR 1.0 SEC
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A-7
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Figure
A-8
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Figure
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INTRODUCTION 


On 24 November 2010, URS Corporation submitted to AltaRock Energy Inc. the report 
“Evaluations of Induced Seismicity/Seismic Hazards and Risk for the Newberry Volcano 
Enhanced Geothermal System (EGS) Demonstration” (Wong et al., 2010).  We refer the reader 
to that report for background information on the following analyses.  As a follow-on to that study 
and at the request of AltaRock, the following describes: (1) the development of preliminary 
ground shaking maps for a postulated upper-range EGS-induced seismic event of moment 
magnitude (M) 3.5 at the injection well (NWG 55-29); and (2) evaluations of the ground shaking 
effects on buildings located in the vicinity of the injection well and the Lava River Cave, and the 
potential for triggering avalanches. 


DEVELOPMENT OF GROUND SHAKING MAPS 


In order to provide stakeholders and the general public with estimates of what level of ground 
shaking might occur as a result of a potential induced seismic event from EGS, deterministic 
scenario maps were developed.  For the Newberry Volcano EGS Demonstration, the selected 
area was approximately 65 km by 70 km centered roughly around the injection well NWG 55-29 
(Figures 1 and 2).  The area was chosen to include the nearby communities of La Pine, Sunriver 
and Bend. 


The M 3.5 scenario event was selected to represent an upper-range seismic event for the 
Newberry EGS Demonstration.  The maximum EGS event estimated for the Newberry Volcano 
EGS Demonstration is M 3.5 to 4.0 based on other similar EGS project worldwide (Wong et al., 
2010).  We regard the ground shaking that might be experienced in this postulated scenario event 
to have a small probability of occurrence (see following discussion).  The EGS seismic event 
was assumed to occur at a depth of 1 km at the well NWG 55-29 although depth does not 
significantly impact the ground motions.  The seismic event was modeled as a point source 
(rather than with finite dimensions) because of its small size.   


To estimate the scenario event ground shaking, we require ground motion prediction models and 
a characterization of the near-surface geology at each site (Wong et al., 2010).  The ground 
motions are calculated at equally-spaced sites over the mapped area.  Each site will have a 
defined site condition based on the local geology.  The calculated ground motion at the sites can 
then be contoured and a scenario ground shaking map produced.   


The near-surface site geology will dictate whether the ground shaking will be modified by site 
effects.  The site geology of the mapped area was based on the distribution and thickness of 
Quaternary units as defined by Lite and Gannett (2002) and Walker and MacLeod (1991) 
(Figure 3).  VS30, the average shear-wave velocity in the top 30 m (100 ft), was estimated for 
each Quaternary unit(Table 1), based on measured shear-wave velocities in similar geologic 
units (Wills and Clahan, 2006; McDonald and Ashland, 2008).  The alluvium and glacial 
outwash deposits were divided into “thick” and “thin” units, based on the thickness of sediment 
from well data (Lite and Gannett, 2002).  Generally, the thick unit is defined as a sediment 
thickness greater than 30 m (100 ft), and the thin unit has a sediment thickness less than 30 m.  
Most of the map area is covered by Quaternary volcanic and Tertiary deposits, which can be 
considered to be rock with its high VS30 (Figure 3; Table 1).  A VS30 was assigned to each site 
based on its location within a specified Quaternary unit. 
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Table 1. Quaternary Units and Associated VS30 
Geologic Unit VS30 (m/sec) 
Alluvium (Qal) 340 
Glacial deposits (Qg) 450 
Landslide deposits (QTls) 400 
Quaternary volcanic and Tertiary deposits 1,350 
Alluvium and glacial outwash deposits (Qs) (thick) 370 
Alluvium and glacial outwash deposits (Qs) (thin) 400 


 


To estimate ground motions, we have chosen the recently published ground motion prediction 
model of Chiou et al. (2010), which was developed for small-to-moderate shallow crustal 
earthquakes in California (M 3.0 to 5.5) (Wong et al., 2010).  In addition we have utilized two 
unpublished ground motion prediction models developed by URS for The Geysers region of 
northern California and small geothermal-induced seismic events (M  4.5). 


Until results from the planned AltaRock strong motion instruments become available, we do not 
know how ground motions from future EGS events at Newberry Volcano will compare with 
events from The Geysers or typical small northern California earthquakes or how the ground 
motions will decay with distance.  Hence, the use of these California models is warranted (Wong 
et al., 2010). 


For the Chiou et al. (2010) ground motion prediction model, the VS30 is used as an input 
parameter.  The Geysers ground motion models are only appropriate for soil.  However, given 
the unavailability of any other ground motion model for EGS induced seismic events, The 
Geysers models were also used for the Quaternary volcanic and Tertiary deposits (rock).  Hence, 
the ground motions for rock on the ground shaking maps are conservative.  The Chiou et al. 
(2010) and The Geysers models were equally weighted in the ground motion calculations. 


To ensure a smooth grid, the site spacing for the ground shaking maps was 500 m; thus the grid 
included 18,576 sites.  Having defined the scenario EGS event, the site conditions, and 
appropriate ground motion prediction models, we calculated the median (50th percentile) peak 
horizontal ground accelerations (PGA) for each of the 18,576 sites. The ground motions are then 
contoured and mapped to produce the median PGA scenario map shown on Figure 1. 


A second map was produced to show ground shaking as characterized by the Modified Mercalli 
(MM) intensity scale.  The MM intensity scale is used to quantify the effects of an earthquake on 
the impacted population, and the built and natural environment (Table 2).  The PGA ground 
motions were converted to MM intensities based on the relationship of Wald et al. (1999) (see 
below).  As discussed in Wong et al. (2010), that relationship may not be appropriate for EGS 
seismic events but it is the only relationship available to date. 


PGA (g) Perceived Shaking MM Intensity 
< 0.002 Not felt I 


0.002 – 0.014 Weak II – III 
0.014 – 0.039 Light IV 
0.039 – 0.092 Moderate V 
0.092 – 0.18 Strong VI 
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Table 2 
Abridged Modified Mercalli Intensity Scale 


 
I Not felt except by a few under especially favorable circumstances (RF* I) 


II Felt only by a few persons at rest, especially on upper floors of buildings. Delicately suspended objects 
may swing. (RF I to II) 


III Felt quite noticeably indoors, especially on upper floor of buildings, but many people do not recognize it 
as an earthquake. Standing motorcars may rock slightly. Vibration like passing of truck. Duration 
estimated. (RF III) 


IV Felt indoors by many, outdoors by few during the day. Some awakened at night. Dishes, windows, door 
disturbed; walls make creaking sound. Sensation like heavy truck striking building. Standing motorcars 
rocked noticeably. (RF IV to V). 


V Felt by nearly everyone, many awakened. Some dishes, windows, and other fragile objects broken; 
cracked plaster in a few places; unstable objects overturned. Disturbances of trees, poles, and other tall 
objects sometimes noticed. Pendulum clocks may stop. (RF V to VI) 


VI Felt by all, many frightened and run outdoors. Some heavy furniture moved; a few instances of fallen 
plaster and damaged chimneys. Damage slight. (RF VI to VII) 


VII Everybody runs outdoors. Damage negligible in buildings of good design and construction; slight to 
moderate in well built ordinary structures; considerable in poorly built or badly designed structures; some 
chimneys broken. Noticed by persons driving cars. (RF VIII) 


VIII Damage slight in specially designed structures; considerable in ordinary substantial buildings with partial 
collapse; great in poorly built structures. Panel wall thrown out of frame structures. Fall of chimneys, 
factory stacks, columns, monuments, walls. Heavy furniture overturned. Sand and mud ejected in small 
amounts. Changes in well water levels. Persons driving cars disturbed. (RF VIII + to IX) 


IX Damage considerable in specially designed structures; well designed frame structures thrown out of 
plumb; great in substantial buildings; with partial collapse. Buildings shifted off foundations. Ground 
cracked conspicuously. Underground pipes broken. (RF IX +) 


X Some well built structures destroyed; most masonry and frame structures destroyed with foundations; 
ground badly cracked. Rails bent. Landslides considerable from river banks and steep slopes. Shifted sand 
and mud. Water splashed, slopped over banks. (RF X) 


XI Few, if any, [masonry] structures remain standing. Bridges destroyed. Broad fissures in ground.  
Underground pipelines completely out of service. Earth slumps and land slips in soft ground. Rails bent 
greatly. 


XII Damage total. Waves seen on ground surface. Lines of sight and level distorted. Objects thrown into the 
air. 


* Equivalent Rossi-Forel (RF) intensities. 
Source:  Bolt, 1978 
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Given the uncertainties in the ground motion prediction models and their appropriateness to the 
Newberry Volcano area, the PGA values portrayed on Figure 1 may be uncertain by a factor of at 
least two.  The highest estimated median PGA is 0.25 g at the injection well (Figure 1).  
Although the PGA is relatively high, the ground shaking is expected to be predominantly high-
frequency in content, of short duration, and hence unlikely to be damaging.  Based on the 
probabilistic seismic hazard analysis performed earlier (Wong et al., 2010), the annual 
probability of NWG 55-29 site being subjected to a PGA of 0.25 g is about 1 in 900.  This level 
of ground shaking is localized just around the well.  PGA values in excess of 0.20 g have been 
recorded in The Geysers in the community of Anderson Springs with no reported structural 
damage.  Ground shaking characterized by a PGA of 0.06 g and greater (moderate and stronger 
shaking) is confined to an area out to 5 km from the injection well (Figure 2).  PGA of 0.01 g 
and greater (light and stronger shaking) is felt out to distances of 12 km.  Weak shaking may be 
felt by some residents west of Highway 97 between La Pine and Sunriver in a M 3.5 seismic 
event (Figure 2). 


If the postulated scenario EGS event was smaller in magnitude, the PGA values would obviously 
be smaller.  For example, in a M 3.0 scenario seismic event, the median PGA at the injection 
well would only be 0.15 g. 


EVALUATION OF THE IMPACT ON LOCAL BUILDINGS 


It has been shown in numerous large earthquakes that wood-frame buildings perform quite well 
(e.g., Rainer and Karacabeyli, 2000) in strong ground shaking.  There are several factors that 
explain these observations including (Canadian Wood Council, 2003): (1) ductility, (2) strength 
and stiffness, (3) weight, and (4) redundancy.  Wood-frame structures with nailed joints are 
inherently more ductile than those with rigid connections.  This makes them more flexible and 
allows them to dissipate energy when subjected to seismic loading.  Floors and roofs made of 
plywood are very effective in providing strength and stiffness to wood-frame structures.  Wood 
is lighter than most materials and since the forces in an earthquake are proportional to the weight 
of a structure, light-weight wood-frame buildings will fare better than buildings constructed with 
other materials.  Finally, wood-frame construction can provide numerous load paths through the 
walls and diaphragms (roofs and floors).  This means that overloading can be transferred to 
alternate load paths. 


Rainer and Karacabeyli (2000) observe that the life-safety objective of building codes and 
various degrees of damage control have been met for single-story wood-frame construction for 
PGAs of 0.6 g and sometimes higher. 


There are only few buildings located near the injection well ( 5 km) where moderate ground 
shaking of MM V and greater could possibly occur and where there may be occupants in these 
buildings for an extended period of time (more than an hour)(Figures 2 and 4).  Those buildings 
are the Paulina Lake Lodge and associated cabins, and the Paulina Lake Guard Station. 


The Paulina Lake Lodge is a single-level rustic wood-frame building built in 1929 (Figure 5).  A 
total of 14 wood cabins are located adjacent to the lodge.  The date of construction of the cabins 
is probably similar to the Lodge.  All buildings would have then been built prior to adoption of 
seismic design provisions in the State building code and may not have been built to code at all.  
The Paulina Lake Guard Station is a single-level building of light wood construction.  It was 
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built in 1934. All buildings appear to have wooden roofs with no heavy roofing materials.  The 
Paulina Lake buildings are located in the zone where PGAs are expected to be in the range of 
0.06 to 0.10 g if the M 3.5 scenario event were to occur (Figure 2).  Thus, it is expected that if 
these buildings were to be shaken in a M 3.5 induced seismic event with its short duration, 
structural damage is not expected to occur assuming that these buildings are in reasonably good 
structural condition.  This conclusion is consistent with observations of structural response at 
The Geysers.  It is possible that some minor nonstructural damage might be incurred. 


EVALUATION OF IMPACT ON LAVA RIVER CAVE 


Located well outside the area of light ground shaking and PGA values less than 0.01 g 
(Figure 1), visitors to the Lava River Cave will probably not detect any ground shaking in the 
occurrence of a M 3.5 seismic event.  It is very unlikely that the cave itself will suffer even 
minor damage such as small roof falls even if weak ground shaking were to occur.  Observations 
by Bart Wills (personal communication, U.S. Forest Service, 26 January 2011) indicate that even 
when the cave underwent shaking from construction activities including compaction equipment 
during the expansion of Highway 97 which crossed over the cave, no damage was observed 
either during his inspection or that of the U.S. Forest Service Park attendant who inspects the 
cave on a daily basis. 


EVALUATION OF THE POTENTIAL TO TRIGGER AVALANCHES 


Ground shaking from earthquakes can trigger all forms of slope failure including landslides, 
rockfalls, debris slides, and avalanches.  In most large earthquakes worldwide that occur in areas 
of moderate to steep topography, landslides have been observed to be a common hazard.  
Avalanche-prone areas have been defined by Glazovskaya et al. (1992) as areas where the snow 
cover exceeds 30 to 50 cm in depth, and slope steepness is greater than or equal to 17 degrees 
with a relative slope height of 20 to 30 m.  Slopes flatter than 25 degrees and steeper than 60 
degrees tend to have lower incidences of avalanches.  Likewise, slopes with windward and sunny 
exposure have a lower rate of avalanches. 


Podolskiy et al. (2010) evaluated 22 cases of seismically-induced avalanches worldwide from 
1899 to 2010 resulting from both earthquakes and “artificial” seismicity in the range of M 1.9 to 
9.2 at source-to-site distances of 0.2 to 640 km.  The “artificial” events were explosions set off at 
quarries and underground mines.  Based on their analyses, Podolskiy et al. (2010) suggest that a 
lower-bound for earthquake-induced snow avalanches is a M 1.9 event at zero distance, with a 
PGA of about 0.03 g. 


Based on the study above and the nature of avalanche triggers, snow avalanches can occur at low 
levels of ground shaking.  In the area of the injection well, the topography appears to be mildly 
sloped and so the avalanche potential is low (Figure 7).  Steep areas on the flanks of Newberry 
Volcano may be avalanche-prone (Figure 7) and thus ground shaking from an EGS seismic event 
could possibly trigger avalanches if the right conditions existed (e.g., slope angle, depth of snow 
cover, etc.).  Although no ‘downhill’ skiing facility exists around the volcano, the area is used for 
snowmobiling and cross-country skiing.  Based on the ground shaking map (Figure 7), the steep 
slopes on all sides of Newberry Volcano need to be considered as potential areas where a 
postulated upper-range seismic event could trigger avalanches.  Those areas should be identified 
by visual inspection by the U.S. Forest Service if they have not already been recognized. The 
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nearest downhill ski resort to the injection well is Mt. Bachelor, well beyond the area of impact 
of EGS seismicity (Figure 1). 


Given the observation that snow avalanches could be triggered in low levels of ground shaking, 
it is recommended that that mitigation measures be taken to safeguard the public in the areas on 
the flanks of Newberry Volcano prone to avalanches if the EGS seismicity reaches magnitudes 
of M 2.0 and larger, or if PGA values exceed 0.01 g at the injection well. 
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EXECUTIVE SUMMARY


Simpson Gumpertz & Heger performed a seismic screening assessment of selected buildings


and a bridge at the Newberry National Volcanic Monument in Oregon (NNVM). AltaRock is


interested in determining how the buildings and bridges will respond to shaking caused by


seismic events induced by injection at a geothermal well approximately 3 km away.


Our assessment of the buildings followed FEMA 154-02 handbook, Rapid Visual Screening of


Buildings for Potential Seismic Hazards. Our assessment of the bridge considered the capacity


of the existing walls and the sliding resistance of both the steel and concrete bridge. Our


assessment of the cosmetic damage to both the buildings and bridge followed


recommendations by Dowding in his book, Construction Vibrations, and by the U.S. Bureau of


Mines Report of Investigation 8507.


Based on our analysis, the lowest PGA we compute for any one building that resulted in a 10%


probability of collapse was 0.25 g. The 10% limit is consistent with the collapse probability of a


new building designed to current code if an MCE occurs. The highest probability of collapse for


a 0.10 g PGA event is 1.2 %.


We recommend limiting the peak velocity at the buildings we reviewed on site to 20 mm/sec or


lower to minimize the potential for cosmetic damage to the buildings. This correlates with an


approximate peak ground acceleration of 0.025 g. As a result, the trigger levels of


PGA = 0.014, and 0.028 g are appropriate to protect against damage to the building finishes.


Since the Paulina Creek Bridge is in poor condition, we recommend a threshold limit of


125 mm/sec to limiting cosmetic damage to the bridge including expansion of the existing


cracks. This correlates with an approximate peak ground acceleration of 0.15 g. We also


recommend installing crack monitors on the bridge to confirm these recommended limits during


well injection.
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SCREENING ASSESSMENT OF
BUILDINGS AND BRIDGES
AT NEWBERRY NATIONAL VOLCANIC MONUMENT
OREGON


1. INTRODUCTION


1.1 Background


AltaRock Energy, Inc. (AltaRock) retained Simpson Gumpertz & Heger (SGH) to perform


seismic screening of selected buildings and a bridge at the Newberry National Volcanic


Monument in Oregon (NNVM). AltaRock is interested in determining how the buildings and


bridges will respond to shaking caused by seismic events induced by injection at a geothermal


well approximately 3 km away. This information will be used to provide the U.S. Forest service


with estimates of the potential for damage and/or collapse of the buildings and bridge at NNVM.


1.2 Objective


AltaRock is interested in determining how the injection process at the geothermal well will


impact the buildings and bridge structure. In particular, AltaRock would like to determine the


following:


1. The potential for any damage at the levels of shaking corresponding to trigger levels
(PGA=0.014, and 0.028 g).


2. The potential for any damage at the shaking level (PGA=0.1 g) modeled for the largest
potential seismic event.


3. Threshold shaking levels for cosmetic damage and structure collapse.


1.3 Scope of Work


The scope of work included the following:


1. Conducted a site visit to observe each structure’s construction. The site visit consisted
of a rapid visual observation of each structure and did not include a detailed survey.


2. Performed seismic screening of the structures utilizing the national standard document,
FEMA 154, Rapid Visual Screening of Buildings for Potential Seismic Hazards: A
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Handbook. We utilized the screening results to estimate the collapse potential of each
structure and correlated the collapse potential to a ground motion level.


3. Utilized construction vibration standards to estimate vibration levels that would cause
various levels of cosmetic damage to the building finishes. The results are tabulated in
terms of the peak particle velocity that will cause a given damage state.


1.4 Structures in Scope


There are many structures located on the NNVM site. Our scope of work included a review of


representative structures selected by the U.S. Forest Service. The structures are located at five


areas on the NNVM site including the Paulina Lake Outlet, The Paulina Lake Resort, The


Paulina Lake Guard Station, the Newberry Group Camp Ground (Odd Fellows Campground),


and the East Lake Resort. Figure 1 shows the approximate location of each of these areas.
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Figure 1 Locations of selected structures at NNVM
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Within each of these five areas, we reviewed various representative buildings. Table 1 provides


a listing of the buildings within each area that are included in our scope of work.


Table 1 Structures


Site Name Building


10 Mile Sno-Park Snow Shelter


Newberry Group CG (Odd Fellows Camp) Cabin 1


Cabin 2


Paulina Creek Outlet Paulina Creek Bridge


Paulina Lake Guard Station Visitors Center & Guard Station


Wash House


Crew House


Paulina Lake Resort Lodge


Reeds 1


East Lake Resort Store/Café


Wood Duck Cabin


Teal Cabin


Entrance Station Kiosk


1.5 Description of Structures


1.5.1 Buildings


The building structures all consist of wood frame construction. AltaRock did not provide building


drawings for our review. Section 3 below provides a brief description of each building based on


our observations made during our site visit. Figures 2 through 13 are photos of each building.







- 5 -


Figure 2 10 Mile Sno-Park Snow Shelter


Figure 3 Newberry Group CG (Odd Fellows Camp) Cabin 1
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Figure 4 Newberry Group CG (Odd Fellows Camp) Cabin 2


Figure 5 Paulina Lake Guard Station Visitors center & Guard Station
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Figure 6 Paulina Lake Guard Station Wash House


Figure 7 Paulina Lake Guard Station Crew House
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Figure 8 Paulina Lake Resort Lodge


Figure 9 Paulina Lake Resort Reeds 1
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Figure 10 East Lake Resort Store/Café


Figure 11 East Lake Resort Wood Duck Cabin
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Figure 12 East Lake Resort Teal Cabin


Figure 13 Entrance Station Kiosk


1.5.2 Bridge


The Paulina Creek Bridge structure consists of a steel “Hamilton EZ Bridge” constructed on top


of an existing concrete bridge, see Figure 14. The steel bridge was added circa 2008. We


reviewed the drawings for the concrete portion but no drawings are available for the steel


portion. The concrete portion was designed circa 1952. It consists of a three-span concrete
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bridge. The abutments are diaphragm type and are cast monolithically with the concrete bridge


deck. The two interior bridge pier walls are concrete, also cast monolithically with the bridge


deck. The bridge deck at the first and third spans consists of solid arched-concrete slabs


spanning from the abutments to the pier walls. The second span consists of a solid concrete


slab. The original concrete bridge includes concrete railings. The concrete bridge was


constructed along an existing concrete dam. There are no drawings available for the concrete


dam.


Figure 14 Paulina Creek Bridge


The steel bridge consists of four longitudinal steel girders, spanning from the original north to


south concrete bridge abutments. Wood blocks support the steel girders above the original


concrete bridge diaphragm abutments, see Figure 15. Additional wood blocks support the


girders off the concrete bridge deck just inboard from each abutment. There was no connection


visible between the steel girders and the wood blocks or between the wood blocks and the


concrete bridge, except that there are steel angle bumpers provided at the inboard wood blocks.
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Steel channel end and intermediate vertical diaphragms brace the steel girders. In addition,


horizontal steel angles provide a horizontal truss that braces the girder top flanges.


Figure 15 Wood block support of bridge girders
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2. INFORMATION FROM OTHERS


2.1 Structural Drawings


Structural and architectural drawings were not available for any of the building structures. We


did review a listing of the buildings and bridges from the document titled “Forest Service


Comments on Alta Rock’s Induced Seismicity Mitigation Plan, April 4, 2011” dated 16 May


2011. The list contained in this document included the approximate year of construction for


most buildings.


We reviewed the available structural drawings for the original concrete Paulina Creek Bridge.


The drawings are titled “Paulina Creek Bridge” and consist of two sheets dated some time in


1950. The actual date is illegible.


2.2 Seismic Site Class


Treadwell and Rollo provided us with their estimate of the site class for NNVM. The Paulina


Creek Bridge is located on fairly competent rock and is therefore classified as Site Class B.


2.3 Seismic Hazards


We obtained information on the likely intensity of future earthquake shaking at the site from the


United States Geologic Survey’s national seismic hazard maps, as maintained on the USGS


web site at www.USGS.gov. Specifically, we used the gridded national seismic data associated


with the ASCE Standard 7-05 Minimum Design Loads for Buildings and Other Structures


provisions.
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3. FIELD OBSERVATIONS


Craig Goings of Simpson Gumpertz & Heger conducted visual inspections of the buildings and


Paulina Creek Bridge on 9 June 2011. Table 2 following describes the basic construction of


each building and observations we made during our site visit.


Table 2 Field observations for each structure


Structure Structure Type Observations


10 Mile Sno-Park - Snow
Shelter


Single story log cabin. Photos in the building show the
construction sequence. The
building is founded on a concrete
slab and foundation. Structure is
in good condition.


Newberry Group Camp
Ground - Cabin 1


One story log cabin with loft. The foundations consist of
mortared stone. We observed
wood decay in the lower log
members. There is a large brick
fire place on the south side. The
top of the brick chimney is in
poor condition. There is also a
wood stove with brick chimney in
the building interior.


Newberry Group Camp
Ground - Cabin 2


One story log cabin with loft. The foundations consist of
mortared stone. We observed
wood decay in the lower log
members. There is a large brick
fire place on the south side.
There is also a wood stove with
brick chimney in the building
interior.


Paulina Creek Bridge Steel “Hamilton EZ Bridge”
constructed on top of the original
reinforced concrete bridge. The
steel bridge consisted of four
longitudinal girders spanning
between the north and south
abutments of the original
concrete bridge. The bridge
deck consists of timber
sheathing.


The steel bridge was in good
condition.
The concrete bridge was in poor
condition including large
horizontal cracks at the west
face. There were abandoned
crack monitors spanning the
cracks. The bridge acts as an
approximately four foot high dam.


Paulina Lake Guard Station -
Visitors Center


One story wood frame. The building has concrete
foundations. The interior walls
are sheathed with wood
paneling.
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Structure Structure Type Observations


Paulina Lake Guard Station -
Wash House


One story wood frame. The building has concrete
foundations. The interior is
sheathed with wood paneling
except the ceiling.


Paulina Lake Guard Station -
Crew House


Two story wood frame. The building has concrete
foundations. There is a concrete
masonry unit chimney at the
building center. The interior
walls are sheathed with either
plaster or gyp-board.


Paulina Lake Resort - Lodge Two story log cabin. The foundations consist of
mortared stone. There was a
recent one story addition to the
east side. We observed wood
decay in the lower log members.


Paulina Lake Resort - Reeds
Cabin


One story cabin with loft. The foundations consist of
mortared stone. We observed
wood decay in the lower log
members. There is a large stone
fire place on the west side.


East Lake Resort - Store Café One story wood frame. The building has concrete
foundations.


East Lake Resort - Wood
Duck Cabin


One story wood frame. The building has concrete
foundations. The concrete is
decaying at the north west
building corner. The interior
walls are sheathed with wood
paneling.


East Lake Resort - Teal Cabin One story wood frame. The building has concrete
foundations. The interior walls
are sheathed with tongue and
grooved wood paneling.


Entrance Station Single story wood frame
construction.


Structure is in good condition.
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4. STRUCTURAL CALCULATIONS


4.1 Building Collapse Potential


We utilized the rapid screening procedures contained in FEMA 154-02, Rapid Visual Screening


of Buildings for Potential Seismic Hazards to determine the collapse probability for the building


structures. The screening procedures contained in FEMA 154 entail performing a rapid visual


screening of each building. The screening procedure includes a rating form that includes a


series of questions keyed to deficiencies common to specific model building types. The FEMA


154 forms consider a limited number of deficiencies and are missing key deficiencies for the


buildings at the NNVM site. We therefore customized the FEMA 154 forms with additional


deficiencies to choose from. This will result in a more realistic and conservative result. Table 3


summarizes common deficiencies we added to the standard FEMA 154 form.


Table 3 Common building deficiencies added to FEMA 154 form


Deficiency


No redundancy
Mass irregularity
Short column
Weak column concrete
Wood deterioration
Poor wall anchorage
Poor load path
No cripple wall bracing
Lacks sill anchors
Unreinforced chimney
Pre-Code


The FEMA 154 screening forms include a scoring system for three different seismic hazards:


High, Moderate and Low. The FEMA 154 scoring system relates the building’s probability of


collapse to a given level of earthquake shaking. In order to determine the appropriate hazard


forms to use for the NNVM site, we obtained the site MCE ground motion data utilizing a web-


based applet published by the USGS (version 5.1.0, dated 10 February 2011). We


conservatively assumed a site class C for the NNVM site as input to this applet. Table 4


presents the key spectral response acceleration parameters we calculated for the site for MCE


shaking.
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Table 4: Earthquake Ground Motion Data Obtained from USGS Software


Parameter Value


Ss 0.43 g


S1 0.18 g


Site Class C


Fa 1.2


Fv 1.6


SMS = SSFa 0.5 g


SM1 = S1Fv 0.3 g


MCE PGA 0.2 g


Based on the value of SMS, the site is just at the upper limit of the moderate seismic hazard


range defined in FEMA 154. As a result, we utilized the moderate seismic hazard forms


contained in FEMA 154 as the basis for our screening. We also utilized the FEMA 154 forms to


estimate the probability of collapse for each building at various peak ground acceleration (PGA)


shaking levels in order to arrive at the ground shaking that would result in an estimated 10%


probability of collapse. The 10% probability of collapse is consistent with the collapse


probability of a building designed to the current building code for an MCE. For this computation,


we utilized both the High and Moderate seismicity forms from FEMA 154 in order to interpolate


an expected PGA that resulted in a 10% probability of collapse. Table 5 presents the results of


our screening analysis. The results include the probability of collapse for each building utilizing


the Moderate seismicity forms from FEMA 154 and the approximate site PGA corresponding to


a collapse probability of 10%. The FEMA 154 Moderate seismicity form is based on a lower


bound PGA of approximately 0.1 g. The maximum collapse probability for all the buildings at this


level of shaking is 1.2%. The lowest PGA resulting in a 10% probability of collapse is 0.25 g.


Table 5 Results of FEMA 154 screening


Structure
FEMA 154 Moderate Seismicity


Collapse Probability
PGA resulting in 10%
probability of collapse
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10 Mile Sno-Park - Snow
Shelter


0.1% 0.45 g


Newberry Group Camp
Ground - Cabin 1


1.2% 0.25 g


Newberry Group Camp
Ground - Cabin 2


1.2% 0.25 g


Paulina Lake Guard
Station - Visitors Center


0.4% 0.35 g


Paulina Lake Guard
Station - Wash House


0.1% 0.45 g


Paulina Lake Guard
Station - Crew House


0.1% 0.45 g


Paulina Lake Resort -
Lodge


1.2% 0.25 g


Paulina Lake Resort -
Reeds Cabin


1.2% 0.25 g


East Lake Resort - Store
Café


0.1% 0.45 g


East Lake Resort - Wood
Duck Cabin


0.1% 0.45 g


East Lake Resort - Teal
Cabin


0.1% 0.45 g


Entrance Station <0.1% 1.1 g


4.2 Building Cosmetic Damage Potential


We utilized published data on the potential for cosmetic damage to building finishes due to


construction vibrations to estimate the potential cosmetic damage due to the proposed injection


operations. In particular, we utilized data provided in Construction Vibrations by Charles H.


Dowding. In this reference, the definition of threshold for cosmetic damage is “loosening of


paint and small plaster cracks at joints between construction elements.” We used this definition


of threshold damage to define the injection threshold levels that will initiate cosmetic damage to


the building finishes. The threshold data provided by Dowding is based on studies done by


various investigators including the U.S. Bureau of Mines. Cosmetic damage threshold levels
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presented by Dowding are applicable to interior or exterior finishes consisting of plaster wall


construction. Dowding summarizes the cosmetic cracking thresholds in terms of the measured


peak particle velocity at the building. The studies considered sensors placed either on the


structure or in the ground near the structure. The applicable study results indicate that the


threshold for cracking of plaster finishes range from a peak particle velocity of 61 to


300 mm/sec. The U.S. Bureau of Mines (USBM) Report of Investigation 8507 provides


guidance on the recommended peak particle velocity threshold for cracking. In that


investigation, the recommended peak particle velocity thresholds vary with the blast frequency.


For frequencies above 3 hz, the limit is approximately 20 mm/sec.


4.3 Paulina Creek Bridge Calculations


4.3.1 Concrete Bridge


We performed structural calculations to determine the existing capacity of the concrete lower


portion of Paulina Creek Bridge. The calculations considered the shear capacity of the three


concrete piers for loading in the transverse direction. The calculations also included the


longitudinal bridge capacity assuming the soil pressure behind the bridge abutment walls resist


the longitudinal bridge motion.


Since the existing bridge is in poor condition, we assumed a low concrete compressive strength


to calculate the bridge shear capacity. The ASCE 41-06 Standard, Seismic Rehabilitation of


Existing Buildings, provides default lower bound concrete strengths for various construction time


frames. ASCE 41 provides a default lower bound concrete strength for the 1950-1969 time


frame of 2,500 psi. Given the poor existing concrete condition, we assumed a concrete


compressive strength of 1,500 psi. ASCE 41 also provides default lower bound strength for


steel reinforcing. We assumed a default lower bound strength of 40,000 psi for the reinforcing


steel. Given the poor existing bridge condition, we conservatively assumed a 50% section loss


of the existing reinforcing steel.


Based on our review of the existing details, the limiting capacity for transverse bridge loading is


the shear capacity of the concrete pier walls. We arrived at this conclusion given the low aspect


ratio of the wall and the fact that the wall is doweled into the existing rock subgrade. We


compute the nominal shear capacity of the pier walls to be 331 kips and 156 kips for the


connection of the wall to the existing rock. We computed the dynamic (convective and


impulsive) and hydrostatic effects of the retained lake water acting on the concrete dam wall.
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The dynamic effects of the retained water are dependent on the level of shaking while the static


effects are not. We computed the required peak ground acceleration that results in a bridge pier


shear of 156 kip including the bridge weight, hydrostatic water pressure and dynamic water


pressures. The resulting peak ground acceleration is 0.28 g.


For longitudinal loading, the diaphragm abutment backwall soil pressure resists the seismic


bridge. The California Department of Transportation (Caltrans) has performed testing on the


allowable back wall pressure that can be used to resist seismic loading. We used the Caltrans


criteria for back wall pressure of 7.7 ksf reduced by the factor of (7/8)2 to account for the existing


abutment wall height of 7 ft. We calculated the nominal flexural and shear capacity of the


backwall required to resist the induced soil pressure. We determined that the backwall shear


capacity is the limiting factor. We computed that a peak ground acceleration of 0.7 g will result


in seismic forces in the backwall that equal the backwall’s nominal capacity.


4.3.2 Steel Bridge


Based on our field observations, the wood blocks support the steel girders on top of the


concrete bridge. There is no positive connection between the steel girders and the concrete


bridge. The limiting capacity for lateral loads is therefore the sliding capacity of the steel on the


wood blocks. Based on this, the peak ground acceleration to cause sliding of the bridge is


approximately 0.3 g.


4.4 Bridge Cosmetic Damage Potential


We utilized published data on the potential for cosmetic damage to concrete finishes due to


construction vibrations to estimate the potential cosmetic damage to the Paulina Creek Bridge


due to the proposed injection operations. In particular, we utilized data provided in Construction


Vibrations by Charles H. Dowding. In this reference, the defined threshold for cosmetic damage


is hair line cracking of concrete. We used this definition of threshold damage to define the


injection threshold levels that will initiate cosmetic damage to the bridge. The threshold data


provided by Dowding is based on a study done in 1977. Dowding summarizes the cosmetic


cracking thresholds in terms of the measured peak particle velocity at the structure. The study


considered sensors placed on the structure. The applicable study results indicate that the


threshold for cracking of concrete is 254 mm/sec.
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5. DISCUSSION


5.1 Building Collapse Potential


We utilized FEMA 154 screening forms to determine the collapse potential for the buildings on


the NNVM site. In particular, we utilized the FEMA 154 screening forms to estimate the


required PGA to cause a 10% chance of collapse to each building. The 10% probability of


collapse is consistent with the collapse probability of a building designed to the current building


code for an MCE. It is our opinion that this is an appropriate collapse probability to use as a


measure for the required PGA that would cause collapse of the buildings we reviewed on the


NNVM site.


We also utilized FEMA 154 screening forms to estimate the collapse probability for the buildings


at the site for seismic shaking of 0.1 PGA. For this computation, we utilized the Moderate


Seismicity form contained in FEMA 154.


The types of building deficiencies we observed and included in our FEMA 154 analysis included


decayed wood and the presence of unreinforced masonry chimneys. Based on the era of


construction, we assumed that most of the buildings also lack sill to foundation bolts. However,


although we were not able to confirm the lack of sill bolting, we made the conservative


assumption that sill bolting does not exist.


5.2 Building Cosmetic Damage Potential


We utilized published data to estimate the levels of peak particle velocity thresholds that will


result in cosmetic damage to the building structures. The peak particle velocity data is based on


building structures that have interior plaster or gypsum board sheathed walls. Selected


buildings we reviewed have this type of sheathing. Other buildings have either wood paneling


or exposed log construction. Based on information presented in the Dowding document,


finishes such as wood paneling would likely be damaged at higher peak particle velocities than


those required to damage plaster or gypsum board sheathed walls. As a result, it is our opinion


that utilizing the damage threshold levels for the plaster or gypsum board sheathed walls will


yield a conservative estimate of the damage for other interior finishes such as wood paneling.


Based on the information presented in the Dowding document, it is our opinion that the


appropriate threshold level for cosmetic damage should be based on a measured peak particle
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velocity in lieu of a peak ground acceleration. In addition, the peak particle velocity limits


provided by the USBM should be used.


5.3 Paulina Creek Bridge Calculations


The original concrete Paulina Creek Bridge is in poor condition as we observed during our site


visit. The concrete bridge was partially replaced by a new steel bridge supported by the


abutments of the original concrete bridge. Since the concrete bridge is being used to support


the steel bridge, collapse or failure of the concrete bridge will impact the stability of the steel


bridge. As a result, we computed capacities of both bridges based on the information shown on


the existing concrete bridge drawings and field observations of the steel bridge. Based on our


computations, the concrete bridge is most vulnerable to lateral forces in the transverse direction.


This is mostly due to the additional seismic forces related to the retained lake water. The


limiting existing capacity for the concrete bridge is the connection of the bridge piers to the


supporting rock. The connection consists of steel dowels drilled and grouted into the rock.


Failure of these dowels will result in sliding of the concrete bridge. Although it is our opinion that


the sliding will not result in collapse of the bridge, we feel that it is a limiting factor in the


serviceability of the bridge.


The steel bridge is supported from the concrete bridge by wood blocks. We did not observe any


positive connection between the steel bridge and the wood blocks or the wood blocks and the


concrete bridge. As a result, the limiting capacity for sliding is the sliding resistance of the steel


girders on the wood blocks. Once sliding occurs, there is a possibility that the movement will


cause one or more of the girders to become unseated. The result of unseating a girder will be


that the bridge girder will drop approximately 6 in. to the concrete bridge deck. Although we do


not believe that this is a serious concern, we feel that it is a limiting factor in the serviceability of


the bridge.


5.4 Bridge Cosmetic Damage Potential


Given the poor condition of the concrete bridge, the bridge is more vulnerable to cosmetic


damage from seismic shaking. We utilized the cosmetic damage thresholds presented by


Dowding for concrete walls to estimate the cosmetic damage limits for the bridge. However,


since the existing bridge currently has large open cracks, it is our opinion that the threshold


limits presented by Dowding for concrete cracking are un-conservative for this bridge for
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assessing increased opening of the existing cracks. The Dowding values are appropriate for


new cracking.
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6. CONCLUSIONS


6.1 Building Collapse Potential


Based on the results of our FEMA 154 screening process, we estimated the seismic peak


ground acceleration that will result in a 10% probability of collapse. The results vary by building


depending on the types of deficiencies we observed. Table 6 presents our conclusions


regarding the PGA level that will result in a 10% probability of collapse. The lowest PGA we


computed for any one building that resulted in a 10% probability of collapse was 0.25 g.


Table 6 PGA required to reach a 10% probability of collapse of reviewed buildings.


Structure
PGA resulting in 10%
probability of collapse


10 Mile Sno-Park - Snow Shelter 0.45 g


Newberry Group Camp Ground - Cabin 1 0.25 g


Newberry Group Camp Ground - Cabin 2 0.25 g


Paulina Lake Guard Station - Visitors Center 0.35 g


Paulina Lake Guard Station - Wash House 0.45 g


Paulina Lake Guard Station - Crew House 0.45 g


Paulina Lake Resort - Lodge 0.25 g


Paulina Lake Resort - Reeds Cabin 0.25 g


East Lake Resort - Store Café 0.45 g


East Lake Resort - Wood Duck Cabin 0.45 g


East Lake Resort - Teal Cabin 0.45 g


Entrance Station 1.1 g


Based on the results of our FEMA 154 screening process, we estimated the collapse probability


for the buildings we reviewed based on a PGA of 0.1 g. The results vary by building depending


on the types of deficiencies we observed. Table 7 presents our estimate of the collapse


probability for an earthquake with a PGA of 0.1 g. The highest probability of collapse we


computed for the buildings we reviewed was 1.2 %.
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Table 7 Collapse probability for 0.1 PGA shaking


Structure
FEMA 154 Moderate Seismicity


Collapse Probability


10 Mile Sno-Park - Snow Shelter 0.1%


Newberry Group Camp Ground - Cabin 1 1.2%


Newberry Group Camp Ground - Cabin 2 1.2%


Paulina Lake Guard Station - Visitors Center 0.4%


Paulina Lake Guard Station - Wash House 0.1%


Paulina Lake Guard Station - Crew House 0.1%


Paulina Lake Resort - Lodge 1.2%


Paulina Lake Resort - Reeds Cabin 1.2%


East Lake Resort - Store Café 0.1%


East Lake Resort - Wood Duck Cabin 0.1%


East Lake Resort - Teal Cabin 0.1%


Entrance Station <0.1%


Based on the probability of collapse we computed for ground shaking of 0.1 g, we estimate the


collapse potential for AltaRock’s proposed trigger levels of PGA=0.014, and 0.028 g to be less


than 0.5%.


6.2 Building Cosmetic Damage Potential


Based on the data presented by Dowding, we determined the peak velocity levels that will


initiate cosmetic damage to the finishes within the buildings we reviewed at the NNVM site.


Based on our observations and the data presented by Dowding, the peak velocity levels


thresholds for cosmetic damage of the finishes vary from 60 to 300 mm/sec. The USBM


recommends limiting the peak particle velocities based on blasting frequency. The limit


recommended by the USBM for blasting frequencies above 3 hz is 20 mm/sec. Since the


buildings on site have natural frequencies above 3 hz, it is our opinion that the USBM criteria


are applicable. Dowding and USBM do not provide guidance on relating the peak particle


velocity limits to a peak ground acceleration limits. However, the USGS does provide a


correlation between peak ground acceleration and peak velocity used to develop ShakeMaps.
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We will use this correlation in order to provide a rough estimate of the peak ground acceleration.


However, the peak particle velocity measure is a better indicator of expected building cosmetic


damage.


6.3 Paulina Creek Bridge Calculations


The Paulina Creek Bridge consists of both an older concrete bridge that also supports a newer


steel bridge. Table 8 summarizes the structural capacity that limits the ability of the bridge to


resist lateral forces in terms of the peak ground acceleration required to reach the limiting


capacity. Based on the results of our computations, the limiting capacity is the transverse


sliding of the bridge piers with a resulting capacity of 0.28 g.


Table 8 Limiting capacities of the bridge related to PGA


Structural Component PGA limit


Transverse sliding of the bridge piers 0.28 g


Longitudinal shearing of the bridge abutment
wall


0.7 g


Sliding of the steel bridge on the wood blocks 0.3 g


6.4 Bridge Cosmetic Damage Potential


Based on the data provided by Dowding, we determined the peak velocity levels that will initiate


cosmetic damage to the Paulina Creek Bridge. Based on the data presented by Dowding, the


peak velocity thresholds levels for cosmetic damage of concrete walls is approximately


250 mm/sec. Given the poor condition of the existing concrete bridge, peak velocity level


thresholds for additional damage to the cracked portions are difficult to estimate. As a result,


AltaRock should take necessary measures to monitor the existing bridge cracks during the


injection process. This will allow AltaRock to monitor the condition of the concrete bridge during


the injection process and modify the process or threshold levels as data becomes available.
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7. RECOMMENDATIONS


7.1 Building Collapse Potential


Based on the results of our analysis, the collapse potential of the buildings we reviewed for


AltaRocks proposed trigger levels of PGA=0.014, and 0.028 g are less than 0.5%. It is our


opinion that this is an extremely low probability of collapse and represents a low risk during the


injection process. We recommend that AltaRock use the proposed trigger levels during the


injection process.


7.2 Building Cosmetic Damage Potential


Based on the data presented by Dowding and the USBM, we recommend limiting the peak


velocity at the buildings we reviewed on site to 20 mm/sec or lower to minimize the potential for


cosmetic damage to the buildings. This correlates with an approximate peak ground


acceleration of 0.025 g. As a result, the trigger levels of PGA=0.014, and 0.028 g are


appropriate to protect against damage to the building finishes.


7.3 Paulina Creek Bridge Serviceability


Based on the results of our analysis, the existing bridge capacity is well above the expected


maximum level of acceleration expected at the bridge site. As a result, the trigger levels of


PGA = 0.014, and 0.028 g are appropriate to protect against collapse of the bridge.


7.4 Bridge Cosmetic Damage Potential


Based on the data provided by Dowding, we determined the peak velocity levels that will initiate


cosmetic damage to the Paulina Creek Bridge. Dowding presents a threshold limit of


254 mm/sec for concrete damage. Since the bridge is in poor condition, we recommend a


threshold limit of 125 mm/sec to limiting cosmetic damage to the bridge including expansion of


the existing cracks. This correlates with an approximate peak ground acceleration of 0.15 g.


However, we also recommend that the existing cracks be monitored during the injection process


in order to confirm that this limit is appropriate. The cracks can be monitored with standard


crack monitor gauges that are manually read or with electronic monitors that can be read


remotely. Once real injection data becomes available, we recommend revising the threshold


limits as appropriate.
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Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 2 Year Built: Unknown
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +1.9
COMMENTS: Design EQ Collapse


Potential: 1%


43.715,-121.28


Detailed
Evaluation


Recommended


Unreinforced Parapets
Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Paulina Lake Resort - Lodge
Restaurant


Occupancy Soil type Falling Hazards


97739


6/9/2011


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 2 Year Built: Unknown
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +1.9
COMMENTS: Design EQ Collapse


Potential: 1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.715,-121.28
97739


6/9/2011


Paulina Lake Resort - Reeds Cabin
Housing


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 2 Year Built: 1920
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +1.9
COMMENTS: Design EQ Collapse


Potential: 1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Chimney is in poor condition at top.  Interior wood stove has brick chimney.


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.706,-121.26
97739


6/9/2011


Newberry Group Camp Ground - Cabin 1
Housing


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 2 Year Built: 1920
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +1.9
COMMENTS: Design EQ Collapse


Potential: 1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Interior wood stove has brick chimney.


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.706,-121.26
97739


6/9/2011


Newberry Group Camp Ground - Cabin 2
Housing


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 1 Year Built: Unknown
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +3.0
COMMENTS: Design EQ Collapse


Potential: <1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.723,-121.20
97739


6/9/2011


East Lake Resort - Store Café
Retail store


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 1 Year Built: Unknown
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +3.0
COMMENTS: Design EQ Collapse


Potential: <1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


The foundation is concrete and looks to be deteriorated.


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.723,-121.20
97739


6/9/2011


East Lake Resort - Wood Duck Cabin
Housing


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 1 Year Built: Unknown
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +3.0
COMMENTS: Design EQ Collapse


Potential: <1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.723,-121.20
97739


6/9/2011


East Lake Resort - Wood Duck Cabin
Housing


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 2 Year Built: 1937
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +3.0
COMMENTS: Design EQ Collapse


Potential: <1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.711,-121.28
97739


6/9/2011


Paulina Lake Guard Station - Crew House
Housing


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 1 Year Built: 1934
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +3.0
COMMENTS: Design EQ Collapse


Potential: <1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.711,-121.28
97739


6/9/2011


Paulina Lake Guard Station - Wash House
Laundry


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 1 Year Built: Unknown
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +2.4
COMMENTS: Design EQ Collapse


Potential: <1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.712,-121.28
97739


6/9/2011


Paulina Lake Guard Station - Visitors Center
Visitor center and guard station


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 1 Year Built: 2002
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other 0 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +6.8
COMMENTS: Design EQ Collapse


Potential: <1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.705,-121.31
97739


6/9/2011


Entrance Station
National park entrance kiosk.


YES NO


<10 11 to 100 101 to 500 >500







Rapid Visual Screening of Newberry National Volcanic Monument Site
Data Collection Form Moderate Hazard


Address:
Zip:


Other Identifiers:
No. Stories: 1 Year Built: 1999
Screener: CBGoings Date:
Total Floor Area (sq. ft.):
Building Name:
Use:


    Assembly Research Office  A  B   C  D  E  F
    Hospital Retail Residential Hard Avg Dense Stiff Soft Poor Cladding Other
    Emer. Services Industrial Restaurant Rock Rock Soil Soil Soil Soil


Moderate Form PGA: 0.1 Site PGA: 0.1 High form PGA: 0.2


BUILDING TYPE W1 W2 S1 S2 S3 S4 S5 C1 C2 C3 PC1 PC2 RM1 RM2 URM
(<5000 SF) (> 5000 SF) (MRF) (BR) (LM) (RC SW) (URM INF) (MRF) (SW) (URM INF) (TU) (FD) (RD)


Basic Score +5.2 +4.8 +3.6 +3.6 +3.8 +3.6 +3.6 +3.0 +3.6 +3.2 +3.2 +3.2 +3.6 +3.4 +3.4
Mid Rise (4 to 7 stories) +0.4 +0.4 +0.4 +0.4 +0.2 +0.4 +0.4 +0.6 +0.6
High Rise (> 7 stories) +1.4 +1.4 +1.4 +0.8 +0.5 +0.8 +0.4 +0.6 +0.6
Vertical Irregularity -3.5 -3.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -2.0 -1.5 -2.0 -1.5 -1.5
Plan Irregularity -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
No redundancy -0.5 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Mass irregularity -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
Short column N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Weak column concrete N/A N/A N/A N/A N/A N/A N/A -2.1 -1.9 -3.0 N/A -1.7 N/A N/A N/A
Wood deterioration -0.5 -0.6 N/A N/A N/A N/A N/A N/A -0.4 N/A N/A N/A -0.4 N/A N/A
Poor wall anchorage N/A N/A N/A N/A N/A N/A N/A N/A -1.3 N/A -1.2 N/A -1.3 N/A -0.9
Poor load path -0.6 -0.6 -0.6 -0.6 -0.6 -0.6 -0.9 -0.6 -0.6 -1.0 -0.6 -0.7 -0.6 -0.6 -0.9
No cripple wall bracing -2.4 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lacks sill anchors -2.0 -1.9 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Unreinforced chimney -0.6 -6.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Pre-Code N/A -0.2 -0.4 -0.4 -0.4 -0.4 -0.2 -1.0 -0.4 -1.0 -0.2 -0.4 -0.4 -0.4 -0.4
Post-Benchmark +1.6 +1.6 +1.4 +1.4 +1.2 +1.2 +1.6 +1.8 +2.0 +1.8


Soil Type C -0.2 -0.8 -0.6 -0.8 -0.6 -0.8 -0.8 -0.6 -0.8 -0.6 -0.6 -0.6 -0.8 -0.6 -0.4
Soil Type D -0.6 -1.2 -1.0 -1.2 -1.0 -1.2 -1.2 -1.0 -1.2 -1.0 -1.0 -1.2 -1.2 -1.2 -0.8
Soil Type E -1.2 -1.8 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6 -1.6


Other N/A 0 0 0 0 0 0 0 0 0 0 0 +0.5 0 0
Final Score, S +3.2
COMMENTS: Design EQ Collapse


Potential: <1%


Occupancy Soil type Falling Hazards


Chimneys


BASIC SCORE, MODIFIERS, AND FINAL SCORE, S


This is a relatively new building. However, it utilizes log cabin construction.  The Other
modifier accounts for the log cabin construction.  The on-site construction photos show the logs being bolted
together


Detailed
Evaluation


Recommended


Unreinforced Parapets


43.708,-121.33
97739


6/9/2011


10 Mile Sno-Park - Snow Shelter
National park entrance kiosk.


YES NO


<10 11 to 100 101 to 500 >500
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30 June 2011 


Project 770604001 


Mr. Will Osborn 


AltaRock Energy, Inc. 
2320 Marinship Way, Suite 200 


Sausalito, California  94965 


 


Subject: Geotechnical Consultation 


 Newberry EGS Demonstration 
 Newberry, Oregon 


 
Dear Mr. Osborn: 


This letter presents a summary of our observations and our geotechnical conclusions regarding stability 


issues associated with low levels of seismicity that could be generated as part of the Newberry Volcano 
Enhanced Geothermal Systems (EGS) Demonstration.  An EGS reservoir is created by inducing 


“hydroshearing”, defined as shear slip on existing fractures by injecting water at high pressure into a rock 
formation.  This process is known to generate seismic vibrations, or “induced seismicity”.  Specifically we 


were requested to provide conclusions regarding the stability of Paulina Lake dam, a talus slope on the 


south side of Paulina Peak, which Roadway 500 crosses, and two slopes along the north sides of Paulina 
and East lakes under various levels of ground shaking. 


Background 


For this study we reviewed the following documents: 


 report titled “Evaluations of Induced Seismicity/Seismic Hazards and Risk for the Newberry 


Volcano EGS Demonstration,” prepared by URS, dated 24 November 2010 


 report titled “Development of Scenario Ground Shaking Maps and Evaluations of the Impacts of 


Ground Shaking on Local Buildings, Avalanches, and the Lava River Cave, Newberry Volcano EGS 


Demonstration,” prepared by URS, dated 28 January 2011 


 report titled “Hydroshearing Controls and Mitigation of Induced Seismicity at the Newberry EGS 


Demonstration,” prepared by AltaRock Energy, dated 4 April 2011 


 Memorandum titled “Impact of EGS-Induced Seismicity on Paulina Lake Dam; Newberry EGS 


Demonstration Project,” prepared by URS, dated 5 April 2011 


 report titled “Mmax Assessment for the Newberry EGS Demonstration at the Davenport 55-29 


Site,” prepared by Fugro Consultants, Inc., dated 6 May 2011 


These studies indicated hydroshearing could generate earthquakes up to about Magnitude 3.5.  Although 


a magnitude earthquake of 3.5 is possible, the probability of such an earthquake is low.  A map 


presenting median peak ground acceleration (PGA) for a magnitude 3.5 earthquake generated near the 
well head was developed for the project (URS, 2011).  This map presents a contour of median PGA 


values ranging from 0.06 to 0.10g.  The well is about 3.4 kilometers (km) from the western side of 
Paulina Lake.  Because the dam is shown near the edge of contour and ground shaking typically decrease 


with distance, the estimate median PGA near the western edge of Paulina Lake is about 0.06 to 0.08g.  
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Observations 


On 9 June 2011, one of the undersigned, John Gouchon, visited Paulina Lake and observed Paulina Dam 


which is near the southwest corner of the Lake.  The dam is connected to a concrete bridge.  We 
understand the dam was constructed in 1946 and the concrete bridge was built 1951.  The bridge 


consists of two arches separated by a rectangular box culvert (see Figures 1a and 1b).  A concrete wall 
spans across the two arches and box along the backside of the bridge (see Figure 2).  The wall is about 3 


to 4 feet high and 12 to 14 inches thick.  The bases of the concrete bridge as well as the abutments 


appear to be keyed into and bottomed in bedrock, consisting of andesitic tuff deposited during various 
volcanic eruptions.  We observed a crack along the top of the concrete arches.  It appears that “tell tales” 


(crack monitoring instruments) had been placed to monitor the crack.  The crack may have developed 
from freeze-thawing cycles; however, because it is above the water level in the lake, it does not appear 


to be a conduit for water seepage.  We did not observe evidence of seepage or significant erosion at the 


abutments or foundations.  A new steel bridge was recently constructed directly above the original 
bridge, but not relying on it for support, to carry vehicular loads.  


 


Figures 1a and 1b.  Paulina Lake Bridge and Dam (Downstream) 


 


Figure 2.  Concrete dam on upstream side of bridge; steel channels used to support timber lagging (not 


in place when this picture was taken) to raise height of dam 
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Because the road to Paulina Peak and the talus slope were snow covered, we were not able to observe 
the talus slope.  The approximate location of the talus slope (Designated as “C”) and the local geology 


are shown on Figure 3.  Figure 3 indicates the geologic unit for the talus slope is rock mapped as 
Felsic/Intermediate Dome.  Figure 4 presents slope inclination for the Newberry Crater area and indicates 


the Talus slope generally has slope inclinations ranging from 25 to 40 degrees or flatter except for some 
areas in the northern portion of Area C north of the roadway and Paulina Peak where inclination appears 


to be greater than 55 degrees.  These very steep faces slope to the northwest and north, and likely 


represent the evacuated headscarp for the large landslide that extends to the north and northwest.  
Additionally, there are isolated areas near Roadway 500 where the inclinations are about 40 to 


55 degrees and are likely cuts for the roadway.   


Subsequent to our visit, we were requested to provide commentary regarding the stability of two other 


slope areas (designated as areas “A” and “B”); the locations these slopes are shown on Figures 3 and 4, 


along with the respective geology and slope inclination.  During our site visit we did not observe these 
areas; however, we have reviewed the geologic and slope inclination information pertaining to these sites 


and a summary is provided in Table 1. 


TABLE 1 


Summary of Geology and Slope Inclinations for Areas A and B 


Area Geologic Formation Slope Inclination 


A 


Qc – Cinder Cone 25 to 40 deg. or flatter 


Qr – Rhyolite Obsidian 
25 to 40 deg. near lake with an isolated area at 40 to 
55 deg; less than 25 deg. away from the lake 


Qyc – Younger Cinder Cone/Fissure 25 to 40 deg. 


Qcw – Wall Rock (undifferentiated) 25 to 40 deg. 


Qyt – Rhyolite Tephra 25 to 40 deg. or flatter 


B Qc – Cinder Cone 
25 to 40 deg. or flatter with very small isolated areas 


of 40 to 55 degrees 


  


CONCLUSIONS 


We were requested to provide an assessment of the likelihood and degree of damage at Paulina Dam and 


slope failures for the talus slope and the other four slopes for PGA values of 0.014, 0.028, 0.05 and 
0.10g.  Table 2 presents a comparison of ground shaking in terms of PGA and perceived shaking and the 


potential for damage.  For a PGA of 0.014g the perceived shaking is weak and potential for damage is 


none.  For a PGA value of 0.028 and 0.05g the perceived shaking is light and moderate, respectively and 
the potential for damage is none and very light.  A PGA value of 0.10g is considered strong and potential 


for damage is light. 
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TABLE 2 


Comparison of Quantitative and Qualitative Measures of Ground Shaking1 


 


MMI2 


Ground 


Acceleration (g) 


Perceived 


Shaking 


Potential 


Damage 


I < 0.0017 Not Felt None 


II‐III 0.0017 ‐ 0.014 Weak None 


IV 0.014 ‐ 0.039 Light None 


V 0.039 ‐ 0.092 Moderate Very light 


VI 0.092 ‐ 0.18 Strong Light 


VII 0.18 ‐ 0.34 Very Strong Moderate 


 
 


The remaining sections present our conclusions regarding the dam and slopes. 


Paulina Dam 


According to USGS intensity and corresponding PGA, for estimated ground shaking for PGA’s of 0.014 and 
0.028 the perceived shaking will be light and the potential for damage none.  For a PGA of less than 


about 0.1 g’s, the perceived shaking is moderate and the potential for damage is very light.  
Furthermore, according to the Federal Guidelines for Dam Safety: Earthquake Analyses and Design of 
Dams (May 2005) no major concrete dam is known to have failed as a result of earthquake-induced 


ground motion.  According to study by the United States Committee on Large Dams (USCOLD 1999) 
approximately 100 concrete dams have been significantly shaken by earthquake of which 15 have 


experienced PGA’s greater than 0.20g. 


For example, the Crystal Springs dam in San Mateo County, California is a 154-foot-high gravity-arch 


dam, which is adjacent to the San Andreas Fault and was subjected to an approximate magnitude 8 


earthquake (1906 San Francisco Earthquake); no apparent damage was observed.  The Pacoima Dam, 
which is a 372 foot high arch dam, survived the magnitude 6.6 San Fernando Earthquake without 


evidence of distress despite experiencing estimated foundation accelerations of 0.6 to 0.8g.  Therefore 
because of the relatively low estimated earthquake magnitude (less than or equal to 3.5) and low 


estimated PGA’s (less than 0.1g), we conclude the likelihood of damage is none for PGA values of 0.014 
and 0.028g and only very light to light damage, which could consist of minor cracking for PGA values of 


0.05 and 0.10g.  Considering these low levels of acceleration and the previous performance of concrete 


dams, we conclude the probability of additional damage to the dam is low and the probability of failure of 
the dam is extremely remote.   


                                                
1  USGS Intensity and Corresponding PGA 
2  Modified Mercalli Intensity Scale 
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Considering the age of the bridge and dam structure, it is possible that the some cracking may occur 
during an earthquake.  We suggest that the bridge/dam be monitored if PGA’s are measured above a 


triggering limit.  Crack monitoring gauges (tell–tales) may be placed on the existing crack above the arch 
of the bridge to observe any changes in the crack width. 


Talus Slope (Area C) 


Although we were not able to observe the talus slope, it is likely that the very steep portions of the slope 


(greater than 55 degrees) have low safety factors against raveling of the slope.  We used the rock mass 


classification for geomorphic purposes (Selby, 1980) and the basic rock mass ratings predicted from slope 
angles of natural rock outcrops (Banks, 2004) methods to determine the average stable slope angles for 


the different bedrock units.  Rock strength, weathering, jointing characteristics, and water seepage 
amounts were assumed for each rock type based on standardized geologic criteria and geologic 


assumptions. 


As previously discussed the talus slope is underlain by mostly Felsic/Intermediate Dome formation.  The 
characteristic of this formation is that slopes up to about 70 degrees are stable under static conditions.  


On the basis of our discussions with the Forest Service, we understand that rocks occasional tumble 
down the slope on to the roadway.  We conclude minor earthquakes with PGA’s of 0.014 and 0.028g 


could cause some rocks/boulders to fall onto the roadway.  However, because the duration of magnitude 
3.5 earthquakes is short, the estimate PGA is less than 0.1g and the geologic properties, the probability 


of a deep seated landslide is low.   


Furthermore a review of historical United States earthquakes from 1958 to 1977 indicates that of the 
300 earthquakes which are in the database for that time period, 62 had a magnitude less than 4.0.  Of 


these 62 earthquakes only 1 report of a landslide (associated with a magnitude 3.5 earthquake) was 
found in the database and was judged of questionable validity by the compilers of the data3.  The paper 


also discussed the relation between earthquake magnitude and distance from the epicenter and the 


distribution of landslides.  The paper concludes that for a landslide to occur during a magnitude 
4 earthquake, the epicentral distance would need to be less than 0.2 km.  The distance to the well head 


is about 3.5 km, which further supports the conclusion that the probability of a deep seated landslide is 
low. 


During the injection process, we suggest that that a piece of grading equipment such as a dozer or back-


hoe be present, which can remove any boulders which could fall onto the road. 


Slope Areas A and B 


The slope areas designated A and B are underlain by different types of volcanic rock as described above 
in Table 1.  Table 3 summarizes the average maximum stable slope angles under static loading for each 


of the volcanic rock types, as determined by the rock mass classification systems described above for 
Area C. 


                                                
3  Keefer, D.K., 1984, Landslides caused by earthquakes: Geological Society of America Bulletin, v. 95, p. 406-421 







 
 


Mr. Will Osborn 
AltaRock Energy, Inc. 


30 June 2011 
Page 6 


 


TABLE 3 


Summary of Geology and Maximum Stable Slope Inclinations for Areas A and B 


Area Geologic Formation Average Maximum Stable Slope Inclination4 


A 


Qc – Cinder Cone 68 to 69 degrees 


Qr – Rhyolite Obsidian 90 degrees 


Qyc – Younger Cinder Cone/Fissure 74 to 75 degrees 


Qcw – Wall Rock (undifferentiated) 43 to 50 degrees 


Qyt – Rhyolite Tephra 60 to 63 degrees 


B Qc – Cinder Cone 68 to 69 degrees 


 


On the basis of the above analyses, the existing slope inclinations in each rock type are much flatter than 
the calculated average maximum stable slope inclinations for all areas except for the areas of Area A 


within the geologic unit Qcw (wall rock).  For this unit, the calculated maximum average stable slope 
inclination is 43 to 50 degrees.  We discussed the slopes in this area with Mr. Trenton Cladouhos, a 


Senior Geologist with AltaRock Energy, Inc., who provided us with refined LIDAR data that indicates the 


slope inclinations in this formation range from 30 to 35 degrees.  Consequently, we conclude that the 
subject slopes in all geologic units have a low to very low risk of deep seated landsliding during static and 


minor earthquake loading with PGA’s up to 0.1g.  However, these slopes could experience localized 
rockfalls, topples, or shallow landsliding during minor earthquakes based on localized discontinuities in 


the rock.  We anticipate that these landslides will be relatively small and should not create a seiche 


hazard in the lakes.  If you have any questions, please call. 


Sincerely yours, 


TREADWELL & ROLLO, A LANGAN COMPANY 


  


John Gouchon, G.E. #2282 Richard Rodgers, G.E. #732 
Senior Associate Principal 


 
770604001.03_JG_Newberry summary ltr 


                                                
4  Average maximum stable slope inclination estimated using the rock mass classification systems methods 


developed by Shelby (1980) and Banks (2004) 
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Application Process: 


1. Applications may be submitted for one or more of three (3) qualifying uses within the La Pine Community Area 
(defined in Eligibility Guidelines below): 


 
A. Small Claims Reimbursement (< $250 per occurrence at each property location) for reimbursing personal 


property damaged as a result of geothermal earthquakes. 
B. Small Projects/Repairs (< $2,500 total) for undertaking small projects/repairs that provide individual and/or 


community benefits to one or more residents, properties, or the area’s environment. 
C. Major Projects/Repairs (> $2,500 total) for undertaking large projects/repairs that provide individual and/or 


community benefits to one or more residents, properties, or the area’s environment. 
 


2. Complete all information required on the two-page Newberry EGS Demonstration Initial Damage Claim Form (except 
where noted as optional), attaching additional pages if more space is needed. 
 


3. Make a copy of your completed Initial Damage Claim Form for your own records, and only submit copies of any 
support materials you may want to include with your application (such as photos or receipts) because the Newberry 
Geothermal Project will keep all completed forms and any support materials it receives. 
 


4. Mail your original, signed Initial Damage Form Claim (along with any copies of any supporting materials) to the 
designated address:  


Newberry Geothermal Project 
c/o Davenport Power, LLC 
225 NW Franklin Ave., Suite 1 
Bend, OR 97701 
asprott@davenportnewberry.com 


5. Only submit one (1) Initial Damage Claim Form for each project, repair, or claim for which you are applying.  
Incomplete applications will be returned and cannot be considered until all required information has been provided. 
 


6. Presuming approval of your Initial Damage Claim Form, the next step requires submission of a more detailed Final 
Damage Claim Form (except for all Small Claims Reimbursements and certain Small Projects/Repairs, which only 
require an Initial Damage Claim Form).  The Final Damage Claim Form requires a minimum of two (2) competing 
bids/estimates for each project component over $250, with greater detail about the proposed project/repairs, 
including funding sources, timing, matching funds, etc.  The evaluation criteria and process are the same as for the 
Initial Damage Claim Form. 
 


7. All Initial Damage Claim Forms will be reviewed and approved or denied within ninety (90) days of receipt, unless 
additional information and/or a Final Damage Claim Form is required. 
 


8. Each approved applicant will be required to sign an Incident Release Form PRIOR to any disbursement of approved 
funds. 
 


9. The Initial Damage Claim Form and these instructions/guidelines are available in electronic PDF format via the 
Demonstration Project’s website (www.davenportnewberry.com). 
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Eligibility Guidelines: 


1. Eligibility for funding will be determined during the initial damage claim application review process. 
 
Boundary of the Newberry EGS Demonstration: 
Encompasses the communities defined by homes & properties within 15 miles from the Demonstration project well 
situated on the NW flank of Newberry Volcano.  This includes Paulina Lake, and parts of Three Rivers, Sunriver, and 
La Pine. 
 


2. Evaluation criteria for all damage claims: 
 


 Rating for “Geothermal Impact” related to requirement that certain funds be used to mitigate impacts resulting 
from geothermal development.  This item is used to score the degree to which a proposed project, repair, or 
Small Claim involves documented geothermal impacts and their mitigation, based on reliable information, data, 
and evidence. 
 


 Rating for “Urgency/Need” score the importance, timeliness, and priority for the proposed project/repair, 
primarily relative to the applicant under consideration but also considering the larger community and other 
applications under review. This item is NOT used for evaluating Small Claims Reimbursement applications. 
 


 Rating for “Reliability/Credibility” assesses the extent to which a project, repair, or Small Claim involves one or 
more geothermal impacts, and includes reliable, credible facts and details supporting either the proposed 
project/repair OR Small Claim concerning damage to personal property (with proof of damage and replacement 
cost estimate(s), as possible). 
 


 Rating for “Overriding Considerations” is scored based on 1) merits of the application itself; 2) relative to other 
applications being considered at the current time; and, 3) relative to other potential or future projects/repairs 
that have not yet been submitted. 
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APPLICANT INFORMATION (required) 


Individual/Organization Name(s): _______________________________________________________________________ 


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


Mailing Address: ____________________________________________________________________________________ 


__________________________________________________________________________________________________ 


Name of Primary Contact: ____________________________________________________________________________ 


Daytime Telephone: _______________________________   Evening Telephone: ________________________________ 


Email Address: ______________________________________________________________________________________ 


Applicant’s Status:          Organization(s)*             Homeowner(s)            Renter(s) – personal property only 


*If an organization or company, please specify type including legal designation: _________________________________ 


__________________________________________________________________________________________________ 


SMALL CLAIMS REIMBURSEMENT (optional—limited to $250 per application & property location) 


Damaged Item(s) for Reimbursement: ___________________________________________________________________ 


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


Detailed Description of Circumstances for When/How Damage Occurred 
(be as specific as possible, including date/time with photos or enclose damaged object, when feasible): 


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


Estimated Replacement Cost (provide original receipts or other means of establishing value of item(s) to be replaced, if 


possible): __________________________________________________________________________________________ 


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


Amount Requested for Reimbursement: _________________________________________________________________ 


Exact Spelling of Name for Reimbursement Check: _________________________________________________________ 
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PROJECT/REPAIR INFORMATION (skip this section if only filing for Small Claims Reimbursement) 


Project/Repair Title: _________________________________________________________________________________ 


Project/Repair Purpose & Description: __________________________________________________________________ 


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


Property/Location(s) Benefiting from Proposed Project/Repairs (include address(es) when possible): 


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


Summary of Project/Repair Benefits (include estimated number of people benefiting): 


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


Total Estimated Project/Repair Costs: ___________________________________________________________________ 


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


Approximate Timing for Project/Repairs (include estimates for when would start, finish, and payment(s) would be 


required): _________________________________________________________________________________________ 


__________________________________________________________________________________________________


__________________________________________________________________________________________________


__________________________________________________________________________________________________ 


CERTIFICATION OF INITIAL DAMAGE CLAIM BEING REQUESTED (required): 


My signature below hereby attests, under penalty of perjury, that all information provided in this application is true & 


correct to the best of my knowledge: 


________________________________  ________________________________  ________________________________ 
Signature     Printed Name                                               Date   


COMPLETED PRE-APPLICATION FORM MUST BE SUBMITTED TO: 
Newberry Geothermal Project, c/o Davenport Power, 225 NW Franklin Ave., Suite 1, Bend, OR 97701 –or– asprott@davenportnewberry.com 
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Preliminary Analysis of Stress in the Newberry EGS Well NWG 55-29 
Nicholas C. Davatzes1  and Stephen H. Hickman2 


1Temple University 
2U.S. Geological Survey 


 
Session: Enhanced Geothermal Systems    


 
1. Abstract 
As part of the planning for stimulation of the Newberry Volcano Enhanced Geothermal Systems 
(EGS) Demonstration project in Oregon, a high-resolution borehole televiewer (BHTV) log was 
acquired using the ALT ABI85 BHTV tool in the slightly deviated NWG 55-29 well. The image 
log reveals an extensive network of fractures in a conjugate set striking approximately N-S and 
dipping 50° that are well oriented for normal slip and are consistent with surface-breaking 
regional normal faults in the vicinity. Similarly, breakouts indicate a consistent minimum 
horizontal stress, Shmin, azimuth of 092.3±17.3°. In conjunction with a suite of geophysical logs, 
a model of the stress magnitudes constrained by the width of breakouts at depth and a model of 
rock strength independently indicates a predominantly normal faulting stress regime. 


 
Key Words: Geothermal, EGS, Image Log, Fracture, Stress, Borehole Breakout, Newberry 
 
2. Introduction 
Natural fractures play a critical role in developing an Enhanced Geothermal System (EGS) in 
low permeability to impermeable rock because their combination of slightly greater-than-
background permeability and inherent weakness ensures interaction with the stimulation fluids or 
chemicals. Hydro-shearing takes advantage of these properties to invade the fracture with fluid, 
thereby reducing the effective normal stress and inducing small slip with the goal of producing 
self-propping dilation and a tortuous flow pathway (Davatzes and Hickman, 2009 and references 
therein). Many properties influence the slip behavior, but in this paper we focus on 
characterizing the natural fracture population in borehole NWG 55-29 in the west flank of 
Newberry Volcano, OR, and derive a model for the stresses acting on them. The analysis 
combines constraints from physical property logs including litho-density, neutron porosity, 
natural gamma, 1-arm caliper, and temperature-pressure-spinner logs and an acoustic borehole 
televiewer log (BHTV) acquired using the Advanced Logic Technologies (ALT) ABI85 BHTV.  
 
3. Geologic Setting 
Newberry Volcano is a shield volcano located in the Cascade Range at the intersection of three 
distinct structural zones: the Cascades Graben, the Brother’s Fault zone, and the Basin and 
Range. Recently acquired LiDAR topographic data in the study area reveals N-S trending normal 
fault scarps in modern alluvial sediments with only minor variation in strike west of the NWG 
55-29 and N-S trending alignments of fissures/vents to the east; both sets of structures indicate 
E-W extension in the immediate area (Cladouhos et al., 2011a). These structures reflect the 
geologically recent direction of the least compressive principal stress, Shmin, near the Newberry 
EGS site. This local regional stress orientation is more uniform than might be expected for the 
Newberry region based on the juxtaposition of three different structural trends. 
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Petrographic analysis of cuttings from this borehole (Letvin, 2011) and core from the nearby 
GEO N-2 borehole (Fetterman and Davatzes, 2011) indicate the NWG 55-29 borehole penetrates 
layers of extrusive volcanic basalt, andesite, rhyolite, and related welded tuffs intruded by 
granodiorite and dacite below ~8610 ft MD GL (Measured Depth below Ground Level). Multi-
stage stimulation is planned in the interval from the casing shoe at 6435 ft MD GL to the total 
depth at 10040 ft MD GL (see Cladouhos et al., 2011b). 
 
Prior to acquisition of the image log, an inject-to-cool program was initiated to extend the depth 
of the logged interval to 8860 ft MD GL at a maximum temperature of 277°C. The resulting log 
spans the upper 2,425 ft portion of the 3,629 ft open-hole interval.  
 
4.1 Natural Fractures 
The BHTV log reveals extensive, shallowly to moderately dipping layering corresponding to 
volcanic flow boundaries, foliation and lithologic transitions (Figure 1). At approximately 8807 
ft MD GL there is a sharp transition to massive granodiorite. These volcanic layers are cut by 
natural fractures with dips consistent with normal slip and similar to dips in core from the nearby 
GEO N-2 corehole at depths down to 4500 ft MD GL (Fetterman and Davatzes, 2011). A smaller 
number of natural fractures occur in the underlying granodiorite.  
 
There are two dominant fracture sets that strike roughly N-S and dip approximately 50° to the 
east and west, as expected for conjugate normal fractures (Figure 2). The west-dipping set has a 
greater number of identified fractures, consistent with better sampling due to the slight deviation 
from vertical of 10.5° to 15.1° along an azimuth of 086°, as indicated by ABI85 and single shot 
deviation data. Poor expression of these fractures in the televiewer log suggests many of them 
might be at least partially healed.  
 
The thickest, most well-developed fractures are strongly aligned with these average attitudes 
whereas thinner fractures have a wider distribution of attitudes. However, many of these thick 
fractures are characterized by either very steep or relatively shallow dips that are inconsistent 
with normal slip. Given that dips are determined from the boundaries of these thick fractures due 
to reduced image quality in the fracture interior, their true dip is less certain than for thinner 
fractures. Dikes have a similar attitude to natural fractures. The attitudes of primary layering 
such as bedding, the boundaries of volcanic flows, and foliation group into east and west dipping 
populations similarly to the attitude of natural fractures (Figure 2). However, their dips are 
generally lower: from 10 to 40°. We tentatively interpret this pattern as representing the flanks of 
ancient cinder cones common in the region (Cladouhos et al., 2011 and references therein). 
Detailed statistical analysis of the fracture population is discussed in a related manuscript by 
Cladouhos et al. (2011b). 
 
4.2 Azimuth of Shmin from Borehole Breakouts 
Breakouts are patches of the borehole wall 180° apart that undergo compressive failure due to 
the elastic concentration of effective stresses around a circular borehole (Kirsch 1898; Moos and 
Zoback, 1990; Zoback et al., 2003; Haimson, 2007). Breakouts were identified in the BHTV log 
as irregular patches of low amplitude and increased travel time that occur in pairs on 
diametrically opposed sides of the borehole (Figure 1). If the vertical stress, Sv, is taken as a 
principal stress (Anderson, 1951) and is approximately aligned with the borehole axis (as 
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assumed here) then breakouts are oriented along the minimum horizontal principal stress (Shmin) 
azimuth (Plumb and Hickman, 1985; Moos and Zoback, 1990; Peska and Zoback, 1995; Zoback 
et al., 2003). Following the method of Davatzes and Hickman (2010a and b), the orientation of 
Shmin was determined from the breakouts weighted by their vertical extent in the borehole.  
 
Clearly defined breakouts are distributed throughout the image log in the volcanic materials 
above 8610 ft MD GL, but are absent in the underlying granodiorite. These breakouts show a 
consistent azimuth independent of borehole deviation and indicate that the Shmin azimuth is 092.3 
± 17.3° (Figure 3). As discussed in detail below, this azimuth of Shmin in combination with the 
attitude of the majority of natural fractures revealed in the BHTV log is consistent with normal 
faulting (Figure 2).  
 
4.3 Principal Stress Magnitudes 
The stress tensor acting on the volume containing NWG 55-29 is completely characterized by the 
vertical principal stress and two horizontal principal stresses, all of which are counteracted by the 
formation fluid pressure through the effective stress principle. In this section, we model each of 
these four components to determine the effective stress tensor. This includes constraints on the 
magnitudes of horizontal principal stresses derived from the injection history, borehole 
deformation, and strength limits of the rock that the borehole penetrates.  


4.3.1 Vertical Principal Stress and Fluid Pressure 
We calculate the vertical stress (SV) using a geophysical litho-density log spanning 1091 to 
10,040 ft MD GL and an estimated average density for the overlying interval. The log data were 
filtered to remove spurious bulk density measurements in cases where the bulk density correction 
exceeds 0.2 g/cc (Asquith and Krygowski, 2004) or where the 1-arm caliper showed extensive 
washout. Geophysical measurements of bulk density are consistent with the bulk density 
estimated from the weighted average of the mineralogy measured through Rietveld Refinement 
of XRD of cuttings corrected for water-filled porosity using the neutron porosity log. The litho-
density log data and the variation in Sv with depth calculated from these data are shown in Figure 
4. 
 
The undisturbed formation fluid pressure was derived from two equilibrated pressure logs: one 
on October 3, 2008, approximately 2.5 months after the borehole was completed, and a 
subsequent pressure log conducted September 22, 2010, prior to the inject-to-cool preparations 
for BHTV logging. As shown in Figure 4, the first of these logs was conducted when the 
borehole was open to the atmosphere, and reflects a static water table at 420 ft below GL.   
 
4.3.2 Constraints on the Minimum Horizontal Principal Stress, Shmin 
In most stress analyses carried out in geothermal systems, we measure the magnitude of Shmin 
directly using a mini hydraulic fracturing test (see Hickman and Davatzes, 2010, and references 
therein for details) and then constrain the magnitude of SHmax using observations of breakout 
width and estimates of UCS, Pf and Pm (e.g., Davatzes and Hickman, 2006). Because reliable and 
safe open-hole packers do not presently exist for use at temperatures typical of geothermal wells, 
these mini-frac tests are usually carried out in a short (~50 ft) and relatively impermeable section 
of well bore drilled just below a cemented casing shoe. Because NWG 55-29 has over 3000 ft of 
open hole and isolating a short section of the hole (e.g., through sanding and cement plug-back 
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procedures) would require a drilling rig, it is not feasible to conduct a mini-frac to determine 
Shmin prior to stimulation due to timing and budgetary constraints.  However, step-rate injection 
tests during the early stages of the planned EGS stimulation in NWG 55-29, with downhole 
pressure and temperature profile monitoring, will be used to provide direct constraints on the 
magnitude of Shmin and depth of hydrofrac initiation, if it occurs. In addition, we will be carrying 
out mini-frac tests during drilling of the Newberry EGS production well during a later phase of 
the project, employing the procedures outlined above.  
 
Although we currently lack a direct measurement of the magnitude of Shmin, previous injection 
tests do constrain Shmin. During the inject-to-cool operation prior to BHTV logging (Table 1), 
temperature-pressure logs were conducted at well head pressures (WHP) of 619 psi and 785 psi 
and provide complete records of pressure and temperature variation at depth (Figure 4). In 
another phase of the same operation, although no temperature-pressure log was obtained, 
maximum WHP reached 1153 psi. This WHP was achieved over three days prior to running the 
temperature-pressure log at 785 psi, so the downhole pressures corresponding to a WHP of 1153 
psi are estimated by shifting the measured pressure profile during the 785 psi WHP survey to 
bring it into alignment with the maximum WHP of 1153 psi. This adjusted injecting Pf profile is 
plotted in Figure 4, Panels 4 and 5.  In spite of the high borehole fluid pressures attained, these 
injection tests did not result in hydrofracture, as indicated by a lack of change in injectivity 
(Table 1), a lack of either pressure or temperature signatures in concurrent temperature-pressure 
logs (personal comm., L. Nofziger, 2011), and the lack of tensile fractures visible anywhere in 
the BHTV log. In addition, the apparent injectivities during this operation are similar to those 
measured in other un-stimulated boreholes at Newberry, including CEE 76-15 TCH, CEE 86-21 
and CEE 23-22 (Spielman and Finger, 1998). Since hydrofracs form in response to borehole 
fluid pressure in excess of Shmin, the failure to create a hydrofrac during this inject-to-cool 
operation provides a lower bound to the magnitude of Shmin. Thus, Shmin within the open-hole 
interval of NGW 55-29 must lie to the right of the dashed magenta line in Panels 4 and 5 of 
Figure 4, or else hydraulic fracturing would have occurred.  


Another approach is to explore additional limits on Shmin derived from a combination of an 
assumed tectonic environment and the frictional strength of the crust. As discussed above, it is 
reasonable to assume a normal faulting environment at Newberry based upon the attitude of the 
preponderance of natural fractures seen in the BHTV log, mapped faults at the surface, and the 
similarity of the Shmin azimuth to the dip direction of these structures. In such a normal faulting 
environment, the maximum differential stress a rock can sustain is given by the difference 
between Sv and Shmin, assuming there is a population of optimally oriented, cohesionless 
fractures. In accordance with the Coulomb failure criterion, frictional failure (i.e., normal 
faulting) would then occur at a critical magnitude of Shmin given by (after Jaeger and Cook, 
1979):  


Shmin
crit = (SV – Pf) / [(µs


2 + 1)1/2 + µs]2 + Pf (1) 


where µs is the static coefficient of friction of preexisting faults. Mineralogy from cuttings 
indicates that µs might range from an extreme low of 0.38, consistent with the coefficient of 
friction of chlorite as the weakest mineral found in the cuttings (Lockner and Beeler, 2002) to 
0.85, consistent with a representative rhyolite tuff from another locality (i.e., the paintbrush tuff 
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in the vicinity of Yucca Mountain, NV, Morrow and Byerlee, 1984). In general, however, 
laboratory sliding experiments on a variety of rock types show average behavior µs ~0.75 to 0.90 
(Byerlee, 1978), but lower µs of 0.55 to 0.6 is also common (Jaeger and Cook, 1979; Paterson 
and Wong, 2005). Similar constraints on frictional strength have been derived from extensive in 
situ stress measurements in a wide range of tectonic environments (e.g., Townend and Zoback, 
2000) as well as in other geothermal fields (Hickman et al., 1998, 2000; Davatzes and Hickman, 
2006, 2010b; Cornet et al., 2007; Valley and Evans, 2007; Hickman and Davatzes, 2010) and 
support the idea that differential stress levels in the crust are generally limited by µs ~0.6 to 1.0.  
To provide frictional bounds on Shmin in the vicinity of hole NWG 55-29, we use Eq. 2 to 
calculated Shmin


crit corresponding to µs ranging from 0.55 to 0.85 (Figure 4). 
 
4.3.3 Constraints on the Maximum Horizontal Principal Stress, SHmax 
As noted earlier, breakouts span portions of the borehole wall where the compressive normal 
stress tangential to the borehole wall exceeds the compressive strength of the rock (see Zoback et 
al., 2003; Haimson, 2007). The variation of the stress components along the borehole wall is 
described by the 2D plane strain Kirsch equation (Kirsch, 1898). Additional sources of stress at 
the borehole wall include formation pore fluid pressure (Pf), the pressure difference between Pf 
and the fluid pressure in the borehole (Pm), and thermal stresses induced at the borehole wall by 
circulation of hot or cold fluids (e.g., during drilling). Following Zoback et al. (2003), the Kirsch 
equation is modified to include all of these contributions to the stresses causing breakout 
formation: 
 
!"" = SHmax + Shmin - 2(SHmax - Shmin)cos(2") - 2Pf - #P + !thermal (2) 
 
Where !"" is the tangential circumferential normal stress at the borehole wall, " is the angle 
measured from the SHmax azimuth, and #P is the difference between the mud pressure and the 
formation fluid pressure, such that #P = Pm – Pf. In this formulation, positive #P adds a 
component of tensile circumferential stress at the borehole wall. The term !thermal refers to 
thermal circumferential stresses induced by heating or cooling the borehole wall.  
 
Since the borehole wall is in contact with the borehole fluid and the pore pressure in rock 
immediately outside the borehole during breakout formation is assumed approximately equal to 
the borehole fluid pressure, the appropriate strength criterion for breakout formation is the 
uniaxial compressive strength (UCS; see discussion in Zoback et al., 2003, Zoback, 2007, and 
Haimson, 2007). For breakout formation, the maximum value of circumferential stress is aligned 
with the Shmin azimuth, where " in Eq. 2 is either 90° or 270°. Breakout width (wBO) is defined 
as the angle subtended by the breakout at the borehole wall and corresponds to the condition at 
which !"" $ UCS.  
 
UCS typically varies by at least three orders of magnitude and as many as six orders of 
magnitude in volcanic rock (Price et al., 1993; Li and Abertson, 2003; Ma and Daemen, 2004; 
Entwisle et al., 2005; Frolova et al., 2005), thus large variations in breakout width can occur at 
constant differential stress. UCS depends strongly on the internal structure of materials, and in 
particular on the distribution of flaws that can locally concentrate stress and initiate failure 
(Lawn, 1993; Quane and Russel, 2003; Li and Albertson, 2003; Hudyma et al., 2004; Paterson 
and Wong, 2005). Total porosity, pore shape, and to a lesser degree, pore size impact the 
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magnitude of the stress concentration and thus have the strongest impact on the strength of the 
rock. In volcanic rocks, there can be a high degree of variability in pore size and shape due to the 
presence of two distinct pore populations: (1) small, sharp microcracks resulting from cooling 
stress, burial, and tectonic activity, and (2) potentially large, rounded vesicles that form during 
solidification from a melt and exsolution of volatiles.  


Numerous studies have demonstrated a good empirical correlation between porosity and UCS for 
a variety of rock types (Ryshkewitch, 1953; Duckworth, 1953; Rzevsky and Novick,1971; Dunn 
et al., 1973; Price et al., 1993; Moos and Pezard, 1996; Li and Aubertin, 2003; Kleb and 
Vasarhelyi, 2003; Ma and Daemen, 2004; Entwisle et al., 2005; Ma et al., 2006; Zoboack, 2007).  
To allow for variations in UCS within the open-hole interval of NWG 55-29, we compiled UCS 
and porosity data (Figure 5) on relevant rock types to derive an empirical strength model by least 
squares fitting of an exponential function as follows: 


 
UCS = 13800exp(-0.04744%) (3) 
 
where porosity, %, is in percent.  In this empirical model the fitting constant in the exponential 
term was derived from laboratory determinations of UCS versus porosity for numerous rocks 
with lithologies similar to those encountered in NWG 55-29.  The pre-exponential term was 
chosen to pass through the UCS magnitude determined from the only available complete failure 
envelope for welded tuff from nearby well GEO-N2 at 4281 ft MD (Ahmad Ghassemi, pers. 
comm, 2011). The model was then used to estimate in situ strength in NWG 55-29 from the 
neutron porosity log (NPHI; see Figure 4). The borehole compensated neutron porosity log 
measures the total porosity of the rock by direct interaction of neutrons with hydrogen atoms 
primarily associated with water molecules between a source and a detector, without regard to 
pore shape or whether the water is structured in a mineral (Hearst et al., 2000). We note here that 
X-ray diffraction and petrographic analysis of the cuttings in the logged interval (not presented) 
reveals a lack of expandable clays and only a small weight percent of zeolites in the logged 
interval, suggesting this log accurately represents the in situ porosity.  
 
We explored two models for the magnitude of SHmax derived from individually measured 
breakout widths, the UCS at corresponding depths calculated from porosity (Eq. 3), and 
assuming that the magnitude of Shmin was controlled by optimally oriented, critically stressed 
fractures with coefficients of friction of 0.55 and 0.70 (Figure 4). With these parameters, SHmax is 
derived from breakout width by using the conditions most favorable to their formation between 
when the borehole was drilled and when it was logged, which in the NWG 55-29 borehole 
includes: (1) minimum borehole fluid pressures given by the equilibrated fluid pressure profile 
(since excess borehole fluid pressure contributes tension to !"" that inhibits breakout formation) 
and (2) zero stress due to cooling, in effect neglecting the thermal stress term in Eq. 2 (which 
would contribute a tension to !"" that would also inhibit breakout formation). For this analysis, 
we filtered the more complete breakout data set to base the model solely on the average width of 
breakouts that occur in distinct pairs and UCS estimates based on porosity values filtered to 
account for adverse borehole logging conditions, such as stand-off as revealed by analysis of the 
1-arm caliper log.  
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Under these assumptions, the majority of breakouts suggest that SHmax is less than SV throughout 
the open-hole interval (Figure 4), which is consistent with geologic evidence discussed above 
suggesting that this site is in a predominately normal faulting stress regime. For either Shmin 
profile (i.e., corresponding to µs = 0.55 or 0.70), magnitudes of SHmax that exceed SV in this 
model lie outside the frictional bounds on stress for normal slip and likely reflect variations in 
rock strength that are not accounted for in the strength model. In other words, low UCS can 
account for wide breakouts without invoking excessive SHmax magnitudes. We also solved Eq. 2 
to define contours of SHmax as a function of UCS for a single breakout width representative of the 
entire population, using the statistical mode for wBO of 35.86°. In this approach the slope of the 
SHmax model depends on the corresponding variation in Shmin and Pf, whereas the magnitude of 
UCS relative to a constant breakout width determines the intercept. Alternatively, the crust could 
be under-stressed with respect to Shmin, in which case Shmin would be greater than expected from 
Eq. 1, allowing the magnitude of SHmax to lie within the strike-slip faulting regime (i.e., SHmax > 
Sv) while still not exceeding the frictional strength of the crust.  
 
4.3.4 Complete 3D Stress Model 
The stress polygon in Figure 6 serves to summarize the analysis of stress magnitudes in the open-
hole interval of NWG 55-29 by depicting combinations of horizontal principal stress magnitudes 
consistent with the constraints derived from borehole fluid pressure, rock strength, and breakouts 
(Jaeger and Cook, 1979; Moos and Zoback, 2000; Zoback, 2007). The edges of the polygon are 
determined from Eq. 1 for given Pf and µs at a depth corresponding to an interval of high fracture 
density at 8420 ft MD GL (Figure 2), assuming optimally oriented fractures are present in the 
stressed volume. Combinations of the principal stresses contained within the polygon can be 
supported by the frictional strength of the surrounding crust. The relative magnitudes of Shmin 
and SHmax to SV also determine the type of fault slip that should predominate: normal, strike slip, 
or reverse.  
 
In addition, combinations of Shmin and SHmax consistent with the statistical mode of the mapped 
breakout width for different UCS are projected into the stress polygon as a series of contours. 
Smaller UCS magnitudes reduce the SHmax necessary to yield this representative breakout width 
and allow more potential combinations of Shmin and SHmax within the normal faulting stress 
regime (Figure 6). Since the circumferential compressive stress leading to breakout formation 
(!"") increases rapidly with increasing SHmax, whereas increases in Shmin cause a relatively small 
reduction in !""  (Eq. 1), the slope of these contours is only at a small positive angle to the 
Shmin/Sv axis. Thus, for a given rock strength and breakout width, relatively small increases in 
SHmax are required to counteract large increases in Shmin. This explains the small differences in 
calculated SHmax magnitudes corresponding to Shmin models in which µs = 0.55 versus µs = 0.7 
(Figure 4). 
 
From this analysis, three distinct stress states can be distinguished within the current constraints 
(Table 2): (1) the volume is critically stressed for normal faulting, (2) the volume is critically 
stressed for strike slip faulting, and (3) the volume is under stressed. In the normal faulting case, 
the Shmin profile lies above the maximum injection pressures and in the range consistent with 
frictional failure at 0.6 to 0.4, below the transition to strike slip faulting. This normal faulting 
stress state is consistent with the most common fault attitudes mapped regionally and with 
fractures identified in the borehole, and consistent with breakout occurrence using the typical 
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range of porosity-dependent UCS. The strike slip faulting case requires high average UCS to 
explain the most common breakout widths and is not consistent with most mapped faults and 
fractures, but is otherwise similar to the normal faulting case. In the case of an under-stressed 
volume, the stresses are insufficient to cause slip on rocks of typical frictional strength under 
ambient fluid pressure conditions. This case is consistent with an over-all lack of seismicity and 
the absence of distinct stress rotations in the BHTV log (which would indicate localized stress 
rotations due to fault slip) and potentially with low permeability related to high proportions of 
healed (sealed) fractures. Regarding this later possibility, previous studies in a fault-hosted 
geothermal field at Dixie Valley, NV, showed that permeability in wells was low when 
individual fractures as well as the overall fault zone hosting the geothermal field were not 
critically stressed for friction failure (Hickman et al., 1998; Barton et al., 1998). However, the 
extent of this under-stressing was small, and mini-hydraulic fracturing tests still showed 
significant differential stresses, even in very low-permeability wells.  
 
Most of the potential combinations of horizontal principal stresses lie within the normal faulting 
stress regime (Figure 6), especially when considering the probable magnitudes of UCS, which 
range from 6,000 to 12,000 psi in the open hole interval and average ~10,000 psi at the modeled 
depth (Figure 4). Although the three possible stress states listed in Table 2 are not distinguishable 
without additional constraint provided by a direct measurement of Shmin (e.g., from a mini-
hydraulic fracturing test), the under-stressed (or slightly under-stressed) NF case is probably the 
most likely.  However, as noted above, although a lack of seismicity may be consistent with an 
under-stressed crust at this location, it is important to note that areas known to be critically 
stressed from extensive mini-hydraulic fracturing tests can be seismically quiescent, especially in 
areas of low tectonic stressing rates (e.g., Stock et al., 1985; Hickman et al, 1998).  Furthermore, 
the great majority of sites in which in situ stresses have been measured directly, even in stable 
continental interiors, are critically stressed or near critically stressed (Townend and Zoback, 
2000). Thus, the horizontal differential stresses at this site might be as large as indicated in our 
critically stressed NF stress model (for µs  ~0.55), which would induce shear reactivation along 
well-oriented faults with only a modest increases in fluid pressure.  Finally, relatively high 
horizontal differential stresses are consistent with the observation that breakouts in well NWG 
55-29 are strongly developed and uniformly oriented (e.g., Figure 3), in spite of localized 
variations in rock fabric, fracturing, or dikes, which might otherwise be expected to lead to local 
scatter in breakout azimuths (Blake and Davatzes, 2011 and references therein). 
 
5.  Interaction of Stresses and Natural Fractures 
The relative potential for slip of the natural fracture population (Figure 2) is determined by the 
frictional resistance of these structures, which is given by the ratio of shear to effective normal 
traction. This ratio is sometimes called the slip tendency, and is presented in Figure 7 assuming a 
stress model that is slightly under-stressed for frictional failure, as given by a magnitude for Shmin 
in which the most highly stressed fracture has an effective slip tendency of 0.55, which means 
that if its µs is lower than 0.55 it could slip. With the current constraints on stress magnitudes, we 
are unable to distinguish precisely how much shear stress is available to drive slip. Nevertheless, 
if normal faulting predominates, this model does show: (1) slip tendency in excess of ~0.7 is not 
possible given constraints on the mean and differential stress (Figure 4); (2) that the same range 
of slip tendency occurs throughout the borehole; (3) most of the thickest fractures are under-
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stressed for normal slip (and strike slip); and (4) most of the primary lithologic structures are less 
stressed than the natural fracture population. 
 
The apparent stability of fractures in this interval is consistent with the overall lack of 
permeability in the borehole, since low rates of reactivation imply that permeability regeneration 
accompanying shearing of these fractures cannot keep up with the rate of mineral precipitation 
and healing. This interpretation is consistent with the extensive healing of fractures found in 
shallower core (<4500 ft) available in the GEO N-2 corehole (Fetterman and Davatzes, 2011). 
However, the stress model does require significant differential stress between SV and Shmin as 
well as between Shmin and SHmax. Thus, sufficient shear stress is available to induce slip if the 
fluid pressure is raised (e.g., Figure 7) as part of hydraulic stimulation, whereas the overall low 
mean stress should facilitate dilation during slip (Jaeger and Cook, 1979; Heffer, 2002). 
 
6. Conclusions 
Analysis of the vertical stress from the litho-density log, of formation fluid pressure from the 
equilibrium fluid pressure logs, and of breakouts visible in the image log from NWG 55-29 
suggest a predominately normal faulting stress regime, with an Shmin azimuth of 092.3±17.3°.  
Such a stress state is consistent with the attitude of natural fractures imaged in the BHTV log and 
faults mapped at the surface. Fractures occur throughout the image-logged interval, including 
fractures well oriented for normal or oblique-normal slip in the current stress field. A strike slip 
stress regime is also possible, but to account for the measured distribution of breakout widths 
generally requires UCS much larger than currently estimated from the preliminary model of in 
situ rock strength derived from the single laboratory measurement of welded tuffs from 
Newberry, a review of the literature, and neutron porosity at depth. The occurrence of 
consistently oriented breakouts also requires a significant difference between Shmin and SHmax, 
which suggests that fractures prone to slip will have a strong tendency to strike nearly north-
south. This anisotropy would impact the shape of the volume stimulated, since previous studies 
in normal faulting regimes under high horizontal differential stress have shown a strong tendency 
for stimulation to extend in the direction of SHmax, by following the strike of highly stressed 
fractures (e.g., Heffer, 2002; Valley and Evans, 2007). Possible scenarios for an EGS stimulation 
at Newberry are numerically evaluated using the image log and other data from NWG 55-29 by 
Cladouhos et al. (2011a). 
 
Detailed analysis of mineralogy from cuttings and core, temperature logs to further refine the 
hydrology of the borehole, and additional analyses of the stress tensor are ongoing. This work is 
being conducted in concert with a related, but independent study on the dilation potential and 
history of natural fracturing in core from Newberry borehole GEO N-2 (see Fetterman and 
Davatzes, 2011). 
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Tables 


 


Table 1: Apparent injectivity in NWG 55-29 from wellhead pressure and injection rates 


Well-Head-
Pressure 
(WHP) 


Injection 
Rate 


Apparent 
Injectivity 


Log Date 


[psi] [gpm] 


Pressure 
Log 


Duration 


[gpm/psi] 
2010-09-24 to 27 751 10 No 3 Days 0.013 


619 13 Yes  0.021 2010-09-27 
821 17  Short-term 0.021 


2010-10-11 to 20 1153 22 No 9 days 0.019 
2010-10-20 785 13 Yes Short-term 


(conducted during 
logging after 1153 
psi WHP) 


0.017 
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Table 2: Characteristics of Permissible Stress Regimes 
Stress Case Pros Cons 
Characteristics 
common to all 
stress cases 


• Pf/Sv ' 0.34 in the open hole 
• Shmin profile lies above greatest injection pressure 


profile 
• Reverse faulting is incompatible with regional 


tectonics 
 


• No unique constraints on 
horizontal principal 
stresses (especially Shmin) 


NF (nearly 
critically 
stressed) 


• Frictional failure occurs in the range µs = 0.4 to 0.6 
• Compatible with the majority of mapped regional 


faults and fractures revealed in the BHTV log 
• Compatible with the most common (statistical 


mode) wBO measurements and variable-UCS stress 
model 


• Consistent with small variation in azimuth of 
breakouts 
 


• Requires relatively low 
static friction compared to 
mineralogy, Byerlee’s Law 
or Yucca Mtn. Tuff to be 
currently active 


SSF (nearly 
critically 
stressed) 


• Frictional failure occurs in the range of µs = 0.4 to 
0.6 


• Compatible with high magnitudes of SHmax predicted 
from some wBO measurements and variable-UCS 
stress model 


• Consistent with small variation in azimuth of 
breakouts 


• Requires high average 
UCS to explain 
predominately low  wBO if 
SHmax > Sv 


• Not consistent with most 
faults mapped at surface or 
seen in BHTV log 
 


Stable (Under-
stressed) 


• Consistent with lack of seismicity 
• Allows for expected ranges of rock µs = 0.65-0.85, 


without violating lower bound on Shmin imposed by 
inject-to-cool operations 


• Average UCS to explain individual wBO 
measurements most consistent with a NF or 
transitional NF-SSF stress state 


• NF stress state consistent with range of regional 
fault and borehole fracture attitudes 
 


• None. This is the most 
likely stress case, although 
the crust could be only 
slightly removed from 
criticality (see text). 


• Consistent breakout 
azimuth requires Shmin 
cannot approach the 
magnitude of SV 


• Note that the mostly likely 
range of UCS is from 
8,000 to 12,000 psi 
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Figure Captions 
 
Figure 1: Unwrapped images of the travel time and amplitude signals recovered from NWG 55-


29. Sinusoidal natural fractures (F) are generally subtle, the lithologic boundary (L) is 
indicated by an abrupt transition in amplitude, and breakouts (B) occur as patches of low 
amplitude (see discussion below). The three dark bands at 120° increments are from the 
harness that helps secure the piston assembly at the bottom of the ABI85 borehole 
televiewer. These images are in a magnetic north reference frame, and depth is relative to the 
original borehole televiewer log depths, which are 4 ft above ground level. 


 
Figure 2: Modified tadpole plot showing the depth distribution of natural fracture and primary 


layering attitude from the borehole televiewer log. The azimuth of the dip direction is 
indicated along the x-axis and the tail of the tadpole indicates the dip relative to horizontal. 
Left: Natural fractures: distinguishing undifferentiated fractures, major fractures and minor 
fractures. Relative thickness is indicated by the symbol size. Center: Natural fracture 
frequency in 20 ft bins (histogram) and cumulative frequency normalized by the maximum 
bin frequency. Note that the colors in the center panel correspond to the categories in the left 
panel. Right: Layering, distinguishing bedding/banding/foliation, lithologic transitions, and 
dikes. 


 
Figure 3: Statistics of breakout occurrence in borehole NWG 55-29. Left panel shows the 


vertical distribution of breakouts versus measured depth, where horizontal bars indicate 
breakout width. Red breakouts correspond to high quality picks of paired breakouts and blue 
breakouts are lower quality picks of single breakouts that typically occur in areas of poor 
image quality. Vertical yellow-filled boxes show the mean Shmin azimuth ± one standard 
deviation, as calculated using circular statistics and weighted by the vertical extent of 
individual breakouts. The upper right histogram shows the distribution of breakout widths. 
The lower right rose diagram summarizes the cumulative height in feet of breakouts in 10° 
azimuthal bins.   


 
Figure 4: Analysis of stresses versus depth for borehole NWG 55-29, assuming a variable UCS.  


From left to right: Panel 1: Fractional porosity (green) and raw bulk density (red), filtered 
bulk density (blue) and filtered and then smoothed bulk density (black) from the litho-density 
log.  Panel 2: Average width of pairs of high-quality breakouts. Panel 3: UCS modeled from 
filtered neutron porosity (red) and UCS values used to model SHmax from breakout width 
(blue dots).  Panel 4: Vertical stress profile with estimates of SHmax assuming Shmin 
corresponds to the critical magnitude for normal faulting for µs = 0.55 (shown as thin dashed 
line) and allowing for variable UCS as derived from panel to the left (blue dots). For 
comparison, the dashed black lines show SHmax for a variety of constant UCS models.  The 
thick vertical line along the left edge of this panel indicates the extent of casing. Panel 5: 
Vertical stress profile assuming Shmin corresponds to the critical magnitude for normal 
faulting at µs = 0.70 (shown as thick dashed line) using variable UCS, as in the panel to the 
left. In Panels 4 and 5, the black triangles correspond to the subset of SHmax magnitudes 
derived from breakout width consistent the assumption of a volume critically stressed for 
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normal faulting. This subset is used to estimate a gradient in SHmax in the image logged 
interval, shown as a solid black line. Constrains on fluid pressure (Pf) are also shown in 
Panels 4 and 5, as identified in the key (upper right corner) and discussed in the text. 


  
Figure 5: Compilation of published UCS data from rock types analogous to those encountered in 


NWG 55-29, showing various types of fits to the composite data set. The form of the 
correlations most commonly include power law (Rzevsky and Novick, 1971; Novik,1978; 
Price et al., 1993; Moos and Pezard, 1996), exponential (Ryshkewitch, 1953; Duckworth, 
1953; Kleb and Vasarhelyi, 2003; Ma and Daemen, 2004; Entwisel et al., 2005; Ma et al., 
2006; Zoboack, 2007), and critical porosity models derived from fracture mechanics 
principles (Dunn et al., 1993; Li and Aubertin, 2003). The exponential fit provided the most 
satisfactory representation of the composite data shown here. 


 
Figure 6: Stress polygon showing bounds on principal stress ratios for normal faulting, strike-slip 


and reverse faulting stress regimes permitted by a (s of 0.7 (outer boundary of polygon) at a 
depth of 8420 ft MD GL. The best estimate of stress magnitudes at this depth is for Shmin


crit in 
frictional equilibrium with µs =0.55 and corresponding estimates of SHmax from individual 
measurements of breakout width and a porosity-dependent UCS. Combinations of Shmin and 
SHmax consistent with the statistical mode of measured breakout widths can be traced for 
specified magnitudes of UCS along the colored sloping lines. Three likely ranges of 
horizontal principal stress are shown as shaded areas: (1) normal faulting (red), (2) strike slip 
faulting (yellow), and (3) a system that is either normal or strike slip, but is under-stressed 
even for coefficient of friction, (s < 0.4 (gray). Colored diamonds show possible stress states 
when Shmin is at frictional equilibrium with the coefficients of friction shown, with SHmax 
derived from the statistical mode of wBO and using the porosity-dependent UCS appropriate 
to this depth (~10,000 psi; see Figure 4). Triangles indicate stress constraints obtained from 
breakouts, assuming Shmin is in equilibrium with µs =0.55 and with SHmax determined using 
individual measurements of wBO and porosity-dependent UCS. These stress states either lie 
within the stress polygons for normal or strike-slip faulting (as indicated) or exceed the 
frictional strength of the crust in a strike-slip faulting stress regime (non-physical case).  


 
Figure 7: Slip tendency determined by the ratio of shear to effective normal stress acting on 


natural fractures (left) and primary layering (right) versus depth, assuming that Shmin is in 
frictional equilibrium with a µs of 0.55. These calculations are based on a constant gradient in 
Pp, Shmin, Sv, and SHmax over the image-logged interval of NWG 55-29, as shown in Figure 4, 
Panel 4. These profiles of principal stresses and fluid pressure are not forced through the 
origin and thus honor the stress magnitude model. 
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ADVANCED   LOGIC   TECHNOLOGY


Elevations:


(month/day/year) (month/day/year)


1 :


Feldspar Series


Quartz/Silica


Calcite


Hematite


Pyrite


SiO2


Chalcopyrite


Zeolilte/Analcime


Smectite Series


Kaolinite


Chlorite Series


Illite/Muscovite


Biotite


Epidote


Magnetite


Olivine Series


Plagioclase Series


Pyroxenes


Undifferentiated


Major Joint / Fracture: Amp + TT


Minor Joint / Fracture: Amp + TT


Broken/Rubble/Breccia


Fracture / Joint: Amp


Bedding / Banding / Foliation


Lithologic Contact


Igneous Dike


Breakout - Pair


Breakout - Single


Tensile Fracture


Petal-Centerline Fracture


High - High Quality


Med - Medium Quality


Low - Low Quality


X - Unusable


Service Company:


API Well Number: 36-017-900042


Field: Newberry KGRA (Cascade Range)


Acquisition dates from: 10/22/2010


Kelly bushings:             31 ft


Log interval to: 8864.3


County / Parish: Deschutes


Country: USA
Height above drilling datum:


Log Name: BHTV - Image log


Permanent datum elevation:  5815 ft


Acquisition dates to: 10/23/2010


Scale ratio:


Drilling measured from: KB
Height above log datum:


Operator: Nicholas C. Davatzes and Steve Hickman


Location Description:


- According to the casing shoe comparison, there is a -23 ft MD
   difference between the BHTV and Mud Log MD
    - BHTV Casing Shoe: 6439 ft MD
    - Mud Log Casing Shoe: 6462 MD (KB)


Scaled depth is:


Log is measured from: 4 ft above GL


Log interval is from: 6435


Other Services:


Long: 121.1856
Lat: 433.333


Sect: 29
Township: 21S
Range: 12E


State / Province: Oregon


Drilling floor:


Permanent datum is: GL


Depth unit: ft MD


Well Name: Newberry 55-29
Ground / sea floor:


Print type is:
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Site Dixie Valley-Cottonwood Canyon Newberry Caldera Meager Creek Roosevelt Hawaii, Big Island Soda Lake 2009 Cove Fort Summer Lake-Paisley? Clear Lake Capitol Power Plant Poplar oil field, MT Mt. Hood Allegheny Basin, NY Desert Peak Winnie, TX Greys Lake, ID Coso-Caithness Coso-NAWS


Criterion


Characteristics of 


Resource
 5=High, 1=Low Target


Temperature at Depth or 


Temperature gradient 


C/km or (°F/100 ft) 


(5)≥350C at 4km, (4)≥300C at 4km, 


(3)≥250C at 4 km or 2.8(51), (2)≥200C at 


4km, (1)≥150C at 4km


3 or higher 4 4 3 5 5 4 4 3 5 2 1 1 1 3 2 5 4


Tectonic stress


Trans-tension (5), extension (4), strike-slip 


(3), compression (2), no or very low stress 


(1)


4 or higher 5 3 3 4 4 5 3 5 4 1 3 3 4 4 4 5 5


Geology


Sediments over crystalline basement (5), 


tight sandstones (4), crystalline basement 


at surface (3) limestones or 


medasediments or highly variable volcanics 


(2), shales, slates clays (1)


4 or higher 5 4 4 5 4 3 3 5 4 4 4 5 4 3 3


Joint Spacing


Closely spaced 1-5 m, tight fractures, no 


major faults (5), fractures spaced 6-20 m 


apart, no major faults (4), 21-100 m apart 


and faults but mapped at a distance (3), 


100-300 m apart or major faults close by 


(2), >300 m apart or major through going 


faults (1)


3 or higher 3 4 4 4 4 4 4 5 3 3 3 3 3 3 3 3 4


Existing Resource 


Information
 5=High, 1=Low Target


Temperature data


Detailed temperature logs available from: 


5) Target depth, 4) >3 km, 3) >2 km, 2) 1 


km, 1) <1 km


4 or higher 5 5 5 5 5 3 5 2 1 1 3 5 3 5 5


Wells - Shallow


5) ≥50 gradient holes, 4) ≥20 gradient 


holes, 3) 10 or more gradient holes, 2) ≥5 


gradient holes, 1) no gradient holes


3 or higher 4 2 3 2 4 2 2 2 1 3 1 5 3


Wells of Opportunity


5) Wells to target depth still open and 


available 4) Wells in past to target depth, 3) 


1 or more deep holes to 1/2 planned depth, 


2) Shallow stratigraphic wells, 1) no data


3 or higher 5 5 5 5 4 3 3 4 5 5 5


In Situ Fluid pH and salinity TDS silica


Joint Distribution


Closely spaced 20 m, tight fractures, no 


major faults, oriented 22º from δmax,, not 


mineralized (5), fractures spaced 10 m 


apart, no major faults (4), 21-100 m apart 


and faults but mapped at a distance (3), 


100-300 m apart or major faults close by 


(2), >300 m apart or major through going 


faults (1)


3 or higher 3 4 4 5 3 3 3 3 3 3 3 3 4


Undisturbed Permeability
we want some permeability to initiate 


fractures
5 3 3 3 3 3 3 3 3 4


Geologic mapping


5) Detailed, 3D geologic mapping matched 


with deep wells, 4) Detailed 2D geologic 


mapping matched with geophysics, 3) 


Detailed geologic mapping, 2) Regional 


geology, 1) No data


4 or higher 5 5 5 5 5 4 5 4 5 5 5


Aerial photos or other 


remote sensing


5) 'Recent aerial or very high res. satellite 


or InSAR photo coverage with ortho 


rectification, 4) aerial photo coverage flown 


for project or InSAR, 3) High resolution 


satellite imagery at several frequencies, 4) 


low res. satellite imagery, 5) No coverage


2 or higher 4 3 3 3 3 3 3 3 3 5 5


Geophysics  5=High, 1=Low Target


Gravity


3) Recent high resolution gravity data, 2) 


Old low resolution gravity data, 1) no gravity 


data


Not really 


crucial, 2 or 


better


2 1 3 1 2 2 2 1 2 2


MEQ monitoring


5) 5 years or more of data with operating 


array in place, 4) 1 year of data with array 


in place, 3) Array in place, 2) Permanent 


monitoring stations nearby, 1) No data


3 or higher 5 2 1 2 2 1 2 1 5 5


Seismic reflection


3) Recent high quality seismic data modern 


processing, 2) Good seismic data, oil field 


processing, 1) no data


Not really 


crucial, 2 or 


better


3 1 1 1 2 1 5 5 5


Resistivity/SP/MT
3) Recent high 3D MT, modern processing, 


2) Recent high resolution 2D, 1) No data


Not really 


crucial, 2 or 


better


2 ? ? ? 1 2 1 5 5


Social, Political, 


Economic Factors
 5=High, 1=Low Target


Environmental Impact


EIS completed and approved (5), or no 


issues (4), no scenic beauty, national parks 


or wildlife refuges nearby. Area disturbed 


and developed. (3), in disturbed area near 


scenic area or area with environmental 


sensitivity  (2), Area of scenic beauty, 


environmental sensitivity or restricted 


access (1)


2 or higher 4 2 2 2 4 4 4 5 5 5 5


Seismic Susceptibility 


(5) Little or no seismic hazard due to few or 


no earthquakes >2 magnitude, far from 


large faults and very low population density 


4) Low seismic hazard due to only very 


small earthquakes with low population 


density 3) Moderate seismic hazard due to 


few earthquakes >3 in magnitude and low 


to moderate population density 2) 


Moderately high seismic hazard due to 


some felt earthquakes and recorded 


quakes over 4 mag with moderate to high 


population density 1) High seismic hazard 


due to many felt earthquakes and history of 


destructive quakes with high population 


density 0) Very high seismic hazard due to 


large number of felt quakes in recent time, 


and regularly occuring destructive quakes 


on fault in connection with proposed 


reservoir in an area of very high population 


density.


4 or higher 3 3 4 3 3 4 4 3 3







Water availability


5) Ground or surface water available in 


quantities suitable for wet cooling at site 


with water rights as part of deal 4) Ground 


or surface water available in quantities 


suitable for wet cooling within 6 km of site 


with water rights as part of deal 3) Water 


rights can be purchased 2) water in short 


supply, expensive, or water rights may not 


be available without difficult negotiation or 


land purchase 1) Closed water basin, no 


rights, no access to water


3 or higher 3 3 5 3 4 2 5 4


Site access


(5) Site is level with major roads less than 


20 km and rail access within 20 km and 


existing road in good repair to site (4) Site 


is low slope with easily graded soils, roads 


into site with major roads within 50 km of 


site 3) No road into site or long steep or 


dangerous road but with right of way for 


roads along easy route to construct and 


major roads within 100 km of site 2) No 


road to site, but could be constructed over 


rugged terrain, right of way available for 


purchase 1) Steep slopes, no roads, snow, 


avalanche or landslide hazard, construction 


possible but expensive 0) Very steep 


slopes, landslides, avalanches, or other 


geologic hazard conditions and no roads or 


possibility of building roads


3 or higher 4 4 1 4 5 5 5 5


Operating power plant 


5) Operating plant with spare capacity, 4) 


Operating plant, 3) Plant planned for next 2 


years, 2) Plant planned for next 5 years, 1) 


no plant planned


2 or higher 4 2 2 2 1 3 1 5 1 5 5


Power transmission


5) < 1 mile to substation, 4) Less than 10 


miles to substation, 3) less than 20 miles to 


substation, 2) Less than 50 mi to 


substation, 1) more than 100 mi to 


substation


3 or higher 5 4 2 4 4 5 5 5 5


Power market 


5) State with RPS, power prices over 9 


cts/kw-hr, 4) Renewable credits and open 


market, price over 8 cts 3) Carbon credits, 


price over 7 cts, 2) Power prices over 6 


cts/kW-hr, 1) Power prices 5 cts or less


4 or higher 4 5 1 5 5 3 4 4 4


Land 


Ownership/Availability


5) Geothermal lease or fee simple land can 


be purchased for project use, 4) 'Current 


lease holder will transfer, farm out or allow 


use under contract with Altarock control, 3) 


Land leased, owner will allow Altarock use 


for demonstration project with joint venture 


owner input, 2) Land leased owner will 


control operations, 1) Land not leased


4 or higher 2 5 3 3 1 4 3 2 2


Political climate


5) Favorable political climate such as RPS, 


state incentives, and public willingness to 


pay higher prices for green power 4) Public 


interest in green power, state legislation 


encouraging green power, 3)open power 


market, state or local interest in 


renewables, jobs 2) Utility monopoly, PUC 


mandated diverse port folio, 1) No interest 


in renewables, no market for power.


3 or higher 5 5 3 5 5 5 5 5


Economics  5=High, 1=Low Target


Total Acreage


5) 10 or more contiguous sections (6400 acres) 


on resource 4) 5 or more contiguous sections on 


resource 3) small parcels can be consolidated 


into reasonably contiguous package 2) acreage 


not contiguous but available may have to unitize 


in adjacent sections 1) small area on resource 


with parcels not contiguous


Condition of Wells of 


Opportunity


5) Wells drilled to target depth for 


geothermal use, ie large diameter ( 9 5/8 


prod casing or larger) in good condition 


open and ready to use 4) wells drilled for 


geothermal to target depth, but abandoned. 


Data available, could be openned  3 )Wells 


drilled for geothermal use on site that could 


be deepened 2) Wells drilled to target 


depth but completed for other use (O&G)  


1) Slim holes or coreholes to depth, but not 


usable


3 or higher 4


Most recent contact


Calculated IRR Demo 


project


Calculated IRR 100 MW 


project


Calculated cost of power 


Demo project


Calculated cost of power 


100 MW project


Needs 


Existing Resource 


Information


Total Score 89 76 67 23 70 39 57 48 29 20 57 78 71 0 93 93
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Appendix N – Responses to DOE Comments on ISMP V3  
On 22 April 2011, DOE provided comments to AltaRock on draft Version 3 of the ISMP, dated 4 April 
2011. On 28 July 2001, in a teleconference attended by DOE, their Technical Monitoring Team, and 
AltaRock, we reviewed the comments and agreed on appropriate responses. Below, the transcribed 
comments from DOE are shown after bullet marks in blue, and responses and actions taken by AltaRock 
are shown after check marks in purple. 


General 


• This report is an excellent detailed document summarizing the work done and planned for the 
Newberry Volcano EGS Demonstration project located in Oregon. AltaRock should definitely be 
commended for their ‘Public Outreach’ efforts undertaken so far. In addition, their plans for 
microseismicity monitoring are rather impressive, including their well-thought out proposed 
mitigation plans. 


• Based on the limited field data (e.g. geological setting, temperature gradient, etc…) available, this 
site has great potentials for an EGS development.  


• The idea of opening an existing intersecting discontinuity in shear has the merit of not requiring the 
use of proppant, relying on the mismatch of both faces of the fracture to maintain permeability. 
However, this sought mechanism is based on some fundamental assumptions that could have been 
investigated and discussed in more details; i.e. what is the probability of inducing such hydroshear 
mechanism, and can it be optimized.  


 This is discussed extensively in the Phase I Report in Section 7.2, Historic EGS Stimulations, and 
Section 7.8, EGS Reservoir Characterization.  


Specific 


• Hydroshearing  


o When pressuring a borehole, one either creates a new fracture (i.e. classical tensile hydraulic 
fracturing) or open a pre-existing fracture (i.e. in shear). The main difference between these two 
mechanisms resides in the fact that an existing fracture no longer has tensile strength. The 
tensile fracture will initiate and propagate against the minimum in-situ stress component. This 
‘internal battle’ is, therefore, a function of the stress concentration prevailing at the wellbore 
wall (i.e. a function of the 3D orientation of the borehole in the in-situ stress regime); the 
relative orientation of the intersecting discontinuity; and, the tensile strength of the intact 
reservoir rock. AltaRock acknowledges that most of these parameters are unknown; hence, their 
estimation of opening a shear fracture at a given pressure of approximately 1,500 psi is 
questionable. This onset value of hydroshearing should be explained in more details as it implies 
a number of vague concepts.  


 This is discussed extensively in the Phase I Report in Section 7.2, Historic EGS Stimulations, and 
Section 7.8, EGS Reservoir Characterization.  


o I would recommend that some discrete numerical models be run to investigate under which 
conditions shear and/or tensile features will be induced/propagated. Such models also allow the 
investigation of fluid viscosity and pumping rate which will both affect the ratio (shear 
fractures/tensile fractures).  


o Has AltaRock mentioned ‘pre-conditioning’ the wellbore prior to the main stimulation treatment 
in order to increase the likelihood of hydroshearing? (e.g. mud temperature, addition of reactive 
chemicals, etc…). 


• In-situ stress field  


o Inferring the stress condition from existing faulting mechanism implies that the stress tensor has 
not rotated over geological times; a rather dangerous assumption, especially in a volcanic 
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environment.  
o The observation of numerous break-outs however seems to indicate the existence of a large 


horizontal differential stress condition.  
o At present there are some discrepancies about the magnitude and orientation of the in-situ 


stress tensor; this constitutes one of the most important parameter in optimizing downhole 
treatments as well as the potential failure mechanisms 


• Reservoir depletion/production  


o Based on assumptions made before, AltaRock predicts that the equipotentials will be aligned in 
the North/South direction (refer to Fig. 3.9). However, this also assumes that the induced 
fracture will be of the tensile-type; how about the orientation of the pre-existing shear?  


 While important to the outcome of the stimulation, an exhaustive discussion of hydroshearing 
and stress conditions at the project site were agreed to not be part of the ISMP. All of the above 
topics are discussed extensively in the Phase I Report, Sections 5 and 7. 


• Microseismicity  


o In order to attempt prediction of microseismic activity, could we not just determine the 
accumulation of strain and relate strain relieve to microearthquake magnitude; which is 
something that can be computed by the discrete element method.  


o The report should state that the generation of small seismic signals is beneficial as it relieves 
energy; hence, our treatment should be designed to achieve this goal of spreading 
microseismicity over a large reservoir volume. Here again, fluid viscosity might play a significant 
role.  


o I have some serious reservations in proposing flow-back to decrease seismicity as it will also 
affect the closing of the fractures, especially in the neighborhood of the borehole where the 
stress concentrations are high; jeopardizing further production. Fracture flow capacity is 
proportional to the width cubed.  


o AltaRock must plan for the largest event and the rate and distribution of seismicity, both of 
which are unknown. I think they did as well as they could (Fugro report) in estimating the max 
events with several different models and approaches. Although the Fugro report is just an 
estimate, they also recognize that they will have to refine their estimates as the injection occurs, 
and have controls in place to stop any unwanted seismicity. The controls are all reasonable and 
are appropriate, and I do not think they could do much more with the knowledge and 
experience base that exists today. Also, the volumes they are proposing to inject are small 
compared to places like The Geysers, the historical seismicity is low in this area, and the mapped 
faults are away from their injection areas. These all point to a very low risk of any unwanted 
induced seismicity.  


o However, in cases such as Basel, Soultz, Cooper Basin (and to date Desert peak) the largest 
seismicity occurred after injection stopped. The largest event at Desert Peak occurred a month 
after wards (although it was only about 1.5). So the question could be, will their diverter 
technology or flow back measures be in time? Will AltaRock be able to stop the largest events? 
At this point the only option is to carefully watch the seismicity in the early stages (highlighting 
the importance of the most sensitive array as possible) and perform some control experiments 
on low levels of seismicity to see how long it takes to lower the seismicity. On the other hand if 
we accept that the largest event could only be a 3.5, who cares? 


 There is extensive discussion of these topics in the Fugro report (Appendix E), the URS report 
(Appendix F) and in the Phase I Report. 


• Engineering 


o Per the phone call Will mentioned that there are cracks in the dam that need to be monitored, 
as well as rock slide potential on slopes, and potential cosmetic damage on structures - how will 
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this be monitored?  
 The engineering reports on structures at the Newberry National Volcanic Monument document 


the current condition of the dam, the slopes susceptible to slides (Appendix I) and 
representative structures (Appendix H). Appendix I recommends appropriate signage and 
notification of visitors regarding rock falls and avalanche, and Appendix H recommends 
monitoring of the dam using ‘tell-tales’ to determine if existing cracks have been affected. The 
sundry notice submitted to the BLM for approval of Phase II stimulation activities will include 
details such as where signs will be placed, how the dam will be monitored, phone contacts for 
project information, and other mitigation actions detailed in this report. 


o Didn’t find reference in plan to install tell-tales or crack monitors although both Simpson 
Gumpertz & Heger Inc. and Treadwell and Rollo recommend their use. It might be useful for 
AltaRock to inspect after every event above some threshold since this might protect them from 
frivolous claims. They also should install tell-tales.  


 A specific plan to monitor the Paulina Lake dam will require input from a licensed civil engineer. 
As noted above, this will occur as a Phase II activity prior to stimulation. 


Page Specific Comments 


• Pg. 6 - The section numbers and titles listed in the right hand column don't match up with the 
revised document. Update as appropriate.  


 Corrected in this ISMP. 
 


• Pg. 8 - Should there be a peak ground acceleration trigger for the initial outlier alert? It would be 
useful to add a forward reference to Section 5.2, where the use of a diverter as a mitigation 
method is discussed at greater length. I have one concern regarding the use of a diverter as a 
mitigation tool. Suppose that an increase in microseismicity is observed, and a diverter is 
employed. If seismicity continues to increase, then won't the deployment of diverter make it 
very difficult to withdraw fluid from this zone until the diverter breaks down?  


 No action was required for first part of comment, because it was agreed during the 
teleconference that a PGA trigger for outliers was already covered by the lower PGA at the 
nearest structures at the NVNM.  


 There is an extensive discussion of the way diverters work in the Phase I Report. To clarify for 
this comment, the diverters are not impermeable; the diverter is a particulate, not a cement. 
Fluid will be able to flow back through the particle pack during a flow-back and, because the 
fluid will be hot, the diverter will degrade rapidly, allowing communication with the fracture. 


 
• Pg. 8 - Diverter materials are an important component of the mitigation plan but information on 


their proven performance is lacking. This raises the question of how effective mitigation with 
diverter technology will be.  


 The diverters have been tested twice and there is discussion of their efficacy in the Phase I 
Report. However, while the theoretical effectiveness to prevent a zone from being further 
stimulated when it is showing larger seismic events can be surmised, there can be no certainty 
that the diverters will work to mitigate seismicity of concern. This is an experimental stimulation 
and because there are so few people and structures near the stimulation target area the risk is 
very, very small that any harm would be caused if the diverters do not mitigate seismicity 
effectively. All of the other mitigation measures would go into effect if the diverters fail to 
reduce the amount of seismicity of concern as described in the ISMP. 
 


• Staged mitigation response of hold (2.0), reduce (2.7) and stop and flow (3.5) could be 
questioned on basis of later comment (page __) that 3.5 generates 32X energy than 2.5, which 
could be viewed as a very big step.  
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 While the step up from an M 2.7 event to an M 3.5 event is a large change in energy by 
comparison, these are very small seismic events, in an area with very low population, with a 
very low probability of anyone feeling them, or resulting in damage. This is especially true in this 
geologic setting with a zone of ash, tuff and cinder that is likely to attenuate seismic energy. 
 


• Pg. 11 - 36,000 magnitude 2.0 worldwide events is a good way to calibrate how common there 
are.  


 No action. 
 


• Pg. 12 - To a layman, a 32X energy increase from 2.5 to 3.5 could be perceived to be a very big 
gap between slowing and stopping operations.  


 While the step up from an M 2.7 event to an M 3.5 event is a large change in energy by 
comparison, these are very small seismic events, in an area with very low population, with a 
very low probability of anyone feeling them, or resulting in damage. This is especially true in this 
geologic setting with a zone of ash, tuff and cinder that is likely to attenuate seismic energy.  


• Pg. 13-14 - It might make sense to add the MMI definition for a VIII event in Table 2.3, as this 
level is referenced in Table 2.4.  


 Added in this ISMP. MMI VIII added to Tables 2-1 and 2-3. 
 


• Pg. 15 - Which aspects/approaches of the new protocol are not followed in this ISMP?  
 As explained later in this section, the only aspects of the new protocol not addressed in the 


ISMP are the long term effects. The reason for this is also addressed in the ISMP. The project is 
experimental and is only planned to last through the creation and testing of an EGS reservoir. If 
a power plant were found to be economic and the decision made to go forward with such a 
plan, then an EIS would be needed to address the construction and operation of the project. A 
new ISMP would then be developed and included as part of this EIS and the long term impact of 
any potential induced seismicity would be addressed in that ISMP. 
 


• Pg. 16 - ARE acknowledges that this report addresses risk of the 21+77 day project, not “long 
term risk.” How is this squared with the new mitigation standard? Suggests new standard could 
be applied to stop almost any project?  


 As I understand it, the new protocol is a guideline, not a requirement. As such the 
implementation of the new protocol would be site specific. Since Newberry is an experimental 
project, it doesn’t have any long term risk. If it moves beyond the experimental phase to an 
actual project, we would do an EIS for that project in which long term risk would be addressed. 
 


• DOGAMI is the Oregon Department of Geology and Mineral Industries  
 Corrected in this ISMP. 


 
• Pg. 17 - 13th bullet - "Mineral Regulations" should be "Mineral Industries"  
 Corrected in this ISMP. 


 
• Pg. 19 - How frequent are rock falls along Road 500, and what are the interpreted causes of 


these events?  
o Paragraph 1: AltaRock may want to add at the end of the new text that a web page will also 


be established to keep the public informed. 
 The following sentence was added, “The Demonstration web sites12 will be updated to 


inform the public that the well stimulation has begun.” In addition, specific website 
information and format will be addressed in the detailed operating plan to be submitted 
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with the sundry notice. 
o Sect 3.2.2: AltaRock may want to add that a web page will also be established to keep the 


public informed.  
 Section 3.2.1 already describes the two project web sites that are currently active, in 


addition to response to previous comment above.  
 


• Pg. 19-20 - There are three different sensitivity levels mentioned for the regional seismic 
network: 2.0, 2.5, and 3.0. I can see that this value might have changed in 2010 when two new 
stations were added, but this should still only result in two levels: one prior to 2010, and the 
other after the network was expanded.  


 M > 3.0 was used in the statement, “historic record is probably only complete for events of 
ML ≥ 3.0.” M < 2.0 was used in the statement “magnitudes too low to be detected by the 
regional network (M<2.0).” That is, the existing network is detecting some events in the M 2-3 
range (in fact three events with ML ≤ 2.2 were detected), but the seismic record is incomplete in 
that range. Therefore, the use of sensitivity levels of 2.0 and 3.0 are retained. The one instance 
of M 2.5 was changed to M 2.0.   
 


• Pg. 20 - I suggest qualifying the statement that "no earthquakes have been located within 10 km 
of well NWG55-29 or Newberry Volcano" by specifying a time and magnitude constraint (such 
"with a as ML >3.0 since 1980").  


 Changed in this ISMP. “Located” changed to “recorded.” 
 


• Table 3-1 - The table mentions web sites but it would be helpful if the text discussed their use.  
 Text added on page 19, see above 


 
• Pg. 21 - what did the mag 5.4 look like with stations inside of the study area compared to 


stations outside of the study area? They hypothesize that the shaking in the study area will be 
less than outside due to the surface conditions, usually on poorly consolidated material it is 
more (i.e building on land fill experience more damage than bedrock)  


 On the teleconference, it was explained that the primary reason for showing this event was to 
confirm that the network was working, and it was agreed that differences in instrumentation 
and installation would make comparison to a permanent PNSN station inconclusive. 
 


• Pg. 22 - “to assure that any seismicity approaching NNVM will be rapidly detected” is misleading, 
because it implies events moving progressively further from the project. Yet elsewhere in the 
report it is acknowledged that “outliers” can occur without progressive warning.  


 Changed to “to provide accurate locations for seismic events nearest the NNVM.” 
 


• Paragraph immediately after Fig 3-1 states that 6-10 borehole and 4-7 surface seismometers will 
be installed. 


 No action required. 
 


• Pg. 23, last paragraph - Assuming only 10 stations are in place the 90% threshold allows only one 
to be down at any given time. If seventeen are in place again only one down at any given time.  


 The 90% functional stations is a requirement set by Jay Nathwani (DOE). In order to meet this 
requirement, there will be spare parts and a technician on site at all times to deal with any 
problems that occur. 
  


• How do the location errors vary as the size of the event? What size of an event does the 400 m 
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horizontal value correspond to? What are the vertical siting errors? 
 The 400 m error was modeled by Foulger Consulting based on uncertainty of the velocity model 


and arrival times picks.  Event size was not directly modeled – that would require advance 
knowledge of an attenuation and velocity model.  In the real world, location errors will 
decrease for larger events and with time as the velocity model is improved and the relocation 
routines improved.  
 


• Pg. 24 - The 1 and 3 km circles don't appear to be centered around the microseismic ellipse. The 
well is deviated, but wouldn't it make sense to have these circles centered around where the 
seismicity is expected to occur?  


 The figure is corrected in this ISMP to show the stimulation zone centered around the middle of 
the open-hole section of NWG 55-29. 
 


• What is the confidence level of the stress model? I.e., what is the risk that stress field is not as 
expected and the stimulation zone radiates toward NNVM?  


 The stress field determination is extensively discussed in the ISMP and Phase I Report. Even if 
the stress field is not oriented as expected and the fractures extend in a different direction, 
there is a buffer zone large enough around the expected stimulation area, and the NVNM is far 
enough away, that mitigation triggers and actions remain effective . Text added to caption, 
“Even if the EGS reservoir grows in an unexpected direction (not north-south), the map shows 
sufficient room for an EGS reservoir of any orientation around NWG 55-29.” 
 


• Pg. 26 - I would recommend that on auto locate the threshold should be lowered to at least 5 on 
P-wave and 2 on S-wave, At Desert peak we had it on 2. This may give them better control on 
b-values on the lower end events, thus estimate total fracturing.  


 Changed in this ISMP. 
 


• Using the three methods described in this section, how well could they be used to estimate 
seismic events that occurred at Basel and Soultz? The seismogenic index method of Shapiro for 
these areas is briefly discussed in Section 3.8, but it doesn't seem that this analysis was 
extended to the use of the other methods. The Shapiro method relies on the injected fluid 
volume. What about effects associated with: a) the injection pressure used, and b) thermal 
effects from injecting cold fluid into hot rock? High injection pressures may be quite significant, 
especially in the case where the stimulation process could change from hydroshear to 
hydrofrack.  


 Pressure at the wellhead is a result of frictional pressure drop in the wellbore, which is function 
of the velocity squared, pressure drop through the well bore wall and the near-well bore area 
(skin), and the pressure drop away from the wellbore, which is exponential. The pressure at the 
wellhead may need to be higher than the threshold required for shear failure in the wellbore at 
stimulation depth, at the front of the extending fractures, in order to cause shear failure. As a 
result, fracture “jacking” may occur near the well bore. It is hoped that enough thermal stress 
and earlier shear movement will allow these near wellbore fractures to stay open and 
permeable. Regardless, it is widely understood that large faults are required to create large 
seismic events. Based on our review of area geology and well drilling results, no significant faults 
have been identified. If high pressures are needed to extend the fractures 500 m from the well 
bore, and the extending fractures intersect an unknown fault, the pressure at the point where 
that fault is intersected will be substantially lower than the pressure near the well bore. If larger 
events do occur out away from the well bore, diverter can be applied and hydroshearing can be 
moved away from the zone that is allowing larger slip.  
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• Pg. 27 - “M>3.0 is less than 1% over 50 day period.” How does this square with the new 


mitigation standard for “long term risk?”  
 As discussed above, applicability of this ISMP is limited to field activities that will occur in as part 


of this Demonstration, culminating in the long term circulation test that will occur at the end of 
Phase II. It is our understanding that the new mitigation standards should not apply significantly 
beyond anticipated activities.  
 


• Pg. 28 - “More of a nuisance than a hazard to the vast majority of local residents” could be 
interpreted to imply that it could be more of a hazard than a nuisance to a small minority.  


 It is a logical fallacy to assume that because a statement is true the opposite of that statement is 
also true. However, one of the reasons that Newberry is such a good place to do an EGS 
experimental project is that this is an area with very, very few people and no permanent 
residents within close proximity of the stimulation area. As a result there is a very, very low 
probability that anyone will feel any induced seismicity from the project. Nonetheless, our 
public outreach program attempts to clarify just such issues to nearby stakeholders. 
 


• Bedrock competence discussion (Newberry vs. Geysers) is good but rather brief.  
 The geologic setting and implications of the geology to seismic hazards are explained in detail in 


both the URS and Fugro reports as well as in the Phase I Report. 
 


• If the peak ground acceleration is highest at the well site (based on the shake map), then 
wouldn't it make more sense to deploy a SMS at the well pad? This could be done in addition to 
the unit at Paulina Lake (where the amount of ground motion is important to monitor to 
determine the risk to structures within the Monument).  


 The SMS is placed at Paulina Lake because this is where the nearest structures are located. The 
SMS is best positioned where ground motion will be felt by people and structures, rather than as 
a tool to merely measure the degree of ground shaking. Thus, it would be inappropriate at the 
well site. 
  


• I suggest changing the duration of geothermal production at The Geysers from "> 30 years" to > 
50 years" Couldn't the seismic velocity model determined from the USGS shots be used to 
support this statement? If so, then put in concrete references that compare and contrast the 
seismic velocities and attenuation that have been determined at Newberry and The Geysers.  


 Corrected in this ISMP. 
 


• Pg. 29 - I don't see any of the caldera ring fractures on Fig. 3.3. However, these are mentioned 
as Quaternary faults identified by the USGS in the text on p. 33. Is there a reason why they 
aren't depicted in the figure?  


 Figure 3.3 has been changed to note that only the Class A faults are shown. Ring fractures do not 
extend to depth so they are not considered Class A faults. 
 


• Pg. 30 - Is “light damage” defined anywhere? I didn’t see it.  
 Changed in this ISMP: reference to MMI VI made. 


  
• Pg. 31 - Change "winters days" to "winter days"  
 Corrected in this ISMP. 


 
• Pg. 32 - How fast could mitigation measures be taken, and how long would it take for them to 
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have an effect? There is some discussion of this in Section 5.3 (so perhaps put in a forward 
reference to this section here). The key concern is that the early, lower level trigger events, will 
provide enough warning so that the appropriate action is taken and that larger scale events will 
not occur.  


 Changed in this ISMP to reference Section 5.3 in earlier discussion. 
 


• Pg. 34 - discrepancy between simple north-south interpreted stress field and the juxtaposition 
of three structural styles could raise questions about confidence level of stress model and risk of 
propagation in other directions than N-S.  


 The stress model is discussed extensively in Section 5 of the Phase I Report. Also, the following 
sentence was added to the ISMP, “Even if the EGS reservoir grows in an unexpected direction 
(not north-south), there is no additional risk to the project, as there is sufficient room for an EGS 
reservoir of any orientation around NWG 55-29 (shown below in Figure 3-9).” 
 


• there are two references that are listed as "error, reference not found"  
 Changed in this ISMP. 


 
• "minimum principle stress" should be "minimum principal stress"  
 Changed in this ISMP. 


 
• Pg. 36 - Isn't the actual rock strength needed as an input for AltaStim? Given that no minifrac 


was conducted on the well to determine when hydrofracking would occur, how will this value be 
constrained? There is a short discussion of this in Section 4.1, so a forward reference to this 
section might be appropriate.  


 Yes, geomechanical testing and a strength model are discussed in Sections 3 and 5. The 
step-rate testing described in Section 4.2 will help determine the hydroshearing pressure. The 
following sentence was added, “Further constraints on AltaStim inputs are discussed below in 
Sections 4.1 and 4.2.”  


 
• Pg. 41 - “Largest events occur on the fringes, even outside of the main cloud of events.” This 


whole issue of “outliers” raises questions about the assurances elsewhere in the report of small 
stimulation size.  


 Based on past EGS experience, outliers cannot be ruled out, that is why we have planned for the 
possibility of the occurrence of outliers. An exception report will document any seismic event 
further than 1000 m from the well bore (section 5.2).  Mitigation actions, postponement of 
planned flow increases and use of diverter, will be taken for confirmed outliers (section 5.3).  
 


• End of 1st paragraph - It would be helpful if the text on page 51 discussing why there will be no 
significant environmental impact during possible flow-back is cited here.  


 Text now reads, “Details of the flow-back procedure that is planned for the end of the 
stimulation are given in section 4.6. Because flow-back is planned after hydroshearing, 
flow-back as a seismic mitigation measure will have no additional environmental impact. 
In either case, the water fraction will be flowed to sumps and then evaporated using 
spray systems positioned over the sumps. The steam fraction will be flowed to the 
atmosphere. Other than the temporary visual impact of the steam plume, flow-back will 
have no detrimental impact on the environment.” 
 


• Will a volume capacity of 10-12% of the total injected fluid volume be a sufficient safety factor? 
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It was noted that 10% of the injected fluid was released during the first day of back flow at 
Basel. There is some mention on p. 51 that excess water could be reinjected (but this really isn't 
an option on the first well, when the entire point would be to remove water from the reservoir), 
or could be spread out on roads if the chemistry permits this type of surface disposal. This issue 
might warrant additional study.  


 Flow back does not need to complete, just sufficient to drop the reservoir pressure. In addition 
some flow back will be in the form of steam, so will not require sump space.  


 
• Change "least principle stress" to "least principal stress"  
 Changed in this ISMP. 


 
• Pg. 42 - For Fig. 3-9, it would be useful to add arrows for parts A and C that denote the 


orientation of Hmin.  
 Changed in this ISMP. Arrows added to all three subfigures. 


 
• Pg. 43-44 - How can you predict the b value for Newberry if there are almost no prior events for 


this area? Isn't this needed to estimate the seismogenic index? Also, how good is the 
assumption that b values determined from natural seismic events are the same as those for 
induced seismic events?  


 All good questions. The Fugro report, Appendix E of the ISMP, provides further background and 
caveats on how the Shapiro approach was used to a-priori. As stated in the text, we plan to track 
and update the seismogenic index as the Demonstration proceeds, starting as soon as a 
Newberry-induced seismicity b-value can be determined.     
 


• Pg. 44 - Change "minimum principle stress" to "minimum principal stress"  
 Changed in this ISMP. 


 
• “It may be necessary to exceed 2500 psig to create a robust EGS reservoir.” Lots of assurances 


elsewhere in the report that hydroshearing is different from hydrofracking, but then they say we 
might need to hydrofrac?  


 The following sentence was deleted, “The upper bound of 2500 psig is to initiate hydroshearing 
or hydrofracturing in the well.” The following sentences were added, “As the EGS reservoir 
grows it may be necessary to exceed 2500 psig in order to overcome frictional losses (in the 
wellbore and fracture network) and deliver fluid pressure to the margins of the reservoir 
sufficient to cause hydroshearing. At higher wellhead pressures, the tensile failure pressure may 
be exceeded near the wellbore; however, the near wellbore flow network developed early in 
the stimulation should remain self-propped due to initiation in the hydroshearing regime.” 


 
• Pg. 45 - Excellent graph  
 Thanks! 


 
• Pg. 46 - “If our current understanding of the stress regime is correct.” See issue raised above 


about confidence level of stress model. 
 See response to same question on page 34. 


 
• The model looks at the horizontal extent of fracture generation. How much vertical growth is 


expected? Fractures may not propagate downwards very much (as they may be impeded by the 
brittle-ductile boundary), but they may shear upwards. How might this be impacted by 
variations in stratigraphy and hydrothermal alteration?  
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 The vertical limits on growth are discussed in Section 4.4. The following sentence was added in 
section 4.4, “The vertical growth boundary will be monitored by both microseismicity (see 
Section 4.5 below) and by real-time fiber optic temperature and pressure monitoring in the well 
bore.” 


 
• Pg. 47 - There appears to be a bit of a seismic monitoring station gap in the NW quadrant 


(between stations TG19, TG17, ND03, and NN24). Is this a concern?  
 No. As explained on the call, the stations to the northwest will all be more sensitive borehole 


seismometers, while several of those to the east (near and in the NNVM) will include less 
sensitive surface seismometers.  


 
• It might be worthwhile to depict the location of the John Day formation in the cross section, as it 


is mentioned as a key barrier between the geothermal system and the shallow freshwater 
aquifer.  


 Text changed to reflect evidence of impermeable rock below depth of 1000 feet is related more 
to conductive gradients than presence of John Day formation. Text now reads, “NWG 55-29 
penetrated volcanic rocks correlated to the Newberry, Deschutes and John Day formations, and, 
below about 8500 feet TVD, subvolcanic intrusives presumed to be related to the Newberry 
Volcano (AltaRock, 2010). In temperature profiles of NWG 55-29 and other deep wells, the base 
of permeability is characterized by a transition from isothermal temperatures above to 
conductive thermal gradients below, indicating limited groundwater flow below a depth of 1000 
feet (Figure 4-2; Dames and Moore, 1994). Thus, setting a vertical growth boundary at 6000 feet 
TVD in NWG 55-29 (horizontal orange line in Error! Reference source not found.) will provide 
a buffer of 5000 feet (1.5 km) of impermeable rock between the EGS reservoir and local 
groundwater resources. The vertical growth boundary will be monitored by both microseismicity 
(see section 4.5 below) and by real-time fiber optic temperature and pressure monitoring in the 
wellbore.” 


 
• Pg. 48 - “After review, if the event location is confirmed as an outlier, a mitigation action will be 


triggered.” How long is the review and concurrence of DOE, BLM, FS, PNSN, and LBNL expected 
to take?  


 Text clarified to read that onsite personnel will perform mitigation without any need for 
concurrence. 


 
• Pg. 51 - Regarding liquid storage capacity, is 11.6/12% enough? There is no discussion of how 


risk flow would exceed the storage capacity.  
 See response above for Pg. 41 comment. 


 
• Pg. 53 – re: outlier mitigation, here it says mitigation is to occur before the report is sent to DOE, 


BLM, USFS. Maybe I missed something but on page 48 it suggests there is review and 
concurrence of outlier before mitigation. 


 Text clarified to read that onsite personnel will perform mitigation without any need for 
concurrence. 


 
• Pg. 54 - One of the triggers is the presence of events at depths < 6000 feet. Given that the casing 


shoe is at 6462 feet, there isn't much leeway if any fractures start opening up near this point. If 
the vertical error is similar to the horizontal error for locating seismic events (~400 m), then any 
events that were located shallower than 7200 feet depth would presumably cause this trigger 
threshold to be reached.  
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 The vertical limits on growth are discussed in Section 4.4. The following sentence was added to 
section 4.4, “The vertical growth boundary will be monitored by both microseismicity (see 
Section 4.5 below) and by real-time fiber optic temperature and pressure monitoring in the well 
bore.” 


 
• Pg. 54 - no information on proven performance of diverters and thus likely effectiveness of 


diverters in mitigation.  
 See response above for Pg. 8 comment 


 
• Pg. 55 - “any ground motion… that can be correlated in time to a seismic event within 3 km.” A 


more conservative approach would be to halt if any 0.028g is measured, whether correlated or 
not. Sticky wicket here is that if you halt for a natural event, in an abundance of caution, it could 
be interpreted as admitting that the stimulation was to blame. Still, I can see outcry if 
operations continued after a 3.5+, even if the scientific correlation with EGS stimulation was nil.  


 On the teleconference, reviewers agreed that some way of filtering out false positives (i.e. a 
large truck passing the SMS) was necessary.  


 
• Pg. 56-57 - Who will choose the "independent" civil engineer to evaluate damage claims? Will 


the BLM or FS play a role in this process?  
 Text added, “chosen with concurrence of all stakeholders”. 


 
• Pg. 57 - Given that induced seismicity can continue after injection has ceased, the signs warning 


about possible rock falls should probably be not taken down after the flow tests, but should 
remain up for a short while (perhaps 1 month) longer.  


 Changed in this ISMP to “for at least two months after.” 
 


• Pg. 65 - Correct error reference in Table C1. Update section numbers/titles in both tables so that 
they correspond to the revised section headings in the report. 


 Changed in this ISMP. 


Other Comments 


Following is my review of AltaRock responses to the questions raised in the May, 2011 letter from 
DOE to AltaRock, Subject: DOE comments to AltaRock Energy's Induced Seismicity Mitigation Plan 
for award number DE-EE0002777, entitled "Recovery Act: Newberry Volcano EGS Demonstration"  


 
• Comment 8 partially responded to  
 This comment was discussed on the teleconference and all reviewers agreed that the AltaRock 


response was sufficient. 
 


• Comment 9 responded to but maybe not sufficiently  
 This comment was discussed on the teleconference and all reviewers agreed that the AltaRock 


response was sufficient. 
 


• Comments 33 through 36 are responded to but perhaps not in sufficient detail  
 This comment was discussed on the teleconference and all reviewers agreed that the AltaRock 


response was sufficient. 
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